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Abstract
Purpose of Review To summarize the current status of coronary computed tomography angiography (CTA) in the assessment of
coronary plaques and discuss the ability of serial coronary CTA to quantitatively measure changes in the plaque burden in
response to lipid-lowering therapy.
Recent Findings Recent advances in coronary CTA have allowed identification of high-risk coronary features in acute coronary
syndrome andmeasurement of changes in the coronary plaque burdenwith good reproducibility. Statin therapy may delay plaque
progression and change some plaque features. However, the clinical relevance of quantitative changes in coronary plaques and
the optimal methods to reduce the plaque burden remain unclear.
Summary Despite guideline-directed lipid-lowering therapy, adverse events still occur in substantial numbers of patients receiv-
ing statins. Coronary CTA is noninvasive and has high diagnostic performance in patients with coronary artery disease, making
change in the plaque burden an applicable biomarker for individualized assessment of future risk.
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Introduction

Cardiovascular disease is the leading cause of death and
disability worldwide [1]. Lowering of the low-density
lipoprotein cholesterol concentration with statins has
been shown to decrease the incidence of primary and
secondary cardiovascular events, possibly through the
stabilization and regression of atherosclerotic plaques
[2–4]. However, despite optimal guideline-directed med-
ical therapy, many patients develop cardiovascular
events in individual cases [5]. There is a need to identify
further treatment that is suited to the individual and not only
based on conventional atherosclerotic risk factors.

Considerable evidence from clinical trials using serial
coronary intravascular ultrasound (IVUS) suggests that
statin therapy can ameliorate the progression of coronary
plaques and even induce disease regression [6, 7].
However, IVUS requires an invasive approach and is not
suitable for patients with low to moderate cardiovascular
risk. Recent advances in coronary computed tomography
angiography (CTA) technology have allowed for the non-
invasive assessment of coronary artery disease (CAD) with
high diagnostic performance [8, 9]. Coronary CTA has
emerged as a potential alternative to invasive angiography

in many circumstances, facilitating evaluation of the de-
gree of coronary stenosis and characterization of coronary
plaques [10]. There is now increasing interest in and con-
tinuing debate on the potential role of coronary CTA as a
noninvasive method for assessing CAD, identifying
nonobstructive lesions with features of plaque vulnerabili-
ty, defining the prognosis of low- to moderate-risk patients,
and guiding therapeutic interventions. Direct visualization
of disease progression or regression by serial coronary
CTA has the potential to identify these patients and provide
personalized risk assessment.

Accordingly, direct visualization of coronary plaques
by coronary CTA has the potential to identify an individ-
ual patient’s personal risks and evaluate progression or
regression of plaque burden in individual cases (Fig. 1).
In the present paper, we review the current status of cor-
onary CTA in the qualitative and quantitative assessment
of coronary plaques and discuss the ability of serial coro-
nary CTA to quantitatively measure changes in the plaque
burden in response to lipid-lowering therapy. Furthermore,
considering adverse cardiovascular events still occur in a
significant number of patients receiving statins, we discuss
the role of coronary CTA as a biomarker for personalized
risk assessment and therapy.

Fig. 1 A case of plaque
regression by statin therapy with
serial coronary computed
tomography angiography (CTA)
findings. a At baseline, coronary
CTA shows a noncalcified plaque
and spotty calcification in the
mid-proximal left anterior
descending artery (LAD). b One
year after intensive statin therapy,
spotty calcification was not found
in the same area
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Plaque Assessment by Coronary CTA

Significance of High-Risk Features of Coronary
Plaques

A high-risk coronary artery plaque is considered to be at risk
of becoming a culprit lesion that causes acute coronary syn-
drome, and high-risk patients with such plaque morphology
may be directed toward more potent local and systemic ap-
proaches to preventive treatment. Invasive coronary angiogra-
phy defines the vessel lumen with high quality, but it does not
show the amount and composition of plaques. IVUS is one of
the most widely used invasive imaging modalities for plaque
evaluation and quantification [11]. In patients with high-risk
plaques, IVUS can reliably assess the plaque burden, positive
remodeling, and the presence of a necrotic core and calcifica-
tions [12, 13]. Coronary CTA also reportedly allows for eval-
uation of plaque characteristics [14]. The presence and size of
the necrotic core, which is a key high-risk feature, can be
assessed by grading the tissue in Hounsfield units (HU) [15].

