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Abstract: Atherosclerotic cardiovascular disease (ASCVD) has been the leading cause of death worldwide
for more than a decade. Prevention is of utmost importance to reduce related mortality. The innovations in
cardiovascular imaging technology, in addition to our improved understanding of coronary atherosclerosis
pathogenesis, have resulted in cardiovascular imaging becoming one of the most influential tools for
diagnosis and risk stratification in ASCVD. Although numerous publications have emerged on this topic,
data that guide routine cardiology clinical practice currently focus on the utility of a limited number of
such modalities, namely arterial ultrasonography and computed tomography. Herein, current evidence with

respect to the role of multimodality cardiovascular imaging on ASCVD prevention will be reviewed.
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Introduction

Atherosclerosis is a chronic progressive inflammatory
disease that is characterized with fibrous and/or fatty
lesion formation in the intimal layer of the arterial wall (1).
Although atherogenesis may emerge in any arterial bed,
epidemiological data suggest that involvement of the
coronary arterial bed by atherogenesis (namely, ischemic
heart disease) is the leading cause of mortality worldwide (2).

The concept of “precision medicine” has led to a shift
from “population” to a more “personalized” approach (3).
When predicted 5-year atherosclerotic cardiovascular
disease (ASCVD) risk and observed ASCVD risk were
compared in a large-scale study involving 307,591 adults,
ASCVD risk score was shown to overestimate cardiovascular
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(CV) risk in the overall adult population without diabetes,
as well as in the sex, ethnic and socioeconomic status
subgroups (4), emphasizing the need for additional data in
fine tuning of risk estimation. Imaging is one of the tools
that can help elucidate the “proof of disease” and therefore,
is an essential component of ASCVD prevention.

Imaging for prevention of ASCVD has three main
functions: (I) diagnosis of the disease based on arterial wall
imaging (in terms of both primary and secondary prevention),
(I) ASCVD risk stratification based on multi-level imaging
(in terms of both primary and secondary prevention), (III)
targeted treatment of atherosclerotic plaques (in terms of
secondary prevention). Therefore, imaging has the potential
to provide evidence that may guide clinical therapeutic
decisions and motivate patient behavior.
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This review focuses on the utility of CV imaging for
ASCVD prevention with regards to diagnosis and risk
stratification. The term coronary artery disease (CAD) is
used to define the characteristics of the study population (to
demonstrate whether it is a primary or secondary prevention
cohort) and the endpoints (such as incident CAD, mortality
due to CAD etc.) of the studies presented in this review.

Arterial ultrasonography

Ultrasonography is a traditional imaging modality, yet it
may provide clinical diagnostic and prognostic information
of utmost importance. Non-invasive ultrasonography of
the main arteries (carotid and femoral arteries), as well as
invasive intravascular ultrasound (IVUS) of the coronary
arteries in diagnosing atherosclerosis, risk stratification and
prognosis assessment will be reviewed here.

Carotid artery ultrasonography

Carotid artery ultrasound enables assessment of: (I) plaque
presence, (II) plaque burden, (III) plaque texture, (IV)
plaque ulcer volume, (V) intima-media thickness IMT).

Plaque presence

A substudy of the Atherosclerosis Risk in Communities
(ARIC) study (5) (n=13,145, individuals with CAD or stroke
were excluded from the initial study cohort) showed that
carotid plaque presence/absence when added to traditional
risk factors (TRFs) had a better performance than TRFs
alone for predicting incident CAD events defined as
myocardial infarction (MI), coronary revascularization or
definite CAD death (5). The area under the curve (AUC)
improved to 0.751 (95% CI for the difference in adjusted
AUC: 0.006-0.013) from 0.742 with the addition of plaque
presence/absence; this improvement was more pronounced
in females (AUC: 0.770, 95% CI for the difference in
adjusted AUC: 0.005-0.016) than in men (AUC: 0.686,
95% CI for the difference in adjusted AUC: 0.005-0.017).
Carotid plaque presence/absence added to TRFs had a
better net reclassification index (NRI) compared to TRFs
alone (7.7%, 95% CI: 2.3-11.4) (5). Clinical NRI, defined
as NRI in the intermediate-risk group, was even higher
(17.7%, 95% CI: 10.9-24.7) when carotid plaque presence/
absence was added in addition to TRFs (5).

Plaque burden
Plaque burden assessment in the carotid arteries may be
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made through carotid plaque area measurement in the
longitudinal plane and carotid plaque volume measurement.

A study investigated the impact of baseline carotid plaque
area on the composite endpoint of MI, stroke and vascular
death in 1686 patients followed up at a prevention clinic for
a mean duration of 2.5 years (6). Five-year risk of composite
endpoint was increased with increasing plaque area quartiles
(Q) after adjusting for baseline patient characteristics (RR:
3.5, 95% CI: 1.8-6.7, P<0.001 in Q4; RR: 2.5, 95% CI:
1.4-4.4, P=0.001 in Q3; RR: 1.9, 95% CI: 1.1-3.3, P=0.2
in Q2) (6). 1,085 patients had serial follow-up imaging for
carotid plaque area. Patients with plaque progression were
more likely to experience the composite endpoint than
those with no change in plaque area (RR: 2.1, 95% CI:
1.2-3.6, P=0.005) (6).

Follow-up of the imaging study group of the Biolmage
Study (A Clinical Study of Burden of Atherosclerotic
Disease in an At-Risk Population) (7) (n=5,808
asymptomatic adults) for a median duration of 2.7 years
showed that increase in carotid plaque burden was
associated with higher cumulative incidence of primary (MI,
CV death and ischemic stroke) and secondary (unstable
angina, coronary revascularization and all-cause death)
major adverse cardiac events (MACE) after adjustment for
TRFs (7). The hazard ratios (HR) of increasing tertiles
of carotid plaque burden were 0.78 (95% CI: 0.31-1.91),
1.45 (95% CI: 0.67-3.14) and 2.36 (95% CI: 1.13-4.92),
respectively for primary MACE (P=0.03) (7). For secondary
MACE, HRs of increasing tertiles of carotid plaque burden
were 1.11 (95% CI: 0.49-2.53), 1.58 (95% CI: 0.74-3.38)
and 2.99 (95% CI: 1.48-6.05), respectively (P=0.01) (7).
Significant improvement in NRI was observed with addition
of carotid plaque burden on top of TRFs for prediction of
both primary (0.23%, 95% CI: 0.05-0.31) and secondary
(0.17%, 95% CI: 0.11-0.26) MACE endpoints (7).

