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1 | INTRODUCTION

| Nketi I. Forbang? | Michael H. Criqui?

Calcification of the coronary artery is a complex pathophysiologic process that is intimately
associated with atherosclerosis. Extensive investigation has demonstrated the value of identify-
ing and quantifying coronary artery calcium (CAC) in atherosclerotic cardiovascular disease
(CVD) prognostication. However, over the last several years, an increasing body of evidence
has suggested that CAC has underappreciated aspects that modulate, and at times attenuate,
future CVD risk. The most commonly used measure of CAC, the Agatston unit, effectively
models both higher density and higher area of CAC as risk factors for future CVD events.
Recent findings from the Multi-Ethnic Study of Atherosclerosis (MESA) have challenged this
assumption, demonstrating that higher density of CAC is protective for coronary heart disease
and CVD events. Statins may be associated with an increase in CAC, an unexpected finding
given their clear benefits in the prevention and treatment of CVD. Studies utilizing intracoron-
ary ultrasound and coronary computed tomography angiography have demonstrated that calci-
fied atherosclerotic plaque—as compared with noncalcified or sparsely calcified plague—is
associated with fewer CVD events. These studies lend support to the often-asserted (but as
yet unvalidated) view that calcification may play a role in plaque stabilization. Furthermore, vas-
cular calcification, though a surrogate for atherosclerotic plaque burden, may also possess iden-

tifiable aspects that can refine CVD risk assessment.
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Utilizing noninvasive and invasive imaging modalities, several

recent studies have identified select characteristics of CAC that

Despite sophisticated means of detecting coronary artery calcium
(CAC), the impact of CAC on the natural history of coronary artery
disease (CAD) remains uncertain. Early pathologic studies showed
CAC to correlate closely with the presence and extent of atheroscle-
rotic plaque.! More recent in vivo studies utilizing computed tomog-
raphy (CT) found both high levels of CAC and progression of CAC to
be associated with cardiovascular disease (CVD).2® These findings
support CAC as a robust, noninvasive surrogate measure of noncalci-
fied atherosclerosis of the coronary arteries. Yet calcification of the
coronary arteries and other vascular structures appears to be a regu-
lated process of mineral deposition, akin to bone formation.* This lat-
ter observation spurred the hypothesis that CAC, beyond simply
denoting the underlying presence of noncalcified plaque, may also
play a role in modulating the natural history of CAD.>

appear to be associated with a lower risk of CVD. These characteris-
tics include the density of CAC, the pattern of calcification within a
plague, and the proportion of atherosclerotic plaque that is calcified.
In attenuating the risk of CVD, these characteristics refine the pre-
sent view of the prognostic implications of CAC.

In this review, we will evaluate a growing body of evidence sug-
gesting that certain CAC characteristics may mitigate the risk of the

atherosclerosis that CAC denotes.

2 | CAC QUANTIFICATION AND CAC
DENSITY

As an assessment of atherosclerotic burden, the quantification of

CAC as identified by multidetector and electron-beam CT has proven
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to be a powerful predictor of future myocardial infarction (MI).2 CAC
scores provide improvement in risk prediction when added to the
Framingham Risk Score (FRS) and other risk scores and have been
recommended in select clinical settings to improve risk stratification.®
Additionally, the progression of CAC scores over time is significantly
associated with incident coronary heart disease (CHD) and mortal-
ity.3” CAC is also a robust marker of CVD risk both in comparison
and complementary to other CT-derived risk scores. For instance,
CAC scoring was equivalent to coronary stenosis measurement by
coronary CT angiography (CCTA) in predicting mortality and MI in
asymptomatic patients.® Among patients with chest pain undergoing
CCTA, assessing the amount of noncalcified plaque in addition to the
extent and severity of coronary atherosclerosis (the latter quantified
by coronary segment involvement scores and segment stenosis
scores) resulted in significant improvement in the discrimination of
acute coronary syndrome (ACS) events.” The addition of CAC scoring
to CCTA in patients suspected of having obstructive coronary athero-
sclerosis resulted in a significant improvement in total mortality risk
prediction.©

A long-established and now standard approach to scoring CAC
identified on CT is the Agatston method (Figure 1). Using this
method, CAC is defined as any area within the course of the coronary
artery that is >1 mm? in size and >130 Hounsfield units (HU) of CT
attenuation. Each CAC area is then multiplied by a density factor
determined from the maximal attenuation present within each area
of calcium. Calcium areas with maximal HU of 130 to 199, 200 to
299, 300 to 399, and 2400 are given density factors of 1, 2, 3, and
4, respectively. The products of the CAC area and density factor for
each lesion at every CT slice level are then summed to produce the

Agatston score. 1!

