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Abstract

Coronary artery disease is aleading cause of morbidity and mortality among Americans. Thetradi-
tional methods of evaluating coronary artery disease rely on the evaluation of the patient’ s symptoms
and the presence of advanced disease. Until recently there was no method of early screening for coro-
nary atherosclerosisin an asymptomatic population. However, calcification is arecognized marker for
disease and is sometimes a component of the atheromatous plaque. With the advent of electron-beam
computed tomography and subsecond helical computed tomography, a method of screening for and
quantitating the amount of coronary calcification has been developed. The coronary calcium scoreis
based on both the area and density of the calcification. This methodology can identify patients at risk
for coronary artery disease, so that risk factor modification and preventive therapy can beinitiated
early in the course of the disease.
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Introduction

CORONARY HEART DISEASE (CHD) isthe leading
cause of death among Americans. American
Heart Association statistics (1) document more
than 459,000 deaths from CHD in 1998. Of these
deaths, 220,000 occurred before the victims could
be hospitalized; they were often sudden deaths. It
is estimated that this year 1,100,000 Americans
will have a coronary event (myocardial infarction
or fatal CHD). A 1995 study calculated that pri-
mary prevention of myocardia infarction could
prevent more than 100,000 deaths in the United
States each year (2). Therefore, the detection of
coronary heart disease early in its course is of
great potential importance. Y et, established risk
factorsfail to predict approximately one-third of

1Assistant Professor and 2Associate Professor, Department of
Radiology, Mount Sinai School of Medicine, New York, NY.

Address correspondence to William L. Simpson, Jr., M.D.,
Department of Radiology, Box 1234, Mount Sinai School of
Medicine, One East 100th Street, New York, NY 10029.

Adapted from a Grand Rounds presentation to the Division
of Cardiology, Department of Medicine, Mount Sinai School of
Medicine, New York, NY, on October 16, 2000 and updated as of
October 2001.

132

future deaths due to coronary heart disease (3).
Moreover, the current noninvasive methods of de-
tecting CHD due to coronary artery disease
(CAD), such as exercise treadmill testing and myo-
cardial single-photon-emission computed tomo-
graphy (CT), depend on the presence of advanced
stenoses within the coronary arteries.

Calcification is closely associated with
atheromatous plaque, and is a recognized
marker for coronary artery disease (4-7). In
recent years, a new generation of CT scanners
was developed that can acquire images very
rapidly. These scanners, called electron beam
scanners, can eliminate motion artifact from the
heart and clearly image the coronary arterial
tree and possible coronary calcification. This
type of scanner is highly sensitive, making it an
excellent tool for detecting coronary atheroscle-
rosis, so that preventive strategies and risk
modification can be implemented to decrease
morbidity and mortality.

Pathophysiology of Coronary Artery
Atherosclerosis and Calcification

The etiologic mechanism of coronary artery
atherosclerosis has been studied in detail in re-
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cent years. As aresult, our knowledge of the
process has grown considerably. The most
widely held theory is based on the “response to
injury” hypothesis (8). The essential element of
this hypothesis states that injury to the endothe-
lial cells, which induces a chronic inflammatory
response, leads to atherosclerosis. This re-
sponse of the endothelial cells leads to the var-
ious types of atherosclerotic lesions (9, 10).

The earliest lesions begin in childhood and
are known as fatty streaks. They consist predom-
inantly of macrophages that have migrated into
the intima of the vessel. However, a variable
amount of smooth muscle cells can also be found
inthe lesions. Both cell typesin these lesions are
rich in lipid content; calcium can be detected
within the lipid core. Fatty streaks are sessile and
cause no obstruction to the artery. They have no
clinical sequelae. In fact, these lesions are found
in all young adults, including those who do not
develop occlusive atherosclerotic disease.

The formation of fibrous plague is the next
step in the progression of atherosclerosis. Itis
characterized by the migration and proliferation
of smooth muscle cellsinto the intima. These
cells form afibrous cap over the deeper layer of
lipid-laden macrophages by depositing connec-
tive tissue matrix as well as intracellular and ex-
tracellular lipids. Again, calcium can befound in
these lesions. The fibrous plaque is an elevated
lesion of the arterial wall and protrudes into the
lumen. Therefore, it can have clinical sequelae.

The more advanced lesion of atherosclero-
sis is sometimes called the complicated lesion.
The fibrous cap becomes vascularized. In addi-
tion, the lipid-rich core enlarges and often
calcifies. These lesions can be complex due to
hemorrhage of the fibrous cap as well as its cal-
cification. If the cap fissures or ruptures, an in-
tense thrombogenic cascade can ensue that may
lead to occlusive coronary disease.