Carotid plaque burden assessment using plaque area
measurements were then followed with studies highlighting
the three-dimensional (3D) volumetric quantification of
plaque burden. In The High Risk Plaque Biolmage study
that examined 6,101 asymptomatic subjects (the imaging
study group) (8), when adjusted for TRFs, carotid plaque
volume was the imaging modality that had the most strong
association with coronary artery calcium score (CACS) (OR
for the highest tertile of carotid plaque volume: 4.79, 95%
CI: 4.11-5.57, P<0.0001) among other imaging modalities,
including carotid IMT and abdominal aortic diameter (8).

Progression in carotid plaque volume was suggested to
predict adverse outcomes defined as MI, transient ischemic
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Table 1 The utility of non-invasive arterial ultrasonography for ASCVD prevention with regards to diagnosis and risk stratification

Guidelines Recommendations

Carotid artery plaque burden

2019 ESC/EAS Guidelines for the
management of dyslipidemias (10)-

2019 ESC/EAS Guidelines for the
management of dyslipidemias (10)

Carotid intima-media thickness (carotid IMT)

Significant plaque on carotid ultrasound is accepted as evidence for ASCVD and places the
patient in the very high CV risk group

Carotid artery plaque burden, regardless of the measurement technique (area or volume),
can be useful as a risk modifier in subjects with low and moderate CV risk (Class: lla, LOE: B)

2016 ESC guidelines on CVD prevention in Carotid IMT measurement is not recommended for risk stratification (Class: Ill, LOE: A)

clinical practice (11)-

2013 ACCF/AHA guidelines on the
assessment of CV risk (12)

Femoral artery plaque burden

2019 ESC/EAS Guidelines for the
management of dyslipidemias (10)

Carotid IMT measurement is not recommended for risk stratification (Class: Ill, LOE: B)

Femoral artery plaque burden, regardless of the measurement technique (area or volume),
can be useful as a risk modifier in subjects with low and moderate CV risk (Class: lla, LOE: B)

ACCF, American College of Cardiology Foundation; AHA, American Heart Association; ASCVD, atherosclerotic cardiovascular disease; CV,
cardiovascular; CVD, cardiovascular disease; EAS, European Atherosclerosis Society; ESC, European Society of Cardiology; LOE, level of evidence.

attack (TIA), stroke and vascular death in a study that
included patients with baseline total carotid plaque area: 40—
600 m’ (n=349) who were followed-up at a prevention clinic
(median: 3.17 years) (9). Progression in total plaque volume,
but not total plaque area, was an independent predictor of
any adverse event after adjusting for TRFs (P=0.001) (9).
The utility of carotid artery plaque burden assessment
for ASCVD prevention with regards to diagnosis and
risk stratification based on European guidelines is
outlined in 7zble 1. In the American guidelines, there
is no recommendation with respect to carotid artery
plaque burden assessment for the purpose of ASCVD risk
stratification. Only data regarding carotid artery plaque
assessment in the prevention of atherosclerotic disease
comes from 2010 AHA (American Heart Association)/
ASA (American Stroke Association) guidelines for the
primary prevention of stroke (13), which states that
screening for asymptomatic carotid artery stenosis is not
indicated (Class: I1I, LOE: B). 2011 ASA/ACCF (American
College of Cardiology Foundation)/AHA guidelines on
the management of patients with extracranial carotid and
vertebral artery disease (14) also does not recommend
carotid duplex ultrasonography for screening asymptomatic
patients or those without risk factors for atherosclerosis
(Class: III, LOE: B). Routine serial extracranial carotid
artery imaging is not indicated in disease-free patients on
initial vascular imaging and without risk factors (Class: 1II,
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LOE: C).

Carotid plaque texture

Interestingly, not only carotid plaque burden, but also texture
of the carotid plaques has been described as a potential risk
predictor of vascular events (15). In that study (15), 298
patients from a prevention clinic who had baseline and 1 year
carotid plaque volume and plaque texture measures (n=376,
based on 9 different texture extraction techniques) were
included. Patients were followed-up for the endpoints of
MI, TTA and stroke (median: 3.12 years) (15). Combination
of changes in texture and total volume yielded the best
performance for predicting outcomes (AUC: 0.78+0.02 in
ROC curve analysis; HR: 6.2, 95% CI: 4.2-7.9, P<0.001
in Kaplan-Meier curve analysis). Carotid plaque texture
change was a predictor of outcomes independent from the
Framingham Risk Score (FRS) (HR: 1.4, 95% CI: 1.3-1.5,
P<0.002) (15).

Carotid plaque ulcer volume

The impact of total carotid plaque ulcer volume on primary
(stroke, TIA or vascular death) and secondary (stroke, TIA,
vascular death, MI, revascularization) composite endpoints
were evaluated in 349 patients from a prevention clinic who
were followed-up for a median 3.17 years (16). Total ulcer
volume being >5 mm’ was associated with adverse outcomes
(P=0.009 and P=0.017 for primary and secondary endpoints,
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respectively) (16).

Carotid intima-media thickness
A meta-analysis (17) that included 13 articles (n=76,201)
that investigated the association between carotid IMT and
future CV events, as well as the additional role of carotid
IMT on top of existing CV risk assessment tools showed
that, despite its association with MI and stroke risk, the
addition of carotid IMT to conventional CV risk prediction
models did not result in an improvement (P=0.8). Another
meta-analysis (18) that was published one year before
the forementioned meta-analysis had included 14 studies
(n=45,828) reported that the addition of common carotid
IMT did not yield in a prominent improvement to the FRS
in 10-year MI or stroke risk prediction. C statistic was 0.757
(95% CI: 0.749-0.764) at baseline and 0.759 (95% CI:
0.752-0.766) after addition of common carotid IMT to the
model. NRI was 0.8% (95% CI: 0.1-1.6%).

The utility of carotid IMT measurement for ASCVD
prevention with regards to diagnosis and risk stratification
is outlined in Table 1.

Femoral artery ultrasonography

In recent years, there has been a growing interest in
subclinical atherosclerosis imaging in the iliofemoral arterial
territories.