- DensityF
* 1(130-199 Hu) CAC
+ 2(200-299 Hu) = pgatston
* 3(300-399 Hu) —_— iore
[+ 4(2400 Hu)
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FIGURE 1  Agatston, volume, and density CAC scores in MESA. CAC
is identified on axial CT images as areas of attenuation >130 HU and
>1 mm? in size. Each CAC area is multiplied by its density factor to
produce an Agatston score for each CAC area. The density factor
corresponds to the maximal HU attenuation within each CAC area,
ranging from 1 to 4. The Agatston scores of all CAC areas throughout
the coronary tree are then summed to produce the total CAC
Agatston score. The CAC density score is the average density factor
of all CAC areas. It is equal to the total CAC Agatston score divided
by total CAC area. The CAC volume score is equal to the sum of all
CAC areas multiplied by the slice thickness of the CT scanner used
(2.5 mm for MDCT and 3 mm for EBCT). Abbreviations: CAC,
coronary artery calcium; CT, computed tomography; EBCT, electron
beam computed tomography; HU, Hounsfield units; MDCT,
multidetector computed tomography; MESA, Multi-Ethnic Study of
Atherosclerosis
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Thus, Agatston scores are derived from area and density, 2 fea-
tures of coronary calcium that are, in fact, both separate and distinct.
By weighting CAC area for higher density, the Agatston method
models higher density of CAC as a CVD hazard. Despite over
2 decades of research into the application of CAC scoring, this model
had not been challenged until recently.

In an effort to elucidate the independent role of CAC density in
CVD risk prediction, participants in the Multi-Ethnic Study of Athero-
sclerosis (MESA), a multicenter prospective cohort study designed to
investigate the natural history of subclinical CVD, were evaluated.!?
By dividing the CAC Agatston score by the CAC area score, the
investigators obtained a CAC density score, which reflected the aver-
age of lesion density factors throughout the coronary tree, ranging
from 1 to 4 (Figure 1). The investigators compared the predictive
value of the CAC density score with other parameters found on stan-
dard CAC scans—CAC area, volume, and Agatston scores—and
reported several novel findings.

The investigators observed that whereas CAC area, volume, and
Agatston scores were all highly correlated (r = 0.99 for each correla-
tion), the density score was only moderately correlated with these
parameters (r = 0.62 with Agatston, r = 0.56 with volume, and
r = 0.54 with area). After adjustment for major CVD risk factors, CAC
area, volume, and Agatston scores all showed significant associations
with CHD and CVD outcomes. However, CAC density had a signifi-
cant inverse association with CHD and CVD outcomes (Figure 2).
Thus, because higher CAC density appears to be inversely associated
with CHD and CVD, the standard Agatston method of weighting
CAC scores for increased density may be inappropriate for CVD risk
prediction. In fact, in this study superior event discrimination was
demonstrated by considering the CAC volume score (positively
related) and the CAC density score (inversely related) separately. The
addition of CAC volume and density to a base model of the Framing-
ham Risk Score (FRS), race/ethnicity, and statin use resulted in incre-
mental improvements in the area under the ROC curves when
compared with CAC Agatston score. For CHD, the addition of CAC
Agatston to the base model improved the c-statistic from 0.668 to
0.696 (P = 0.02 vs base), whereas the sequential additions of CAC
volume and density to the base model resulted in c-statistics of
0.700 (P =0.01 vs base) and 0.711 (P = 0.006 vs base), respec-
tively.2? Although increases in the AUC were modest after inclusion
of CAC volume and density, greater improvement may occur with
development of CAC density scores that are not derived from the
Agatston score, which caps density scores for any attenuation >400
HU at a maximum of 4.