Until recently, it was believed that the
calcium in atherosclerotic plaques was simply
calcium phosphate, which precipitated in a pas-
sive manner. Instead, it has been shown that the
calcium in coronary arteries is in the form of
calcium hydroxyapatite and is deposited in a
process similar to that of active bone formation
(11). Fitzpatrick et al. used undecalcified post-
mortem coronary arteries to study mineralization
(12) and found that calcification was present in
al atherosclerotic plagques. In addition, they
identified a cell attachment protein (osteopon-
tin), a protein associated with calcification (os-
teonectin) and a gamma-carboxylated protein
that regulates mineralization (osteocalcin).
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Bostrom et al. identified bone morphogenic pro-
tein 2ain calcified atherosclerotic plagues (13).
These studies show that calcification in athero-
sclerotic lesions is an active process, regulated in
a manner similar to that of bone mineralization.

Coronary Artery Calcium-I maging
Techniques

Coronary artery calcification can be de-
tected by multiple imaging modalities. Plain
radiography, fluoroscopy, computed tomogra-
phy, ultrasound and magnetic resonance imag-
ing (MRI) have been used. Fluoroscopy and
CT are the methods most commonly used today.

Chest radiography can detect coronary
artery calcifications. However, it islimited by
overlying shadows as well as by the amount and
density of the calcifications. One study re-
ported an accuracy rate of only 42% (14).

Fluoroscopy is frequently used to detect
coronary calcifications, since it is a component
of coronary angiography. Both conventional
fluoroscopy and, more recently, digital subtrac-
tion fluoroscopy are being utilized. In a study
of asymptomatic male air-crew members who
underwent coronary angiography because of one
or more abnormal screening tests, coronary
artery calcification had a 66.3% sensitivity and
a 77.6% specificity for predicting angiographi-
cally significant (greater than 50% diameter nar-
rowing) stenosis (15). The authors concluded
that the absence of fluoroscopically detectable
coronary artery calcification indicated a low
likelihood of significant coronary artery disease,
while its presence raised the likelihood.

While fluoroscopy is relatively inexpensive
and widely available, it does have disadvan-
tages. One major limitation isthat it is often
unable to detect small calcium deposits. Agat-
ston et al. (16) found that only 52% of calcium
deposits seen on electron-beam CT (EBCT)
could be detected fluoroscopically. The mean
attenuation value for the EBCT-detected calcifi-
cations was +99 Hounsfield units (HU),
whereas that for the fluoroscopically detected
calcifications was +546 HU. This study
demonstrated that only the larger, more heavily
calcified deposits were detectable with fluoro-
scopy as compared with EBCT. Another disad-
vantage isitsinability to provide a clear image
in some patients with unusual body habitus, as
well asin those with overlying anatomic struc-
tures and other cardiac calcifications (valve
annuli, myocardial and pericardial calcifica-
tions). In addition, fluoroscopy is heavily de-
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pendent on the skill and experience of the oper-
ator as well as the number of views obtained.

CT is sensitive for detection of calcifica-
tions, due to its ability to differentiate calcium
from adjacent soft tissues (Fig. 1). A study was
performed comparing CT, fluoroscopy, and an-
giography in a group of patients with angina
(17). CT revealed calcified plaques in 62% of
patients with significant stenosis at angiography,
compared to 35% detected with fluoroscopy. In
a group without angina, CT found coronary cal-
cification in only 4%, none of whom had signif-
icant stenoses at angiography. Overal, CT
showed calcifications in 50% more vessels than
did fluoroscopy. In this study, CT detected cal-
cification in al patients in whom fluoroscopy
detected calcified plagues and in all patientsin
whom angiography showed stenosis. In another
study of patients with suspected coronary artery
disease, CT showed a 65% sensitivity and an
87% specificity for coronary artery calcification
(18). Of 108 patients with calcification detected
by CT, 90% had significant stenosis (greater than
75% narrowing), whereas 80% of 121 patients
with significant stenosis on angiography had cal-
cification on CT.