The PESA (Progression of Early Subclinical
Atherosclerosis) study (19), which enrolled 4,184
asymptomatic patients (no CV risk factors in 38%, >2 CV
risk factors in 5% patients), showed that plaques were most
frequently found in the iliofemoral arteries (44%), followed
by the carotid arteries (33%) (19). A substudy of the PESA
study (n=3,680, median 10-year ASCVD risk: 2.17, no CV
risk factors in 44% patients) (20) evaluated plaque burden
using 3D vascular ultrasound. Plaque burden was greater in
the femoral arteries compared to the carotids (64 vs. 23.1
mm’, P<0.001). Plaque burden was associated with ASCVD
risk independent of the number of territories affected or
plaques (P<0.01).

The AWHS (Aragon Workers’ Health Study) (21)
that included 40-59-year-old men (n=1,423; no CV risk
factors in 20.7%, >2 CV risk factors in 9.9% patients) also
showed that subclinical atherosclerosis, which was assessed
using carotid and femoral ultrasonography as well as
CACS, was most commonly located at the femoral arteries
(54%). Femoral atherosclerosis had stronger associations
with TRFs and positive CACS compared to carotid
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atherosclerosis.

The utility of femoral artery plaque burden assessment
for ASCVD prevention with regards to diagnosis and risk
stratification based on European guidelines is outlined
in Table 1. However, it has not been mentioned in the
American guidelines. “A rational screening plan” for
reclassifying FRS was provided in an editorial paper (22)
that commented on the study by Laclaustra ez a/. (21).

Utility of intravascular ultrasound (IVUS)

Evidence from IVUS studies, including the more extensive
arterial remodeling (i.e., larger plaque area and positive
remodeling) in unstable clinical presentations compared to
patients with stable angina (23) and the increased prevalence
of ulcerated non-culprit lesions in MI patients (24), have
provided data on pathogenesis of MACE in ASCVD. In
addition, IVUS studies have reported plaque features that
are related to coronary atherosclerotic burden changes.
When adjusted for baseline characteristics, more calcified
lesions (represented by baseline calcium index being >
median) were shown to be associated with a lower rate of
change in atheroma burden (progression or regression)
(OR: 0.48, 95% CI: 0.35-0.66, P<0.0001) (25). Spotty
calcification in patients with stable CAD was associated
with progression in percent atheroma volume (PAV) (change
in PAV adjusted for baseline characteristics: 0.68%=0.12%
vs. 0.05%+0.17%, P=0.002) (26). IVUS studies have also
highlighted the response in coronary atherosclerotic plaque
burden to statin therapy. Even in stable CAD with high-risk
features (n=201), such as high plaque burden (PAV >63%),
spotty calcification or positive remodeling, statin therapy
may cause regression of atherosclerosis (change in PAV:
-0.83%20.53% vs. 1.87%20.68%, P=0.01) (27).

The prognostic value of IVUS on plaque characteristics
in ASCVD has been investigated in several studies. A
2-year follow-up of stable CAD patients undergoing IVUS
(n=4,477) showed that the incidence of MI (1.0 vs. 1.4%,
P=1.00) and death (0.0 vs. 0.1%, P=1.00) were similar
between those with (n=201) and without (n=4,276) high-
risk plaques (HRPs). However, the analysis of 4,137 CAD
patients undergoing serial IVUS investigations, who were
followed-up for a mean of 21.1 months demonstrated that
higher baseline plaque burden (reflected with PAV) was
associated with a greater likelihood of MACE, defined as
M]I, coronary revascularization and death (HR: 1.32, 95%
CI: 1.22-1.42, P<0.001) (28). Greater increase in PAV at
follow-up was also associated with greater risk of MACE
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Table 2 The utility of IVUS for ASCVD prevention with regards to diagnosis and risk stratification

Guidelines Recommendations

2018 ESC myocardial revascularization guidelines (30) IVUS is reasonable to assess unprotected left main disease severity (Class: lla,
LOE: B)

2011 ACCF/AHA/SCAI guidelines for percutaneous IVUS is not recommended for routine lesion assessment in cases where
coronary intervention (31) revascularization is not intended (Class: Ill, LOE: C)

2011 ACCF/AHA/SCAI guidelines for percutaneous IVUS can be useful for angiographically equivocal left main CAD (Class: lla, LOE: B)
coronary intervention (31)

2011 ACCF/AHA/SCAI guidelines for percutaneous IVUS may be considered in angiographically-documented moderate luminal
coronary intervention (31) stenosis (50-70%) in the non-left main coronary arteries (Class: llb, LOE: B)

ACCF, American College of Cardiology Foundation; AHA, American Heart Association; ASCVD, atherosclerotic cardiovascular disease;
CAD, coronary artery disease; ESC, European Society of Cardiology; IVUS, intravascular ultrasound; LOE, level of evidence; SCAI, Society

for Cardiovascular Angiography and Interventions.

(HR: 1.20, 95% CI: 1.10-1.31, P<0.001). These two
parameters remained significant after adjustment for clinical
risk factors (28).

In addition to greater plaque burden, findings of
PREDICTION (Prediction of Progression of Coronary
Artery Disease and Clinical Outcome Using Vascular
Profiling of Shear Stress and Wall Morphology) study (29)
showed that low shear stress was also an independent
predictor of plaques that required revascularization within
1 year in high-risk patients following a percutaneous
coronary intervention for an acute coronary syndrome
(ACS) (HR: 3.18, 95% CI: 1.20-8.43, P=0.020).

The utility of IVUS for diagnosis and risk stratification
of ASCVD is outlined in 7able 2. IVUS is not suitable for
primary prevention for ASCVD.

Coronary artery calcium score

Coronary artery calcium score (CACS) is a relatively
simple screening test using ECG-gated non-contrast
computed tomography, yet several studies confirmed its
powerful prognostic value. A large-scale study (n=25,253)
showed that CACS was an independent predictor of all-
cause mortality during a mean follow-up of 6.8 years
when adjusted for baseline characteristics [for CACS >10
Agatston units (AU), HR range: 3.61-9.36, P<0.0001] and
10-year survival worsened with increasing CACS (99.4% for
CACS =0 vs. 87.8% for CACS >1,000 AU, P<0.0001) (32).
In another study, a baseline CACS of 0 conferred <1%
mortality in 4,864 asymptomatic low-risk patients followed
up for a mean of 14.6 years (33). In the multivariate analysis,
CACS was the strongest predictor of all-cause mortality when

© Cardiovascular Diagnosis and Therapy. All rights reserved.

adjusted for baseline characteristics (HR: 2.67, 95% CI: 2.29—
3.11, P<0.001) (n=9,715). Increasing CACS remained to be
an independent predictor of all-cause mortality when adjusted
for FRS and NCEP ATP III (National Cholesterol Education
Program Adult Treatment Panel IIT) (n=9,715) (33).