Imaging by coronary CTA has been extensively compared
with that by IVUS and became a reality after demonstration of
a good correlation with virtual histology [16, 17]. Some
plaque characteristics on coronary CTA have been implicated
as signs of plaque vulnerability: low-attenuation plaques (< 30
HU), the napkin-ring sign (a low-attenuation core surrounded
by a rim of relatively high attenuation), positive remodeling
(remodeling index; lesion plaque area/reference area ratio of
≥ 1.1), and spotty calcifications (< 3 mm) [18, 19]. The recent
CAD-RADS guideline of the Society of Cardiovascular
Computed Tomography defines a vulnerable plaque as a
plaque that clearly demonstrates two or more of these features
by coronary CTA [20]. All of these plaque characteristics have
been revealed as significant and independent predictors of
cardiovascular events in multiple studies [21–23]. A study
with a long-term follow-up (almost 100 months) confirmed
lower cumulative hard cardiac event-free survival in patients
with at least one coronary plaque with two or more high-risk
characteristics when compared with patients with no lesion
with more than one high-risk plaque characteristic (70% vs.
93%, respectively; log rank p < 0.0001) [24]. In the
PROMISE study, adverse plaques (positive remodeling, low-
attenuation plaques, or the napkin-ring sign) were associated
with an increased risk of death, myocardial infarction, or hos-
pitalization for unstable angina at 2 years (hazard ratio, 2.73;
95% confidence interval, 1.89–3.93) [25]. In the SCOT-
HEARTstudy, which comprised 1769 subjects with suspected
CAD followed over a median duration of 4.7 years, showed
that adverse coronary plaque characteristics (defined as posi-
tive remodeling or low-attenuation plaques) were significantly
associated with the incidence of coronary heart disease or
nonfatal myocardial infarction (hazard ratio, 3.01; 95% confi-
dence interval, 1.61–5.63; p = 0.001) [26]. To date, only a few

studies have focused on the impact of serial changes in plaque
features on cardiovascular outcomes [25–27]. In a recent co-
hort study of 268 patients with stable angina, serial coronary
CTA revealed that the progression of the lipid-rich plaque
volume and total plaque volume were independent predictors
of major adverse cardiac events (MACE) [25].

Several studies using invasive intracoronary imaging such
as IVUS and optical coherence tomography revealed changes
in plaque composition with a possible stabilizing effect of
statin therapy [35–38]; however, the response of plaque com-
ponents to statin therapy is still being debated. In previous
studies, IVUS has shown normalization of the remodeling
index at the lesion site [28], reduction in the fibro-fatty lesion
content and necrotic core [29], increased calcification, and
resolution of pathological intimal thickening lesions [30,
31]. In contrast, other studies have revealed no significant
reduction of the necrotic core using IVUS after statin therapy
[32, 33]. Coronary CTA may be considered an effective tool
with which to determine plaque burden progression or re-
sponse to medical therapies. Several studies have been per-
formed to investigate the effect of statin treatment on the
change in plaque components using serial coronary CTA ex-
aminations [34, 35]. A limitation of coronary CTA is the rel-
atively poor soft tissue contrast, which makes it difficult to
further subclassify noncalcified subcomponents (i.e., fibrous
versus fatty components) based only on HU attenuation [36].
Whether the plaque volume and characteristics as measured
by coronary CTA can be widely used in clinical practice re-
quires more extensive prospective validation.

Quantitative Measurement of Coronary Plaque
Burden

In the assessment of CAD, the quantification of coronary
plaques by IVUS is a strong predictor of future events [37,
38]. It is an accepted surrogate marker for the effect of lipid-
lowering therapy if measured with IVUS. Most clinical trials
evaluated the change in the percent atheroma volume, which
is the normalized quantity of plaque. The percent plaque vol-
ume changes linearly, but it is relatively weakly correlated
with the post-treatment low-density lipoprotein cholesterol
level [39]. A meta-analysis demonstrated that the reduction
of the percent plaque volume is strongly associated with a
lower incidence of myocardial infarction or revascularization
as well as MACE. Thus, IVUS has been considered the clin-
ical reference standard. However, IVUS characteristics are
difficult to generalize because the results were derived from
patients referred for cardiac catheterization, and such patients
are an apparently high-risk population. Coronary CTA can
also quantify the plaque burden. The noncalcified plaque bur-
den by coronary CTA is associated with future cardiovascular
events. In one study, the quantity of noncalcified plaque in
nonobstructive lesions in a cohort of patients with non-ST
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segment myocardial infarction was associated with recurrent
acute coronary syndrome events in a multivariate analysis,
while the coronary artery calcification (CAC) score and calci-
fied plaque burden provided no additional predictive value
[40]. Another cohort of 2748 patients without a history of
CAD demonstrated that the total plaque volume as well as
the noncalcified and low-density plaque volumes predicted
cardiac death within 5 years of follow-up [41•].