Agatston scores and volume scores are the most commonly
reported measures of CAC on CT, but they appear to be unsatisfac-
tory in reflecting the true impact of coronary calcification on future
CVD risk. Alternative CAC measures have demonstrated improve-
ments in precision over traditional scoring methods. The volumetric
calcium score utilizes the method of isotropic interpolation to sample
cardiac CT at several intermediate cross-sections between the origi-
nal scan sections, allowing for more precise CAC volume reconstruc-
tion.?® Using this method, the precision of CAC volume scoring was
improved and, in a landmark study, CAC volume was shown to

decrease in patients treated with statin medications.'* The mass



THOMAS ET AL.

L wiLEy e

Coronary heart disease

Risk by volume score quartiles

9.0 ;
6.0
S 4.0
& 3.0
()
o 2.0
ju
1.0 = ®
0.8 T T T T
1 2 3 4
Volume Score, Quartiles
Quartiles, mean 11.8 49.3 160.5 810.4
(range), mm? (2.3-24.5) (24.6-85.2) (85.3-273.4) (273.5-
4991.4)
Cardiovascular disease
Risk by volume score quartiles
9.0 ;
6.0
= 4.0 -
% 3.0 4
2
a 2.0
pu =y
1.0 e ®
0.8 T T T T
1 2 3 4
Volume Score, Quartiles
Quartiles, mean 11.8 49.3 160.5 810.4
(range), mm? (2.3-24.5) (24.6-85.2) (85.3-273.4) (273.5-
4991.4)

Risk by density score quartiles

2.0
o ]
32 ]
& 06 -
= J
T 04
0.3

0.2 : : T .

1 2 3 4

Density Score, Quartiles
Quartiles, mean 1.73 2.55 2.98 3.51

(range), Hu category units (0.83-2.23) (2.24-2.80) (2.81-3.18) (3.19-4.00)

Risk by density score quartiles

2.0
~ L0 @ I
o ]
32 4
@ 06 -
= J
T 0.4
0.3 1
0.2 T T T T
1 2 3 4
Density Score, Quartiles
Quartiles, mean 1.73 2.55 2.98 3.51

(range), Hu category units (0.83-2.23) (2.24-2.80) (2.81-3.18) (3.19-4.00)

FIGURE 2 The associations of CAC volume and density with CHD and CVD outcomes in MESA. Risk of hard CHD events and hard CVD
events increases among higher quartiles of CAC volume and decreases among higher quartiles of CAC density. HRs for volume score quartiles
were adjusted for density score, race/ethnicity, statin use, and general FRS. HRs for density score quartiles were adjusted for natural logarithm
volume score, race/ethnicity, statin use, and general FRS. Error bars indicated 95% Cls. Reproduced from Criqui et al.x? Abbreviations: CAC,
coronary artery calcium; CHD, coronary heart disease; Cl, confidence interval; CVD, cardiovascular disease; FRS, Framingham Risk Score; HR,
hazard ratio; HU, Hounsfield units; MESA, Multi-Ethnic Study of Atherosclerosis

score has been advocated that utilizes CT phantoms of known cal-
cium hydroxyapatite concentration to estimate the absolute mineral
mass of a calcium lesion, expressed in milligrams.> The mass score is
felt to be a better reflection of the true physical properties of each
calcified lesion and has enabled improved accuracy and reproducibil-
ity of CAC quantification compared with Agatston scores.'® How-
ever, the widespread use of the mass score has been limited by a
relative paucity of literature correlating the mass score with the risk
of clinical outcomes, though age and sex distributions of CAC mass
scores among a large population of patients undergoing EBCT have
been reported.?’

The above findings from the MESA suggest that the volume of
CAC and density of CAC have divergent prognostic implications.
What is not clear from these findings is precisely why denser CAC is
associated with a reduced risk of future events in individuals with
CAC. At the level of the atherosclerotic lesion, higher CAC density
may simply reflect a lower atheroma lipid content, or the absence of
a high-risk necrotic core. On the other hand, higher CAC density may
also reflect a prior subclinical coronary plaque rupture followed by
vessel-wall healing accompanied by calcification, which at high densi-

ties may reflect quiescence of the inflammatory process in that

lesion.® In this vein, some studies have suggested a role for CAC as

a marker of coronary plaque stabilization.