In addition to the prognostic role of CACS in all-cause
mortality, its impact on incident coronary events was also
explored. In the Multi-Ethnic Study of Atherosclerosis
(MESA) study (34), 6,722 subjects from four ethnic groups
who were free from known CVD were followed up for a
median of 3.8 years. Increasing CACS was a significant
predictor of major coronary events (defined as MI and death
from CAD) (for CACS =1-100 AU, HR: 3.89; for CACS
>300 AU, HR: 6.84) and any coronary event risk (for CACS
=1-100 AU, HR: 3.61; CACS >300 AU, HR: 9.67) after
adjusting for TRFs (all P<0.001) (34). A substudy (35) of the
MESA study undertaken in 3,398 subjects followed-up for a
median of 7.6 years showed that in the multivariable model,
InCAC (natural logarithm of CAC) volume score (HR:
1.81, 95% CI: 1.47-2.23, P<0.001 and HR: 1.68, 95% CI:
1.42-1.98, P<0.001) and CAC density score (HR: 0.73, 95%
CI: 0.58-0.91, P=0.006 and HR: 0.71, 95% CI: 0.60-0.85,
P<0.001) were independent predictors of CAD events (CAD
death, resuscitated cardiac arrest or MI) and all CVD events
(hard CAD, stroke or stroke death) risk, respectively (35).

A follow-up of MESA study (36) (n=6,814) with median
follow-up of 11.1-year showed that 10-year ASCVD (MI,
stroke, resuscitated cardiac arrest, CAD deaths) event rates
increased across CACS categories independent of age,
gender, ethnicity or baseline statin use. Each doubling of
CACS was associated with a HR: 1.14 (95% CI: 1.11-1.17,
P<0.001) for ASCVD risk (36).
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Inclusion of CACS in the MESA score resulted in
improvement in 10-year CAD risk prediction when added on
top of TRFs (Harrell’s C-statistic from 0.750 to 0.800) (37).
Similarly, the NRI was also improved when CACS was
added on top of FRS in the intermediate-risk group of the
MESA participants (n=1,330) (NRI: 0.659 for incident
CAD and NRI: 0.466 for incident CVD) (38). A follow-up
of 6,698 subjects from the MESA study showed that even
subjects without CV risk factors could have CACS >300 AU
(in 5%), and interestingly subjects having >3 CV risk factors
could have CACS =0 AU (35%) (39). Subjects with >3 CV
risk factors having CACS =0 AU had lower CAD event
rates compared to those without CV risk factors but CACS
>300 AU (3.1/1,000 person-years vs. 10.9/1,000 person-
years), suggesting that CACS may be used for further risk
stratification. This was further validated in the multicenter
CAC Consortium cohort that enrolled 66,636 primary
prevention patients undergoing CACS assessment (40).

The utility of CACS as a risk classifier may be regarded
as its biggest advantage in CVD prevention patients. A
study comparing 13 negative risk markers among 6,814
participants of the MESA study for the prediction of CAD
and all CVD events at 10-year follow-up (41) showed
that a negative CACS was the strongest negative risk
marker, when adjusted for TRFs. This was assessed using a
statistically determined diagnostic likelihood ratio (DLR),
where CACS =0 AU had a mean DLR of 0.41 for all CAD,
0.51 for hard CAD and 0.54 for all CVD (41). The other
imaging parameters assessed along with CACS =0 were
absence of carotid plaque, carotid IMT <25th percentile
and change in brachial flow-mediated dilation >5% (41). A
more recent study including 5,805 Biolmage participants
investigated the negative risk markers for risk stratification
in the elderly population (mean age: 69 years) (42). CACS
=0 AU (mean DLR: 0.20 and 0.41, respectively) and CACS
<10 AU (mean DLR: 0.20 and 0.48, respectively) were the
strongest negative risk markers of CAD and CVD (42).
Other imaging parameters assessed along with CACS were
absence of carotid plaque and carotid IM'T <25th percentile.

CACS has the potential to transform into clinical
therapeutic decision, including identification of patients who
may benefit from statin treatment. Applying 2013 ACCF/
AHA guidelines on the treatment of blood cholesterol (43)
to the MESA cohort, the investigators showed that in the
intermediate-risk group, who had 10-year ASCVD risk of
5-20%, having CACS =0 AU reclassified the risk below
the cut-off for statin consideration (44). Similar results
were obtained regarding the down-classification potential
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of CACS =0 AU when 2016 ESC (European Society of
Cardiology)/EAS (European Atherosclerosis Society)
guidelines on the management of dyslipidemias (45) were
applied to the MESA cohort (46). Median 9.4-year follow-
up of a primary prevention cohort (n=13,644) for MACE
(defined as a composite of acute MI, stroke and CV death)
showed that benefit from statins to reduce MACE was
observed in those with positive CACS (HR: 0.76, 95% CI:
0.60-0.95, P=0.015), but not in patients with CACS=0 (HR:
1.00, 95% CI: 0.79-1.27, P=0.99) (47). The more elevated
the CACS, the more likely the subjects were to benefit from
statins (P<0.0001) (47).

As demonstrated in a meta-analysis of 6 studies (48) (11,256
subjects, mean follow-up: 1.6-6.0 years), once a patient was
diagnosed with a positive CACS, they had higher odds of
aspirin (OR: 2.6, 95% CI: 1.8-3.8), lipid-lowering (OR:
2.9, 95% CI: 1.9-4.4) and blood pressure-lowering (OR:
1.9, 95% CI: 1.6-2.3) drug initiation; lipid-lowering drug
continuation (OR: 2.3, 95% CI: 1.6-3.3) as well as lifestyle
changes, including dietary changes (OR: 1.9, 95% CI: 1.5-
2.5) and increase in exercise (OR: 1.8, 95% CI: 1.4-2.4).