The main disadvantage of conventional CT is
itslong scan time. This leads to motion artifacts,
volume averaging and breathing misregistration.
Helical CT has faster scan times, of approxi-
mately 1 sec. Faster scanning reduces the arti-
facts associated with conventional CT, but car-
diac motion still blurs calcium deposits, and
small calcifications may be missed (19). How-
ever, arecent study showed that images acquired
with an electrocardiogram-gated subsecond heli-
cal scanner correlated well with those acquired
by EBCT (20). In addition, Becker et a. re-
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ported that data acquired by EBCT correlated
with that obtained by the newest generation of
CT scanner, the multirow detector CT (21).
Electron-beam computed tomography
(EBCT) is the main instrument involved in car-
diac calcification imaging (Fig. 2). The physics
of this new type of scanner is different from that
of ahelical scanner (22). With a helical scanner
the x-ray source rotates around the patient while
the detectors are stationary. An EBCT scanner
has no moving parts. A high-energy electron
beam originating from a structure behind the
gantry is steered around the patient electroni-
cally and strikes a tungsten ring which encircles
the patient. The resultant x-rays are focused
onto detectors approximately 180° opposite.
The major advantage of this technology is rapid
scan times on the order of 100 milliseconds (in-
creased temporal resolution compared to helical
scanners). The main disadvantage is that fewer
photons are used to produce an image. Thus, the
images are less sharp (increased noise).
Ultrasound, frequently used to image the
heart, is sensitive for the detection of calcifica-
tion. Transthoracic echocardiography (TEE) is
limited in usefulness for detection of coronary
artery calcifications, due to poor external
acoustic windows. While TEE can often iden-
tify the proximal coronary arteries (23, 24), it
does not image the entire coronary tree well.
Intravascular ultrasound (IVUS), a newer
modality for evaluation of the coronary arteries,
is most often used during coronary angiogra-
phy. The ultrasound provides information
about the vessel wall thickness and tissue char-
acteristics. Calcification is depicted as a hyper-
echoic area with posterior shadowing; noncalci-
fied fibrous plagues are hyperechoic without

Fig. 1.

Helical CT scan showing calcification (arrow)
along the proximal left anterior descending artery (arrow).

Fig. 2. Electron beam CT scan demonstrating calcification
(arrow) in the left anterior descending artery (arrow).
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associated shadowing (25). Recent studies (25,
26) comparing 1VUS and angiography show an-
giography to be less sensitive at detecting calci-
fication at the site of an atherosclerotic plague.

The disadvantage of IVUS isthat it isinva-
sive and is, therefore, usually performed at the
same time as selective coronary angiography.
Also, because of the size of the catheters, it can
only visualize the proximal coronary arteries.
Therefore, it has alimited role in screening for
coronary artery disease (CAD). Itsimportance
liesin the fact that it can depict atherosclerotic
lesions in patients with normal angiograms (27).

M agnetic resonance imaging does not excel
in detecting small quantities of calcification,
such as those found in early atherosclerotic
plaques, and therefore plays little if any rolein
the early detection or screening of CAD.

Coronary Artery Calcium-Scoring
Technique

In 1990 Agatston and colleagues published
areport of a method of quantifying or scoring
the amount of coronary artery calcification
using EBCT (16). This EBCT study was elec-
trocardiogram-gated with each slice triggered at
80% of the patient’s R-R interval, so that im-
ages were obtained at the same point in dias-
tole. Each image was obtained with 100-mil-
lisecond scan time and 3-millimeter slice thick-
ness. Twenty slices were acquired in this study,
although today 40 slices are usually acquired,
to include the entire epicardial coronary sys
tem. Each slice was examined for calcium de-
posits. When a focus of calcium was detected,
aregion of interest was drawn around it. The
area of the calcium deposit and its peak density
were then determined. A deposit had to have a
density measurement of at least +130 HU and
an area of at least 1.0 mm2. A density of 130
HU was chosen because this amount is well
above the density of unenhanced myocardium
and soft tissues (30-50 HU). The area mea-
surement was used to try to discriminate noise
from true calcium. An areaof 1.0 mm?2 corre-
sponds to at least 2 contiguous pixels at the
usual scanning parameters. Noise usually com-
prises only one pixel. The calcium deposits that
met these criteria were then scored. The Agat-
ston score is a weighted score, calculated by
multiplying the area of the calcification (in
mm?2) by a factor determined by the peak den-
sity within the area of interest. A factor of 1
was used for densities from 131-199; 2 for
200-299; 3 for 300-399; and 4 for 400 or
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greater. The score for each calcification was
determined and added to calculate the total cal-
cium score for each coronary artery or for the
entire epicardial arterial system. At about the
same time, the Japanese developed a calcifica-
tion scoring system using conventional CT,
based on the length of calcifications (28), but it
did not gain widespread acceptance.