3 | CACAND THE VULNERABLE PLAQUE
HYPOTHESIS

One area of recent intense focus has been the identification of coro-
nary plaque compositions that might predict subsequent MI. So-called
vulnerable or high-risk plaques are focal areas of atherosclerosis
prone to disruption and subsequent thrombosis. The most commonly
suspected vulnerable plaque is the thin-cap fibroatheroma (TCFA),
and by utilizing increasingly sophisticated imaging technologies,
investigators have assessed several characteristics of these lesions
such as plague area, luminal stenosis, and plaque composition and
morphology.

The value of this approach in predicting CVD events has thus far
been limited. In a review of the topic, Arbab-Zadeh et al.'? found that
there is no conclusive evidence that the identification of high-risk
coronary plaques provides improved CVD risk prediction in compari-

son with traditional approaches. Nevertheless, in investigating TCFA,
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studies utilizing intravascular ultrasound (IVUS) to identify vulnerable
plagues have suggested that the presence of calcium does not neces-
sarily mark a greater risk of future coronary events.

In the Providing Regional Observations to Study Predictors of
Events in the Coronary Tree (PROSPECT) study, coronary arteries
were evaluated by IVUS at the time of percutaneous coronary inter-
vention (PCIl) in the setting of the ACS, and patients were followed
prospectively for major adverse cardiovascular events (MACE), a
composite of death from cardiac causes, cardiac arrest, Ml, or hospi-
talization due to unstable or progressive angina.?° The principal find-
ings of the study were the significant independent associations of
plaque burden (defined as the cross-sectional area of the plague and
media divided by the cross-sectional area enclosed by the external
elastic membrane), TCFA, and minimal luminal area, with future
MACE (hazard ratios [HR] of 5.03, 3.35, and 3.21, respectively).?°

In an analysis of PROSPECT, Xu et al.?! reported the association
of calcified nodules found on IVUS with future MACE. Calcified nod-
ules were identified as distinct calcifications with irregular, protrud-
ing, and convex luminal surfaces. The investigators reported that the
presence of 21 calcified nodule per patient was an independent pre-
dictor of freedom from nonculprit events, with no death, cardiac
arrest, or Ml occurring in this group. The investigators theorized that
the reason for this association was that in this cohort, calcified nod-
ules were rarely a component of TCFAs, and that calcified nodules
were not associated with TCFA elsewhere in the coronary arteries.

On the other hand, limited or “spotty” calcification tends to be

1?2 reported that in an

associated with unstable plaques. Ehara et a
IVUS study of culprit lesions prior to PCI, the patterns of calcification
tended to be spotty in lesions associated with acute Ml and unstable
angina (UA). The investigators defined spotty calcification as calcium
deposits involving an arc of <90°, or one-fourth of the coronary cir-
cumference. In contrast, in patients with stable angina, calcium
deposits were significantly longer, and a significantly smaller propor-
tion of calcium deposits was spotty. Using intracoronary optical

122 demonstrated similar

coherence tomography (OCT), Mizukoshi et a
findings in patients with stable and unstable coronary lesions under-
going coronary angiography. Patients with UA and acute MI had more
frequent spotty calcification that was closer to the plaque-lumen
interface, whereas patients with stable angina had larger calcium
deposits that were deeper within the plaque.

These and other observations suggest that higher calcium depo-
sition in coronary artery plaques could result in a stabilizing effect on
plagues. However, these study findings relating to calcium should be
interpreted in context of the limitations of IVUS. Because of the
inability of ultrasound to penetrate calcium, the area and thickness of
calcium plagues cannot be accurately assessed.?* OCT does not have
this same limitation, and as utilization of this modality continues, fur-

ther insights into CAC may be gained.

4 | EFFECTS OF STATINS ON
CALCIFICATION

One of the more unexpected findings in studies of CAC has been the

possible association of statins on CAC progression. Although several

observational studies have shown statin therapy to result in slowing

of CAC progression identified by coronary CT,*#2%2¢

many studies,
including randomized trials, have shown that high-intensity statin
therapy does not attenuate (and may actually increase) the progres-
sion of CAC.2”73! The benefits of statins in the prevention of CVD
events are clearly established, yet these agents do not appear to con-
clusively reduce CT-identified CAC progression. Arguelles et al®?
evaluated the association of CT-identified CAC Agatston score pro-
gression with modification of traditional CVD risk factors in MESA.
Contrary to expectation, greater reductions in low-density lipoprotein
cholesterol (LDL-C) and blood pressure at the hands of lipid-lowering
and antihypertensive medications resulted in greater CAC progres-
sion as measured by the Agatston score. One possible explanation
for this finding may be that although CAC volume progression is less-
ened with statins, density of plague calcium increases, which could
lead to higher Agatston scores, as they are weighted higher for cal-
cium density.