To quantify the plaque burden with coronary CTA, the
vessel wall boundaries must be delineated manually or auto-
matically. Because manual assessment is labor-intensive and
can be affected by reader experience, several commercial soft-
ware tools for automated plaque assessment have been devel-
oped. The current fully automated coronary CTA-based
plaque volume quantification technique shows an excellent
correlation with IVUS [17, 42]. Coronary CTA with same-
vendor follow-up has good scan–rescan reproducibility, sug-
gesting a role of coronary CTA in monitoring the response of
coronary artery plaques to therapy [26].

Change in Plaque Burden as Shown by Serial
CTA

Previous studies have shown that coronary CTA can facilitate
observation and quantification of the change in the plaque
burden over time [25, 34, 35, 43–55] (Table 1). Similarly, in
a small cohort of 32 patients, treatment with fluvastatin result-
ed in a reduction in plaque quantity and a decrease in the
necrotic core volume in high-risk areas as evaluated by coro-
nary CTA [34]. In a retrospective study of 100 patients with
known CAD referred for coronary CTA, 60 patients treated
with statins showed a reduction in the noncalcified plaque
volume after approximately 1 year but no change in the calci-
fied plaque volume [49]. A multicenter prospective observa-
tional study showed the change in the plaque volume in re-
sponse to different statins. Patients with baseline mild
noncalcified coronary plaque on coronary CTAwere divided
into two groups according to the statin protocol undertaken
[intensive statin therapy (n = 55), moderate statin therapy (n =
85), and no statin therapy (n = 66)]. The study results con-
firmed that statin therapy can delay progression and even in-
duce plaque regression of mild noncalcified coronary plaque.
Another study also demonstrated that the low-attenuation
plaque volume, total plaque volume, and percent plaque vol-
ume showed significant regression among patients undergo-
ing intensive statin therapy compared with patients undergo-
ing no statin therapy [50]. In a recent large prospective cohort
of 1255 patients (474 statin-naïve and 781 statin-taking pa-
tients), statin-taking patients displayed a lower rate of overall
percent atheroma volume progression than statin-naïve pa-
tients (1.76% vs. 2.04% per year, respectively; p < 0.002)
[55]. Further, the annual incidence of new high-risk plaque

features was lower in lesions among statin-taking patients
(0.9% vs. 1.6% per year, respectively; p < 0.001). Limited
data from prospective randomized trials regarding the effect
of statin use on specific plaque components and the plaque
burden are available to date. In a randomized trial utilizing
serial coronary CTA in 37 human immunodeficiency virus-
infected patients with a measured outcome of plaque regres-
sion [35], remarkable changes in plaque size were observed
using coronary CTA (change of + 18.2% in the placebo group
versus − 4.7% in the atorvastatin group for the lesion total
plaque volume in 1 year). Notably, the noncalcified plaque
regressed by 19.4% in the atorvastatin group. Another pro-
spective randomized trial of 140 patients with acute myocar-
dial infarction with a measured outcome of change in plaque
components demonstrated that intensive lipid-lowering thera-
py had not decreased the necrotic core volume or fibro-fatty
volume by the 12-month follow-up [54]. A recent meta-
analysis confirmed that these initial studies using coronary
CTA showed a greater decrease in the noncalcified plaque
volume than the calcified plaque volume by intensive statin
therapy [56•]. The ability of coronary CTA to quantify chang-
es in coronary atherosclerosis over time in response to therapy
has the potential to improve our understanding of the signifi-
cance of plaque changes in each individual.

However, special resolution of coronary CTA is less than
that of IVUS despite the use of the latest generation CT scan-
ners. In addition, the reproducibility of coronary CTA was
reported to be less than that of IVUS, especially when differ-
ent CT vendors were used [25–27]. Therefore, clinical trial
designed to evaluate plaque progression/regression by coro-
nary CT needs a larger sample size than that by IVUS. In
addition, based on the 2010 Appropriateness Use Criteria for
Cardiac Computed Tomography, repeat CTA in asymptomatic
patients with stable symptomswith prior CTA results is broad-
ly considered inappropriate [57]. The potential issue of repeat
CTA is radiation exposure. Although radiation exposure from
coronary CTA has been considerably reduced by almost 80%
over the last 10 years [58], it is still concerning, and routine
serial coronary CTA to assess noncalcified plaques or track
atherosclerosis or stenosis for monitoring the therapeutic effi-
cacy of medical interventions should not be recommended in
the present clinical situation.