Calcification and Coronary Artery Disease

As stated previously, it has been shown that
calcification is associated with atherosclerotic
plague. The cardinal question remains, is calci-
fied plaque associated with significant luminal
stenosis? Mautner et al. conducted a study cor-
relating EBCT-detected calcification and histo-
logic plaque (29). They found that EBCT-de-
tected calcification was present in 54% of coro-
nary segments with stenosis of greater than
75%, in 41% of segments with 51-75% steno-
sis, in 23% of segments with 26 -50% stenosis
and in 6% of segments with 0-25% stenosis.
Their data also showed that there was detectable
calcification in 93% of segments with greater
than 75% stenosis, but it was present in 20% of
those with less than 50% stenosis and only 4%
of those with less than 25% stenosis. It should
be noted that this study used histologically de-
termined stenosis of arteries, using the area of
plaque central to the internal elastic lamina, and
not the angiographic narrowing based on lumi-
nal diameter. Another study demonstrated that
although calcified plaque is associated with ath-
erosclerosis, the calcified plague does not al-
ways correlate with the exact site of luminal
stenosis (30, 31). In fact, some high-grade les-
ions and many smaller ones lack calcification
altogether (29, 32). Rumberger et al. found that
the total calcium area was roughly 20% of the
total atherosclerotic plaque burden (32).

Coronary artery calcification is accepted as
a marker of atherosclerosis. However, thereis
still controversy over what constitutes a vulnera-
ble plaque. Some believe that calcification is an
attempt by the body to protect weakened myo-
cardium by strengthening the atherosclerotic
plague prone to rupture (33). The calcification
may represent a stabilization attempt by the body
to prevent plague rupture. It has been shown that
calcified areas are unlikely to be associated with
sites of plague rupture (34). However, the stiff-
ened calcified area can induce stress at the junc-
tion of the calcified and noncalcified sections, a
common site of plaque rupture (35). On the
other hand, others believe that a mildly or mod-
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erately stenotic plaque is more likely to rupture
and lead to a coronary event (36). The reasoning
is that the presence of calcium implies the pres-
ence of unstable and vulnerable lipid-rich
plaques. This correlates with Rumberger’ s find-
ing that only 20% of a plague is calcified (32).

Studies have also correlated EBCT-detected
calcification with known CAD risk factors. Goel
and colleagues found an increased preval ence of
coronary calcification associated with diabetes,
smoking, hypertension, and a history of chest
pain or previous myocardial infarction in men
and hypercholesterolemia and smoking in
women (37). Wong et al. performed a similar
study in asymptomatic subjects (38). They
found a higher prevalence of calcification in men
with hypertension, diabetes, smoking, hypercho-
lesterolemia, infrequent exercise and obesity; in
women the association only held with hypercho-
lesterolemia. Guerci et al. compared calcium
scores with conventional risk factorsin a group
undergoing coronary angiography for clinical in-
dications (39). For significant obstructive coro-
nary disease, the calcium score had a higher odds
ratio than most other risk factors, such as lipid
profile, hypertension, smoking history, diabetes,
family history of CAD, age, and gender.

Age and gender have been the risk factors
with the most interesting trends concerning
coronary calcification. In a large study by
Janowitz et al. (40), 1,898 men and women
aged 20— 80 years were studied using EBCT.
Their data show that while the prevalence of
coronary artery calcium increased with age, the
prevalence of coronary artery calcium was
lower in women compared to age-matched men
until about the seventh decade. Moreover, the
10-year lag in the prevalence of calcification in
women in comparison to men narrowed in the
first decade after menopause. Therefore,
EBCT-detected calcification seems to follow
the epidemiological pattern of atherosclerosis.

Numerous studies have shown an associa-
tion between coronary artery calcification and
coronary artery disease, as proven angiographi-
cally. In Agatston’s study (16), in which he de-
scribed the scoring method, 584 patients under-
went EBCT. Of these, 109 had coronary artery
disease, as established by a history of myocar-
dial infarction or more than 50% luminal steno-
sis on angiography. The other 475 patients had
no history of CAD. Those with CAD had more
calcified plagues compared to aged-matched in-
dividuals without CAD. A calcification score
of 300 had a sensitivity of 74% and a specificity
of 81% in the detection of obstructive CAD.
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The negative predictive value of a calcium
score of zero was 98%. In another study (41),
100 patients aged 23-59 years were evaluated
with EBCT and coronary angiography. Sensi-
tivity and specificity for detecting calcified
plaques in subjects with angiographically sig-
nificant stenosis (greater than 50%) was 100%
and 47%, respectively.

The largest multicenter study involved 710
subjects with symptoms of CAD and a mean
age of 56 years (42). There were 456 men and
254 women. Each subject underwent both
EBCT and coronary angiography. Significant
stenosis was defined as narrowing greater than
50%. The sensitivity of the coronary calcium
score in patients with significant stenosis was
95% (404 out of 427 patients). The specificity
was 44% (124 out of 283 patients). The nega-
tive predictive value was 84%. As these studies
show, there is high sensitivity for the associa-
tion between significant CAD and detectable
calcifications using EBCT. The specificity is
low. This probably relates to the fact that only
20% of atherosclerotic plaque is calcified.
However, the absence of calcification seems to
indicate a lack of significant luminal stenosis.
In a study of 150 patients, Stanford et al. found
only one patient with a stenosis of greater than
50% and no coronary artery calcium (43).