In a meta-analysis of 8 randomized clinical trials assessing the
effects of statin and nonstatin therapies on coronary disease burden

assessed via serial coronary IVUS, Puri et al®®

reported on changes in
coronary plaque volume and the calcium index, a metric of CAC used
in their study that incorporates the presence of calcium along the
length of the coronary artery and the arc of the vessel wall with cal-
cium involvement on cross-section. In addition to a reduction in total
plague volume, patients receiving high-intensity and low-intensity
statins had a significantly greater increase in their calcium index com-
pared with patients not on statin therapy. In a meta-analysis of clini-
cal studies of the effects of statins on coronary plague composition
via IVUS assessment, Banach et al similarly reported that statin use
was associated with both a reduction in overall plaque volume as well

as an increase in dense calcium.3*

5 | CALCIFIED, PARTIALLY CALCIFIED,
AND NONCALCIFIED CORONARY PLAQUE

Though CAC can be detected through several noninvasive imaging
modalities such as chest radiography, fluoroscopy, echocardiography,
and cardiac magnetic resonance imaging, CT has become the stan-
dard for noninvasive detection in clinical practice. The addition of
intravenous contrast agents to coronary CT allows for the assessment
of noncalcified plague in addition to calcified plaque. CCTA, though
less sensitive than IVUS and OCT for the identification of histological
characteristics of coronary atherosclerosis, is nonetheless a valuable
tool for the rapid and noninvasive identification of coronary lesions.
In a study of patients with ACS and stable angina evaluated by CCTA
prior to PCl, Motoyama et al®® reported characteristics of high-risk
coronary lesions similar to those identified with IVUS. In their study,
spotty calcification of atherosclerotic coronary plaques was associ-
ated with ACS; however, in contrast, large calcification was associ-
ated with stable angina.

Similarly, Ferencik et al®® reported that in patients presenting
with chest pain and found to have significant coronary stenosis iden-
tified on CCTA, spotty coronary calcium was one of 4 morphologic

features of coronary plaque associated with ACS. In a study
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comparing patients with stable angina with those with acute MI
undergoing CCTA, Leber et al®” reported that patients with stable
angina had a significantly higher number and area of heavily calcified
plague. Furthermore, patients with acute MI had a significantly
increased number and area of noncalcified plaques.

Noncalcified coronary plaques identified by CCTA portend a poor
prognosis. In a study of 1102 patients with nonobstructive CAD iden-
tified on CCTA, Ahmadi et al®® reported that the rate of all-cause
mortality at 10 years varied significantly based on the presence,
absence, and degree of calcification in coronary plaques assessed
throughout the coronary tree. For the purposes of their analysis,
patients with multiple types of plague morphologies were excluded,
and the remaining patients were categorized as having calcified pla-
que, noncalcified plaque, or mixed plaque (Figure 3). Patients with
calcified plaque had the lowest risk of all-cause mortality, followed by
mixed plaque, with noncalcified plaque being associated with the
greatest risk (Figure 4). Notably, patients with only noncalcified pla-
que had a nearly 3-fold greater risk of death compared to the group
with the most extensive coronary calcification (CAC Agatston
scores >400).

I*% reported the outcomes of 4425

In a similar study, Hou et a
patients with suspected CAD who underwent CCTA. Patients were
categorized as having calcified, noncalcified, or mixed plaques
depending on the appearance of the most stenotic plaque visualized
on CCTA. The cohort was followed for approximately 3 years and
evaluated for MACE. The investigators found that patients with calci-
fied plaque had a significantly lower risk of MACE at 3 years than did
patients with noncalcified and mixed plaque (Figure 5). Patients with
calcified plague had only a modestly higher risk of MACE when com-
pared with patients with CAC scores of 0. Patients with noncalcified
and mixed plaque had a similar risk of MACE as patients with CAC
scores >400.