The utility of CACS for diagnosis and risk stratification
of ASCVD is outlined in 7ible 3. An algorithm for the use of
CACS in various clinical scenarios is suggested in Figure 1.

CT coronary angiography (CTCA)

CTCA may diagnose ASCVD and discriminate individuals
at risk of MACE by assessing several aspects, including
grading luminal stenosis, defining HRP and quantifying
plaque burden. CT'CA also allows non-invasive functional
assessment, including fractional flow reserve calculation
derived from CT (FFR-CT) (53-55) and perfusion
imaging (56), which are beyond the scope of this review.

Anatomical disease severity assessment

CTCA may be useful: (I) to detect left main stem or
multivessel disease, (II) to diagnose “obstructive” CAD in
patients with stable angina and (III) to guide management
strategies, including revascularization (57).

When compared with invasive coronary angiography
(ICA), CTCA was shown to have excellent negative
predictive values both in patient-based (97%, 95% CI:
94-100%) and segment-based (99%, 95% CI: 98-99%)
analyses (n=360) (58).

The CONFIRM (Coronary CT Angiography Evaluation
for Clinical Outcomes: an International Multicenter)
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Table 3 The utility of CACS for ASCVD prevention with regards to diagnosis and risk stratification

Guidelines

Recommendations

2019 ESC/EAS Guidelines for the management of
dyslipidemias (10)

2019 ACCF/AHA guidelines on the primary
prevention of CVD (49)

2018 ACCF/AHA cholesterol clinical practice
guidelines (50)

2016 SCCT/STR guidelines for coronary artery
calcium scoring of non-contrast noncardiac chest
CT scans (51)

2010 ACCF/SCCT/ACR/AHA appropriate use
criteria for cardiac computed tomography (52)

2010 ACCF/SCCT/ACR/AHA appropriate use
criteria for cardiac computed tomography (52)

CACS can be useful in low-moderate CV risk subjects as a risk modifier (Class: lla,
LOE: B)

It is reasonable to measure CACS in intermediate (10-year ASCVD risk: 7.5-20%) or
selected borderline-risk (10-year ASCVD risk: 5.0-7.5%) adults for ASCVD risk-based
preventive interventions (Class: lla, LOE: B)

It is reasonable to measure CACS in intermediate (10-year ASCVD risk: 7.5-20%) or
selected borderline-risk (10-year ASCVD risk: 5.0-7.5%) adults to determine statin
eligibility if the decision about statin therapy is equivocal (Class: lla, LOE: B):

. defer statin therapy and reassess in 5-10 years if CACS =0 AU (unless higher
risk conditions are present)

° initiate statin therapy in subjects =55 years if CACS: 1-99 AU
. initiate statin therapy if CACS =100 AU

Opportunistic CACS screening is recommended in all patients aged >40 years
undergoing non-contrast chest CT (Class: ). Estimation of CACS as none, mild,
moderate or severe is indicated (Class )

CACS is reasonable in low CAD risk patients with family history of premature CAD
and intermediate CAD risk patients for detection of CAD and further risk assessment
(Appropriate use criteria: 7 for both scenarios)

CACS is not appropriate in low-risk asymptomatic patients (Appropriate use criteria: 2)

ACCF, American College of Cardiology; ACR, American College of Radiology; AHA, American Heart Association; ASCVD, atherosclerotic
cardiovascular disease; CACS, coronary artery calcium score; CAD, coronary artery disease; CT, computed tomography; CV,
cardiovascular; CVD, cardiovascular disease; EAS, European Atherosclerosis Society; ESC, European Society of Cardiology; LOE, level of
evidence; SCCT, Society of Cardiovascular Computed Tomography; STR, Society of Thoracic Radiology.

Asymptomatic

patients

Patients with Patients with
stable angina acute chest pain

— CACS

Carotid/femoral
— US plaque
burden*

CTCA CTCA

Figure 1 Figure summarizing the first-line cardiovascular imaging strategy for risk stratification for ASCVD in primary prevention cohort.

Note that patients presenting with stable angina and acute chest pain should be clinically evaluated, and undergo CTCA if clinically

appropriate. ASCVD, atherosclerotic cardiovascular disease; CACS, coronary artery calcium score; CTCA, CT coronary angiography; US,

ultrasonography. “Not present in American guidelines.
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registry (59), which included 15,207 intermediate-risk
patients undergoing CTCA followed up for a mean of
2.3 years, showed that patients said to have no and mild
CAD according to CT'CA had low rates of ICA (2.5% and
8.3%, respectively) and revascularization (0.3% and 2.5%,
respectively) rates. Predictors of ICA in patients with non-
obstructive stenosis on CTCA obtained from the multivariate
model were advancing age, typical chest pain, mild left
main stenosis, mild proximal left anterior descending artery
stenosis, mild proximal left circumflex artery stenosis and mild
proximal right coronary artery stenosis. In patients with non-
obstructive CAD, the survival was worse in those undergoing
ICA (HR: 2.25, 95% CI: 1.16-4.39, P=0.011) (59).
However, in those with obstructive CAD, the survival was
better in those undergoing ICA (HR: 0.61, 95% CI: 0.38-
0.99, P=0.047) (59).

Five-year follow-up of the CONFIRM registry (60)
(n=5,632) showed that there was a strong association
between degree of CAD defined by CTCA and MACE
(defined as composite all-cause mortality and non-fatal
MI). There was an independent association between higher
MACE risk and increased severity and extent of CAD (HR:
2.25 for non-obstructive CAD, HR: 2.86 for obstructive
1-vessel CAD, HR: 3.46 for 2-vessel CAD and HR: 4.68 for
3-vessel obstructive CAD (all P<0.001). Similar results were
obtained from a Danish multicenter study (n=16,949) (61).

In the PROMISE (Prospective Multicenter Imaging
Study for Evaluation of Chest Pain) trial (62), 10,003
symptomatic patients that were suspected from CAD were
randomized to initial CTCA or functional testing and
followed-up for a median of 25 months. Composite primary
endpoint of hospitalization for unstable angina or major
procedural complications, MI, any-cause death were similar
in the CTCA (3.3%) and functional-testing (3.0%) groups
(P=0.75) (62). More patients in the CT'CA group underwent
ICA within 90 days (12.2 vs. 8.1%), but no obstructive CAD
on ICA was more common in the functional testing group
(4.3% vs. 3.4%, P=0.02) (62).