Recently, He et al. studied a group of 3,895
mostly asymptomatic patients with EBCT (44),
411 of whom had myocardial single proton
emission computed tomography (SPECT) stud-
ies shortly thereafter, i.e., within a median pe-
riod of 17 days. No patient with a calcium score
of less than 10 had an abnormal SPECT. On the
other hand, 2.6% with a score of 11-100, 11.3%
with a score of 101-399 and 46% with a score
greater than 400 had a SPECT showing is
chemia. They concluded that the calcium score
can identify a high-risk group with silent myo-
cardial ischemiawithin alow-risk population.

More recently, Raggi et al. studied the coro-
nary calcium score as a predictor of unheralded
myocardial infarction (45). They studied 632
asymptomatic patients as well as 172 patients
who had an acute myocardial infarction with no
previous manifestations of CAD. The asympto-
matic group was followed for the devel opment
of myocardial infarction or cardiac death for
approximately 32 months. The groups were
compared using sex- and age-matched cardiac
score percentiles. They found that 70% of pa-
tients who had a myocardial infarction or who
died had coronary calcium scores greater than
the 75th percentile.
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Another important aspect of atest to detect
early coronary artery disease is the ability to
follow its progression or regression over time.
Information on the reproducibility of coronary
artery calcium scoring is not consistent.
Janowitz and associates calculated calcium
scores twice for plaques in 25 asymptomatic
and symptomatic patients, 406 days apart (46).
There was a 48% increase in the calcium score
in the patients with proven obstructive CAD
compared with 22% in the asymptomatic group.
Also, the patients with proven CAD had 55 new
calcified deposits versus 18 in the asympto-
matic cohort. The authors concluded that coro-
nary artery calcium scores could be used to fol-
low the natural history of CAD. However, they
did not take into account that the differences
might be due to interscan measurement error.
Another study showed that when arepeat EBCT
scan was performed after the patient had gotten
off the table and walked around the room, many
small calcifications were not seen (47). De-
posits of less than 2 mm2 were missed up to
50% of the time. Other investigators have
demonstrated that large increases in the calcium
score are needed before the change can be at-
tributed to disease progression rather than to
measurement error (48—50). The variability
between scans is usually due to misregistration
resulting from patient motion. Increasing the
slice thickness to 6 mm has been shown to de-
crease the interscan variability (50).

Calcification and Prognosis

It has been established that the coronary
artery calcification score is an indicator of the
overall atherosclerotic plaque burden (32).
Furthermore, the greater the plaque burden, the
more likely it is that one of the plaques may be
unstable and lead to a cardiovascular event.
The event data in turn (angina, myocardial in-
farction, need of coronary angioplasty or revas-
cularization, and death) are essential to deter-
mining the clinical significance and utility of
the coronary artery calcification score.

Detrano et al. conducted a study of survival
in asymptomatic, high-risk subjects with coro-
nary artery calcium detected at fluoroscopy (51).
They followed 1,461 subjects with a greater than
10% risk of having a coronary event (defined as
angina, documented myocardial infarction, myo-
cardial revascularization, or death from coronary
heart disease). At one year, events occurred in
5.4% of the subjects with coronary calcification
versus 2.1% of those without calcium. One-
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vessel calcification had a risk of an event of
5.4%, two-vessel calcification had arisk of 5.6%
and three-vessel calcification incurred arisk of
6.2%. They concluded that the presence of fluor-
oscopically detectable coronary artery calcifica-
tion identified an increased risk of cardiac events
in asymptomatic, high-risk subjects and that this
risk was independent of the risk incurred by
standard risk factors.

Several studies have been conducted utiliz-
ing EBCT-detected calcification and event out-
comes. Detrano and colleagues also performed
an EBCT study involving 491 patients with a
mean age of 55 years who were referred for
coronary angiography (52). There were 13
coronary-heart-disease-related deaths (12 sud-
den cardiac deaths and 1 fatal myocardial in-
farction) and 8 nonfatal myocardial infarctions
during the 30 £ 13 month follow-up period.
One patient in the first quartile had an event, 2
patients in the second quartile, 8 in the third,
and 10 in the fourth. The odds ratio for cardiac
events in patients with calcium scores above the
75th percentile versus those bel ow the 35th per-
centile was calculated at 10.8. In addition, the
event-free survival rate was significantly
greater for patients with a calcium score below
100 than for those with scores above this level.