Several studies utilizing noncontrast cardiac CT have established
the presence and extent of CAC as strongly predictive of CVD
events. However, relatively fewer studies have utilized CCTA to eval-
uate the extent of both calcified and noncalcified coronary artery pla-
que. The presence of CAC indicates underlying atherosclerosis and,
unsurprisingly, an increased risk of CVD in comparison with an
absence of CAC. However, in evaluating the morphology and extent
of both calcified and noncalcified coronary artery plaque, the above

Calcified Mixed

Non-calcified

FIGURE 3 Calcified, mixed, and noncalcified plaque on CCTA.
Images courtesy of Andrew Kahn, MD, PhD, University of California
San Diego. Abbreviations: CCTA, coronary computed tomography
angiography
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FIGURE 4 Kaplan-Meier estimates of survival for patients with
calcified, mixed, and noncalcified plaque identified on CCTA.
Reproduced from Ahmadi et al.3® Abbreviations: CCTA, coronary
computed tomography angiography

CCTA studies suggest that CAC may be protective for any given pla-
que area, and the extent of noncalcified plague may pose the highest
risk. Autopsy studies have demonstrated that plague volume can far
exceed CAC volume, and diffuse coronary plaque can be present
without detectable CAC.14%*' As studies of statin therapies have
demonstrated, plaque volume can change independently of CAC, with

plaque regression being associated with CAC progression.3342-44

6 | FUTURE DIRECTIONS

Although CVD remains the leading cause of death worldwide, the

age-standardized rate of CVD mortality has been on the decline in
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FIGURE 5 Kaplan-Meier estimates of survival from MACE for
patients with calcified, mixed, and noncalcified plaque identified on
CCTA. Reproduced from Hou et al.®? Abbreviations: CCTA, coronary
computed tomography angiography; MACE, major adverse cardiac
events
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recent decades*® due to the identification and modification of CVD
risk factors, as well as improvements in the arsenal of tools available
to diagnose and treat CVD.*® Despite increasingly accurate risk pre-
diction and contemporary therapies, CVD events still occur with sig-
nificant frequency. As such, the pursuit of novel methods of CVD risk
prediction and prevention continues.

CAC identified by CT scanning is the most robust marker of
subclinical CVD in predicting future CVD events,*” yet uncertainties
remain in what CAC represents in the natural history of atheroscle-
rotic CVD, and how facets of CAC impact overall prognosis. An
abundance of CAC throughout the coronary tree reflects a high ath-
erosclerotic burden and, as multiple studies have demonstrated, a
poor prognosis. What the presence of CAC represents in the patho-
physiology of coronary artery atherosclerosis remains unclear. Is cal-
cification the inexorable result of long-standing and uncontrolled
proliferation of atherosclerosis? The presence of CAC denotes high
atherosclerotic plaque burden, but does its significance extend
beyond this, to a stabilizing effect that converts vulnerable plaques
to less vulnerable plaques? CAC has been associated with traditional
risk factors for atherosclerosis, yet the effect of calcium in the pla-
que may limit plaque vulnerability and reduce the chance of subse-
quent rupture. Efforts toward plague stabilization may become a
novel avenue in CVD prevention, and certain features of CAC may
play a role.

For the clinician assessing CVD risk in an asymptomatic patient,
the 2013 ACC/AHA Guideline on the Treatment of Blood Cholesterol
to Reduce Atherosclerotic Cardiovascular Risk in Adults and the
2013 ACC/AHA Guideline on the Assessment of Cardiovascular Risk
support a CAC Agatston score = 300 or 275th percentile for age,
sex, and ethnicity as a cutoff for revising a patient's risk assessment
upward.®*® Given the association of calcium density with the risk of
CVD, Agatston score cutoffs may not be using the most accurate cal-
cium metric in determining risk. Furthermore, when available, knowl-
edge of the distribution of calcium within a plaque and the
proportion of plaque that is calcified can potentially refine our assess-
ment of the impact of CAC on CVD outcomes. Recent reviews of
CAC scoring have posited that optimization of CT scanner parame-
ters relevant to CAC scoring—such as slice thickness, tube current,
and the attenuation threshold for calcium detection— as well as an
overhaul of the traditional CAC score itself into one that incorporates
additional metrics such as the regional distribution of CAC, the num-
ber of CAC lesions, and density, have the potential to improve the
value of CAC scoring.**°° Efforts are needed to explore a compre-
hensive approach incorporating these, and possibly undiscovered,
characteristics of CAC that may improve CVD risk stratification and
prevention.
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