In the Scottish Computed Tomography of the Heart
(SCOT-HEART) trial (63), 4,416 patients with suspected
stable angina were randomized to standard care plus
CTCA versus standard care alone (1:1). Addition of CTCA
led to significant changes in reclassification of diagnosis
(change in 6-week diagnosis of CAD: 27% in CTCA uvs.
1% in standard care; change in 6-week diagnosis of angina:
23% in CTCA vs. 1% in standard care; both P<0.001),
planned investigations (change: 15% vs. 1%, P<0.001) and
antianginal treatments (change: 9% vs. 1%, P<0.0001),

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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associated with a trend towards reduction in fatal and non-
fatal MI (HR: 0.62, 95% CI: 0.38-1.01, P=0.052) during
follow-up (median: 1.7 years). A follow-up of SCOT-
HEART trial (64) (median follow-up: 4.8 years) showed
that the 5-year rate of death from CAD or non-fatal MI was
lower in the CT'CA group compared to standard care alone
(HR: 0.59,95% CI: 0.41-0.84, P=0.004).

The utility of CT'CA for diagnosis and risk stratification
of ASCVD is outlined in 7able 4. Although not performed
with the aim of primary prevention, its results enable
risk stratification in patients without prior CV events. An
algorithm for the use of CTCA in various clinical scenarios
is suggested in Figure 1.

According to CAD-RADS (Coronary Artery Disease
Reporting and Data System) reporting system (57), degree
of maximal luminal stenosis is used to make categorizations.
In patients classified to CAD-RADS 3 to 5, further
cardiac testing (combinations of functional testing, ICA or
revascularization) is suggested for stable chest pain or low
to intermediate-risk acute chest pain patients. CAD-RADS
3 refers to “moderate stenosis”, defined as maximal luminal
stenosis of 50-69%. CAD-RADS 4A refers to “severe
stenosis”, defined as maximal luminal stenosis of 70-99% in
single-vessel or 2-vessels, whereas CAD-RADS 4B refers to
“severe stenosis” (>70%) in 3-vessels or left main stenosis
>50%. CAD-RADS 5 refers to total coronary occlusion
(100%). Yet, patients that belong to CAD-RADS 1 (1-24%
of maximal luminal stenosis) and 2 (25-49% of maximal
luminal stenosis) categories require preventive management
strategies (lifestyle modification, drug therapies) in order to
control the atherosclerotic burden.

Plaque characterization

CTCA enables assessment of HRP features (positive
remodeling, spotty calcification and low-attenuation
plaque) that were reported to be more prevalent in culprit
ACS lesions versus stable plaques (67), as well as features
that are more likely to result in ACS diagnosis during
index hospitalization (68) or at follow-up (69). Positive
remodeling and/or low-attenuation plaques on CT'CA were
independent predictors of ACS at a mean of 27-month
follow-up (n=1,059) (HR: 22.8, 95% CI: 6.9-75.2,
P<0.001) (69). Plaque composition assessment obtained
from CTCA was validated histologically (70) and through
virtual histology-IVUS (VH-IVUS) (71,72) or optical
coherence tomography (OCT) (73) studies. In the CAD-
RADS reporting system (56), a vulnerable plaque is defined
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Table 4 The utility of CTCA for ASCVD prevention with regards to diagnosis and risk stratification

Guidelines

Recommendations

2019 ESC/EAS Guidelines for the management of
dyslipidemias (10)

2019 ESC Guidelines for the diagnosis and management of
chronic coronary syndromes (65)

2019 ESC Guidelines for the diagnosis and management of
chronic coronary syndromes (65)

2016 update of NICE clinical guidance on Chest pain of
recent onset: assessment and diagnosis [CG95] (66)

2010 ACCF/SCCT/ACR/AHA appropriate use criteria for
cardiac computed tomography (52)

2010 ACCF/SCCT/ACR/AHA appropriate use criteria for
cardiac computed tomography (52)

Multivessel coronary disease (two major epicardial arteries having >50%
stenosis on CTCA) is accepted as evidence for ASCVD and places the
patient in the very high CV risk group

CTCA or non-invasive functional imaging is recommended as the first-line
test in symptomatic patients in whom clinical assessment is insufficient for
obstructive CAD diagnosis (Class |, LOE: B)

CTCA is not recommended in conditions that preclude good image quality
(such as obesity, extensive coronary calcification, arrhythmia, inability to
cooperate with commands) (Class lll, LOE: C)

It is recommended to offer CTCA as the first-line test in subjects with
suspected CAD in whom stable angina cannot be excluded

CTCA may be a reasonable approach in asymptomatic high CAD risk
patients without known CAD for detection of CAD and further risk
assessment (Appropriate use criteria: 4)

CTCA is not appropriate in low and intermediate-risk groups (Appropriate
risk criteria: 2)

ACCF, American College of Cardiology Foundation; ACR, American College of Radiology; AHA, American Heart Association; ASCVD,
atherosclerotic cardiovascular disease; CAD, coronary artery disease; CTCA, CT coronary angiography; CV, cardiovascular; EAS,
European Atherosclerosis Society; ESC, European Society of Cardiology; NICE, National Institute for Health and Care Excellence; SCCT,

Society of Cardiovascular Computed Tomography.

as presence of >2 of the following plaque characteristics:
(I) spotty calcification, (IT) napkin-ring sign, (III) positive

remodeling, (IV) low attenuation (Figure 2).