Arad and co-workers monitored 1,173
asymptomatic patients (mean age 53 years) with
no known CAD for 19 months following an
EBCT exam (53). Eighteen (18) subjects had 26
cardiovascular events: 1 death, 7 nonfatal myo-
cardial infarctions, 9 coronary angioplasty pro-
cedures, 8 revascularization procedures and 1
nonhemorrhagic stroke. The coronary artery
calcification scores were divided into three
threshold groups: greater than 100, greater than
160, and greater than 680. The sensitivities for
these groups were 89%, 89%, and 50% respec-
tively. The specificities were 77%, 82%, and
95% respectively. The negative predictive val-
ues were greater than 99% for all groups. The
odds ratios were 25.8, 35.4, and 20.0 respec-
tively. This study has now been carried out for
atotal of 3.6 years of follow-up (54). The odds
ratio for a baseline calcium score of greater than
160 remain significant at 23.

Agatston and associates studied 367 asymp-
tomatic patients with a mean age of 52 years
who were followed for 36—72 months (55). A
total of 26 events occurred, consisting of the
development of angina, myocardial infarction,
or coronary angioplasty, or need for revascular-
ization. The mean calcium score for those with
an event was 399, while those without events
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had a mean score of 76. The authors also cal-
culated an odds ratio of 6.9 for the development
of symptomatic CAD for those with a calcium
score of greater than 50 versus 2.7 for those
with a score below 50.

Conclusion

Coronary artery calcification is intimately
associated with atherosclerotic plaque. It can
be detected with EBCT in vivo in a noninvasive
manner, and the amount of calcification can be
quantitated. This calcium scoreis related to the
total atherosclerotic plaque burden within the
coronary system. Whereas the total calcified
area may represent roughly 20% of the overall
plagque area, the calcified plague does not nec-
essarily correspond to the site of luminal steno-
sisin a patient with obstructive coronary artery
disease. A negative or very low (0-10) calcifi-
cation score generally excludes the possibility
of significant coronary artery stenosis, but not
the presence of an unstable atherosclerotic
plague that can lead to a cardiac event. Identi-
fying patients early in the course of coronary
artery disease would be a major public health
advance, since multiple studies have shown
benefit following the use of lipid-lowering
agents in patients with known or asymptomatic
CAD (56—-59). Therole of EBCT scanning as
a screening tool to reduce the morbidity and
mortality from CAD, the leading cause of death
in the United States, has not been established.
However, this technique is useful for evaluating
patients with atypical chest pain syndromes. If
the patient has no detectable calcium, the
source of the chest pain is not likely to be due
to CAD. If thereis moderate-to-severe calcifi-
cation present, then the patient can be sched-
uled for more traditional tests for cardiac is
chemia. Another possible role for EBCT could
be in following the progression or regression of
CAD in patients on medical therapy (60).
However, interscan measurement variability
needs to be addressed before this can be a prac-
tical application.

References

1. American Heart Association. 2001 heart and stroke statistical
update. Dallas (TX): American Heart Association; 2000.

2. Manson JE, Ridker PM, Gaziano JM, Hennekens CH, editors.
Primary prevention of myocardial infarction. New York:
Oxford University Press; 1995.

3. Grover SA, Coupal L, Hu XP. Identifying adults at increased
risk of coronary disease: How well do the current cholesterol
guidelines work? JAMA1995; 274:801—806.

May 2002

4. Blankenhorn DH, Stern D. Calcification of the coronary arter-
ies. Am J Roentgenol 1959; 81:772—777.

5. Frink RJ, Anchor RW, Brown AL Jr, et a. Significance of calci-
fication of the coronary arteries. Am J Cardiol 1970;
26:241-247.

6. McCarthy JH, Palmer FJ. Incidence and significance of coro-
nary artery calcification. Br Heart J 1974; 36:499—506.

7. Rifkin RD, Parisi AF, Folland E. Coronary calcification in the
diagnosis of coronary artery disease. Am J Cardiol 1979;
44:141-147.

8. Ross R. Factors influencing atherogenesis. In: Alexander RW,
Schlant RC, Fuster V, editors. Hurst’s the heart. New York:
McGraw-Hill; 1998. pp. 1144-1147.

9. Ibid. pp. 1139-1142.

10. Stary HC. The sequence of cell and matrix changes in athero-
sclerotic lesions of coronary arteriesin the first forty years of
life. Eur Heart J 1990; 1(suppl E):3—-19.

11. Doherty TM, Detrano RC. Coronary arterial calcification as an
active process. A new perspective on an old problem. Calcif
Tissue Int 1994; 54:224—230.

12. Fitzpatrick LA, Severson A, Edwards WD, Ingram RT. Diffuse
calcification in human coronary arteries: Association of
osteopontin with atherosclerosis. J Clin Invest 1994;
94:1597 —1604.

13. Bostrom K, Watson KE, Horn S, et al. Bone morphogenetic pro-
tein expression in human atherosclerotic lesions. J Clinic
Invest 1993; 91:1800-1809.

14. Souza AS, Bream PR, Elliot LP. Chest film detection of coro-
nary artery calcification: The value of the Cac triangle. Radi-
ology 1978; 129:7-10.

15. Loecker TH, Schwartz RS, Cotta CW, Hickman JR, Jr. Fluoro-
scopic coronary artery calcification and associated coronary
disease in asymptomatic young men. J Am Coll Cardiol
1992; 19:1167-1172.

16. Agatston AS, Janowitz WR, Hildner FJ, et al. Quantification of
coronary artery calcium using ultrafast computed tomogra-
phy. JAm Coll Cardiol 1990; 15:827—832.

17. Rienmuller R, Lipton MJ. Detection of coronary artery calcifica-
tion by computed tomography. Dynamic Cardiovasc |maging
1987; 1:139-145.

18. Masuda Y, Naito S, Aoyagi Y, et a. Coronary artery calcifica-
tion detected by CT: Clinical significance and angiographic
correlates. Angiology 1990; 41:1037— 1047.

19. Baskin KM, Stanford W, Thompson BH, et al. Comparison of
electron beam and helical computed tomography in assess-
ment of coronary artery calcification. Circulation 1995;
92(Suppl 1):1-165.

20. Carr JJ, Crouse JR, Goff DC, et al. Evaluation of subsecond
gated helical CT for quantification of coronary artery cal-
cium and comparison with electron beam CT. Am J
Roentgenol 2000; 174:915-921.

21. Becker CR, Kleffel T, Crispin A, et al. Coronary artery calcium
measurement: Agreement of multirow detector and electron
beam CT. Am J Roentgenol 2001; 176:1295— 1298.

22. Bushberg JT, Seibert JA, Leidholdt EM, Boone JM. The essen-
tial physics of medical imaging. Baltimore: Williams &
Wilkins; 1994. pp. 251—-259.

23. Fernandes F, Alam M, Smith S, Khaja F. The role of trans-
esophageal echocardiography in identifying anomal ous coro-
nary arteries. Circulation 1993; 88:2532—2540.

24. Koh KK, Hwang HK, Kim PG, et al. Isolated |eft main ostial
stenosis: Intraoperative transesophageal echocardiography
during surgical angioplasty. Int J Cardiol 1994; 43:202—206.

25. Honye J, Mahon DJ, Tobis JM. Intravascular ultrasound imag-
ing. Trends Cardiovasc Med 1991; 1:305-311.



Vol. 69 No. 3

26. Mintz GS, Popma, JJ, Pichard, AD, et al. Patterns of calcifica-
tion in coronary artery disease: A statistical analysis of
intravascular ultrasound and coronary angiography in 1,155
lesions. Circulation 1995; 91:1959—-1965.

27. Tuzcu EM, Berkalp B, De Franco AC, et al. The dilemma of
diagnosing coronary calcification: Angiography versus
intravascular ultrasound. J Am Coll Cardiol 1996;
27:832—-838.

28. Tamiya E, Matsui H, Nakajima T, et al. Detection of coronary
artery calcification by x-ray computed tomography and its
significance: A new scoring technique. Angiology 1992;
43:22-31.

29. Mautner GC, Mautner SL, Froehlich J, et al. Coronary artery
calcification: Assessment with electron beam CT and histo-
morphometric correlation. Radiology 1994; 192:619-623.

30. Simons DB, Schwartz RS, Edwards WD, et a. Noninvasive def-
inition of anatomic coronary artery disease by ultrafast com-
puted tomographic scanning: A quantitative pathol ogic com-
parison study. JAm Coll Cardiol 1992; 20:1118—-1126.

31. Bormann JL, Stanford W, Stenberg RG, et al. Ultrafast tomo-
graphic detection of coronary artery calcification as an indi-
cator of stenosis. Am J Cardiac Imaging 1992; 6:191—196.

32. Rumberger JA, Simons DB, Fitzpatrick LA, et al. Coronary
artery calcium area by electron beam computed tomography
and coronary atherosclerotic plaque area: Ahistologic correl-
ative study. Circulation 1995; 92:2157—2162.

33. Wexler L, Brundage B, Crouse J, et al. Coronary artery calcifi-
cation: Pathophysiology, epidemiology, imaging methods,
and clinical implications. Circulation 1996; 94:1175-1192.

34. Cheng GC, Loree HM, Kamm RD, et a. Distribution of circum-
ferential stressin ruptured and stable atherosclerotic lesions:
A structural analysis with histopathological correlation. Cir-
culation 1993; 87:1179-1187.