There are several studies evaluating the impact of CT'CA
plaque characteristics on MACE. At a mean 3.9-year
follow-up of 3,158 patients with suspected or known CAD
undergoing CTCA, patients with HRP (low attenuation or
positive remodeling) had a 10-fold higher fatal and non-
fatal ACS rate than those without HRP [HR: 13.13, 95%
CI: 3.80-82.66, P<0.0001 in HRP+/significant stenosis
(SS)- group; HR: 17.24, 95% CI: 4.87-109.47, P<0.0001

A recent study also showed that HRP was not an
independent predictor of the progression of an individual
non-obstructive coronary artery stenosis lesion (n=1,297
patients, n=3,049 lesions, mean interscan interval: 3.8
years) (77). In the multivariate model including TRFs,
medications, change in low-density lipoprotein levels, total
PAV, % diameter stenosis and HRP, only baseline total PAV
and % diameter stenosis were independent predictors of
progression to obstructive lesions (HR: 1.04, 95% CI: 1.02-
1.07 and 95% CI: 1.07, 95% CI: 1.04-1.10, respectively,
both P<0.05) (77).

in HRP+/SS+ group], however the cumulative event

number was similar between two groups since the number
of HRP+ subjects was 10-fold lower (74). A study with
longer follow-up (75) (mean 7.8 years) showed that low
attenuation plaques (HR: 4.5, 95% CI: 1.4-14.8, P<0.001),
napkin-ring sign (HR: 7.0, 95% CI: 2.0-13.6, P<0.001) and
spotty calcification (HR: 2.6, 95% CI: 1.1-6.5, P<0.001)
were significant predictors of MACE (defined as ACS)
after adjusting for TRFs in 1,469 low-to-intermediate risk
patients. Most recently, the 5-year follow-up results of
SCOT-HEART trial (n=1,769) showed that although HRP
characteristics were more associated with higher MACE

rates, these were not independent of CACS (76).

© Cardiovascular Diagnosis and Therapy. All rights reserved.

Plague burden quantification

Semiautomated segmentation technology on CTCA
that helps to quantify plaque burden has been used in
many research studies (78,79). Incremental value of
semiautomated plaque quantification when added to
clinically determined risk features and conventional CTCA
measures for predicting ACS was demonstrated in a study
including 1,650 patients followed-up for a mean of 26
months for ACS (AUC from 0.64 to 0.79, P=0.047) (78).
Total plaque burden identified using CTCA was also shown
to have greater diagnostic accuracy than anatomical stenosis
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calcification
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sign features on sign
CTCA

Positive

remodeling

Figure 2 High-risk plaque features depicted on CTCA: A vulnerable plaque is defined as presence of >2 of the plaque characteristics shown

above. The high-risk features are described in the Society of Cardiovascular Computed Tomography consensus document by Cury ez al. (57).

CTCA, CT coronary angiography.

severity for prediction of ischemic lesions defined by
FFR-ICA (AUC: 0.83 for total plaque burden vs. 0.68 for
stenosis, P=0.04) (79).

Other applications of CTCA

CTCA also enables qualitative and quantitative assessment
of the perivascular adipose tissue, which has been suggested
to be a predictor of adverse outcomes in ASCVD (80,81).

High perivascular fat attenuation index (FAI) (cutoff
>70.1 HU) around the right coronary artery was found to
be an independent predictor of all-cause (HR: 2.55, P<0.001
and HR: 3.69, P<0.001, respectively) and cardiac mortality
(HR: 9.04, P<0.001 and HR: 5.62, P<0.001, respectively)
in both derivation (n=1,872, median follow-up: 72 months)
and validation cohorts (n=2,040, median follow-up: 54
months) when adjusted for TRFs, tube voltage and CTCA-
derived measures, including modified Duke CAD index and
number of HRP features (80).

A recent study reported that a fat radiomic profile (FRP),
a machine-learning based algorithm for the radiomic
features of the perivascular adipose tissue extracted from
CTCA images, was able to discriminate patients that
would experience MACE within 5 years of the CTCA
scan (C-statistic: 0.77, 95% CI: 0.62-0.93) and provide
additional prognostic information to predict MACE when
added to a model that included TRFs, CACS, coronary

© Cardiovascular Diagnosis and Therapy. All rights reserved.

stenosis and HRP features on CTCA (Delta C-statistic:
0.126, P<0.001) (81).

Magnetic resonance imaging (MRI)
Carotid MIRI

MR angiography (MRA) combines both angiography and
soft tissue assessment and may be used to assess carotid
artery stenosis (82,83). Black blood carotid artery imaging
using turbo spin echo sequence was also shown to be useful
to evaluate wall thickness and plaque eccentricity (standard
deviation of wall thickness) in the carotid arteries (84). In
that study, which was performed in 195 patients that were
>50 years and had >2 CV risk factors, plaque eccentricity
was independently associated with prior MACE (defined as
history of TIA, stroke, ACS or coronary revascularization)
after adjusting for traditional risk factors (OR: 1.80, 95%
CI: 1.18-2.76) (84).

There are other applications of MRI with respect to
atherosclerosis imaging of the carotid arteries, including
ultrasmall superparamagnetic particles of iron oxide
(USPIOs) imaging to track macrophage infiltration (i.e.,
inflammation) (85,86); T'1-weighted high-intensity plaque
(HIP) imaging to identify to identify plaque rupture and
intraplaque hemorrhage (87,88) and T2-mapping to
quantify lipid content and distribution (89,90).
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T1-weighted HIP imaging of the carotid arteries was
shown to be a predictor of future coronary events, defined
as unstable angina pectoris or emergency hospitalization for
recurrent angina, non-fatal MI, cardiac death, in subjects
with stable CAD at a mean of 38.3 months (n=217) (Number
of composite endpoint: 31 in HIP+ group vs. 5 in HIP-
group, P<0.001 by log-rank test) (91).

2010 ACCF/ACR/AHA/NASCI (North American
Society for Cardiovascular Imaging)/SCMR (Society of
Cardiovascular Magnetic Resonance) expert consensus
document on cardiovascular magnetic resonance (92) states
that CMR may be used for determining the presence and
extent of stenosis in the carotid arteries. However, carotid
MRI is not clinically implicated for risk stratification in
ASCVD.

Cardiac magnetic vesonance imaging (CMR)

Besides its angiographic utility, CMR also has the potential
to characterize high-risk coronary atherosclerosis based
on the utility of various sequences (93): late gadolinium
enhancement imaging to identify large necrotic core;
T1-weighted black blood imaging to identify positive
remodeling (94,95); T1-weighted HIP imaging to identify
subclinical plaque rupture, angiogenesis and intraplaque
hemorrhage (96,97); USPIO imaging to track macrophage
infiltration (i.e., inflammation) (98). However, these
techniques are not currently in routine clinical use.

In a substudy of MESA cohort (n=38 subjects; 88 arterial
segments) (94), in which the inclusion was on a voluntary
basis, coronary artery wall thickness was measured using
black blood imaging. In subjects that had CACS =0 (n=23),
the coronary walls were thicker in those that had >2 TRFs
compared to those with <2 TRFs (Mean thickness: 1.95 vs.
1.70 mm, P<0.05).

A study suggested the plaque-to-myocardium signal
intensity ratio obtained from non-contrast T1-weighted
imaging was an independent predictor of adverse events
(cardiac death, ACS or ischemia-driven percutaneous
coronary intervention owing to progressive angina pectoris)
at a median follow-up of 55 months when adjusted for
TRFs in patients with known or suspected CAD (HR:
3.96, 95% CI: 1.92-8.17, P<0.001) (n=568) (96). Plaque-
to-myocardium signal intensity ratio obtained using T'1-
weighted imaging was also reported to be an independent
predictor of periprocedural myocardial injury in patients
undergoing elective percutaneous coronary intervention

(n=57) (97).

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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According to 2010 ACCEF/ACR/AHA/NASCI/SCMR
expert consensus document on cardiovascular magnetic
resonance (92), CMR may be used to identify coronary
artery luminal patency without exposure to iodinated
contrast or radiation. However, CMR is not clinically
implicated for risk stratification in ASCVD.

Positron emission tomography

Potential radionuclide agents and targets for imaging
ASCVD include "F-labeled fluorodeoxyglucose (*F-FDG)
(99-101) and ®*Ga (®Gallium)-labeled DOTATE (102,103)
for assessing the severity of inflammation; "*F-labeled sodium
fluoride ("*F-NaF) (104-106) for microcalcification. Although
most commonly combined with CT, PET may also be
combined with MRI as reported in a recent study (107).

With respect to inflammation imaging of the coronary
arteries using PET, studies using "*F-FDG (99) and “Ga-
DOTATE (102) as tracers reported higher uptake in the
setting of ACS compared to stable CAD (99) and in culprit
arteries compared to non-culprit arteries in the setting of
ACS (102), respectively.

Regarding imaging of microcalcification in the coronary
arteries, studies using '*F-NaF as tracers assessed the
relationship between tracer uptake and CACS (104); the
comparison of tracer uptake between culprit and non-
culprit lesions in the setting of ACS (105), as well as HRPs
and non-HRPs in the setting of stable CAD (105). A
moderate correlation of CACS with ""F-NaF uptake was
observed in high tracer uptake group of patients only (n=40)
(r=0.652, P<0.001) (104). Interestingly, 40% of subjects
that had CACS >1,000 AU had normal uptake of the
radiolabeled tracer and 5% of subjects with CACS 1-100
AU had increased uptake (104).

"F-NaF uptake was reported to be higher in culprit
lesions compared to non-culprit lesions in the setting of
ACS (Median target-to-background ratio: 1.66 vs. 1.24,
P<0.0001) (n=40), where "*F-FDG uptake was similar within
groups (P=0.34) (105). ""F-NaF uptake was also found to
be significantly higher in HRPs determined using IVUS
compared to non-HRPs in stable CAD patients (n=40) (105).
Increased ""F-NaF uptake was also reported to correspond
to histological evidence of plaque rupture, macrophage
infiltration, active calcification, apoptosis and necrosis (all
P<0.05) (in 9 carotid endarterectomy specimens) (105).

A recent prospective study showed that degree of pre-
angioplasty inflammation and micro-calcification assessed

using YF-FDG and “F-NaF PET/CT imaging of the
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Table 5 Multimodality cardiovascular imaging modalities for ASCVD prevention

) . Coronary Computed . ) L
Non-invasive vascular Intravascular . Magnetic Positron emission
ultrasonograph ultrasonograph artery calcium - tomography of resonance imagin tomograph
orapny grapny score coronary arteries 9ing grapny
Invasive - ++ - — (IV contrast is — (IV gadolinium- — (IV tracer is
administered)  based contrast may  administered)
be administered in
select cases)
Radiation exposure - ++ (during coronary + ++ - ++/+++ (+++ when
angiography) combined with CT)
Contrast/tracer - + (during coronary - + +/- (IV gadolinium- +
agent exposure angiography) based agent may
be administered in
select cases)
Expense + +++ + ++ +++ ++++
Accessibility for ++++ ++ +++ +++ + +
ASCVD prevention
Plaque burden + + + + + -
assessment
Plaque composition - ++ - ++ ++ +
assessment
Inflammation - - - - + ++
assessment
Risk modifier in + - +++ + - -

guidelines

ASCVD, atherosclerotic cardiovascular disease; CT, computed tomography; IV, intravenous.

superficial femoral artery predicted arterial re-stenosis at
1 year in symptomatic peripheral artery disease patients
undergoing angioplasty (n=40) (101). However, more studies
are needed to understand if the vascular inflammation
degree has a prognostic role for risk stratification in
ASCVD prevention patients.

Tuble 5 provides an overview of the current imaging
approaches for the evaluation of ASCVD. In clinical
practice, the type of cardiovascular imaging modality
used for ASCVD depends on various factors, including
patient characteristics, patient preferences and institution
characteristics, resources and expertise (Figure 3).

Other imaging methods for ASCVD risk evaluation

The utility of retinal vessel imaging for prediction of
ASCVD risk was investigated in recent studies. At a mean of
16-year follow-up of 10,470 subjects without known CVD
from the ARIC study undergoing retinal photography,

© Cardiovascular Diagnosis and Therapy. All rights reserved.

narrower retinal arterioles and wider retinal venules were
associated with higher rates of adverse outcomes (108).
When adjusted for PCE (Pooled Cohort Equation) risk
score, narrowing in arteriole and widening in venule were
significant predictors of ischemic stroke (HR: 1.06, P=0.020;
HR: 1.13, P<0.001, respectively) and death (HR: 1.14,
P=0.013; HR: 1.18, P=0.001, respectively) in both genders,
as well as CAD in women (HR: 1.13, P=0.012; HR: 1.10,
P=0.040, respectively) but not in men. Further research on
this topic is required before implementing retinal vessel
imaging into clinical practice.

Conclusions

Arterial ultrasonography and CT imaging techniques
including CACS, are the current mainstay imaging
modalities for risk stratification in ASCVD in routine
clinical practice. Additional imaging modalities, including
MRI and PET, also have potentially important emerging
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Figure 3 A summary of factors that influence the cardiovascular imaging approach of choice.

roles in ASCVD risk stratification. The selected imaging
approach for ASCVD evaluation ultimately should be
individualized for each patient based on various factors,
including patient characteristics, and patient preferences, as
well as institution characteristics, resources and expertise.
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