35. Demer LL, Watson KE, Bostrom K. Mechanism of calcification
in atherosclerosis. Trends Cardiovasc Med 1994; 4:45—-49.

36. Fuster V. Lewis A. Connor Memorial Lecture. Mechanisms
leading to myocardial infarction: Insights from studies of
vascular biology. Circulation 1994; 90:2126—2146.

37. Goel M, Wong ND, Eisenberg H, et al. Risk factor correlates of
coronary calcium as evaluated by ultrafast computed tomo-
graphy. Am J Cardiol 1992; 70:977—-980.

38. Wong ND, Kouwabunpat D, Vo AN, et a. Coronary calcium and
atherosclerosis by ultrafast computed tomography in asymp-
tomatic men and women: Relation to age and risk factors.
Am Heart J 1994; 127:422—-430.

39. Guerci AD, Spadaro LA, Goodman, KJ, et al. Comparison of elec-
tron beam computed tomography scanning and conventional
risk factor assessment for the prediction of angiographic coro-
nary artery disease. JAm Coll Cardiol 1998; 32:673—696.

40. Janowitz, WR, Agatston AS, Kaplan G, Viamonte M, Jr. Differ-
ences in prevalence and extent of coronary artery calcium
detected by ultrafast computed tomography in asymptomatic
men and women. Am J Cardiol 1993; 72:247—254.

41. Breen JF, Sheedy PF, Schwartz RS, et al. Coronary artery calci-
fication detected with ultrafast CT as an indication of coro-
nary artery disease. Radiology 1992; 185:435—439.

IMAGING OF CORONARY ARTERY CALCIFICATION—SIMPSON 139

42. Budoff MJ, Georgiou D, Brody A, et al. Ultrafast computed
tomography as a diagnostic modality in the detection of
coronary artery disease: A multicenter study. Circulation
1996; 93:898—-904.

43. Stanford W, Breen J, Thompson B, et al. Can the absence of
coronary calcification on ultrafast CT be used to rule out of
[sic] nonsignificant coronary artery stenosis? [abstract] JAm
Coll Cardiol 1992; 19:189A.

44. He ZX, Hedrick TD, Pratt CM, et al. Severity of coronary artery
calcification by electron beam computed tomography pre-
dicts silent myocardial ischemia. Circulation 2000;
101:244—-251.

45. Raggi P, Callister TQ, Cooil B, et a. Identification of patients at
increased risk of first unheralded acute myocardial infarction
by electron-beam computed tomography. Circulation 2000;
101:850—855.

46. Janowitz WR, Agatston AS, Viamonte M. Comparison of serial
quantitative evaluation of calcified coronary artery plague by
ultrafast computed tomography in persons with and without
obstructive coronary artery disease. Am J Cardiol 1991;
68:1—6.

47. Bielak LF, Kaufmann RB, Moll PP, et al. Small lesionsin the
heart identified at electron beam CT: Calcification or noise.
Radiology 1994; 192:631—-636.

48. Detrano R, Wang S, Tang W, et al. Progression of coronary
artery calcification can be tracked with ultrafast computed
tomography: Concordance and reliability are sufficient
[abstract]. Am J Card Imaging 1994; 8(Suppl 1):6.

49. Devries S, Wolfkiel C, Shah V, et a. Reproducibility of the mea-
surement of coronary calcium with ultrafast computed
tomography. Am J Cardiol 1995; 75:973—975.

50. Detrano R, Wang S, Tang W, et al. Thick slice electron beam
tomographic scanning allows reproducible and accurate
assessments of coronary calcific deposits [abstract]. Circula-
tion 1995; 92(Suppl 1):1—650.

51. Detrano RC, Wong ND, Tang W, et al. Prognostic significance
of cardiac cinefluoroscopy for coronary calcific depositsin
asymptomatic high risk subjects. JAm Coll Cardiol 1994;
24:354—-358.

52. Detrano R, Hsiai T, Wang S, et al. Prognostic value of coronary
calcification and angiographic stenoses in patients undergo-
ing coronary angiography. J Am Coll Cardiol 1996;
27:285-290.

53. Arad Y, Spadaro LA, Goodman K, et al. Predicative value of
electron beam computed tomography of the coronary arter-
ies: 19-month follow-up of 1173 asymptomatic patients. Cir-
culation 1996; 93:1951-1953.

54. Arad Y, Spadaro LA, Goodman K, et al. 3.6 years follow-up of
1136 asymptomatic adults undergoing electron beam CT of
the coronary arteries [abstract]. J Am Coll Cardiol 1998;
31(Suppl A):210A.

55. Agatston AS, Janowitz WR, Kaplan GS, et a. Electron beam CT
coronary calcium predicts future coronary events [abstract].
Circulation 1996; 94(Suppl 1):1-360.