Clinical Relevance of CAC Score

Cardiac CT can also provide information on the CAC score,
which is strongly associated with cardiovascular events. A
cohort study demonstrated that the combination of the CAC
score with traditional risk factors significantly improved risk
prediction over prior models [59•], and a CAC score of 0 is
one of the best predictors of low cardiovascular risk [60]. Data
from the Multi-Ethnic Study of Atherosclerosis (MESA),

72 Page 4 of 10 Curr Cardiol Rep (2019) 21: 72



which involved 5600 men and women, demonstrated that pa-
tients with a CAC score of 0 are not likely to benefit from
statin therapy because of the very low event rate [61]. The
latest American College of Cardiology/American Heart
Association (ACC/AHA) Clinical Practice Guidelines on the
Management of Blood Cholesterol stated that in primary pre-
vention, a CAC score of 0 is useful for reclassifying patients to
a lower risk group, often allowing statin therapy to be with-
held or postponed unless higher-risk conditions are present
[62]. In contrast, individuals with a higher CAC score need
more aggressive treatment for cardiovascular risk factors. In
the 2018 ACC/AHA guidelines, a CAC score of > 100 or the

75th percentile for age and sex were considered high-risk fac-
tors, and statin therapy was recommended in individuals at
intermediate ASCVD risk of 7.5% to 19.9% [63]. The CAC
score itself can robustly identify individuals who might bene-
fit from anti-atherosclerotic therapies.

CAC progression is also important for predicting future
cardiovascular events. Several studies have consistently dem-
onstrated that an increase in CAC is associated with a 4- to 7-
fold increase in cardiovascular events, independent of the
baseline CAC score, cardiovascular risk factors, and demo-
graphic variables [64–66]. However, the changes in CAC
need to be interpreted with caution. Recent clinical studies

Table 1 Serial coronary CTA studies quantifying the plaque burden

Authors Design Year Population Time interval
(months)

n Main findings

Burgstahler et al. Prospective, observational 2007 Elevated CAD risk 16 27 Noncalcified plaque volume decreased
by 24%

Schmid et al. Retrospective, observational 2008 Suspected CAD 17 50 Annualized total plaque volume
increased by 22%

Lehman et al. Prospective, observational 2009 Chest pain 24 69 Noncalcified plaque volume increased
(3.1% to 4.4%), but calcified plaque
volume did not

Tardif et al. Prospective, randomized 2010 ACS 6 191 Noncalcified plaque volume: placebo,
6% increase and VIA-2291, − 4.9%
decrease

Inoue et al. Prospective, observational 2010 Suspected CAD 12 32 Total plaque volume: − 17.2% by
fluvastatin

Hoffmann et al. Retrospective, observational 2010 Suspected CAD 25 63 Noncalcified plaque volume
increased by 38%

Papadopoulou et al. Prospective, observational 2012 ACS 39 32 Plaque volume increased by 6.7%

Zeb et al. Retrospective, observational 2013 Suspected CAD 13 100 Noncalcified plaque volume: statin use,
− 28.7% and non-statin use, + 10.0%

Lo et al. Prospective, randomized 2015 HIV 12 37 Plaque volume: placebo, + 18.2%
and atorvastatin, − 4.7%

Auscher et al. Prospective, randomized 2015 AMI 12 140 Percent atheroma volume: intensive care,
− 0.4% and usual care, − 0.6%. No
decrease in necrotic core volume

Li et al. Prospective, observational 2016 Plaque present
on CTA

18 206 Intensive statin treatment and low-
attenuation plaque decrease

Nakanishi et al. Retrospective, observational 2016 Plaque present
on CTA

41 142 Normalized total plaque volume: patients
with DM, 52.8 mm3 and patients
without DM, 118.3 mm3

Shin et al. Retrospective, observational 2017 Plaque present
on CTA

38 147 Association between LDL-C of < 70 mg/dl
and slowed plaque progression

Tamarappoo et al. Retrospective, observational 2018 Plaque present
on CTA

42 116 Association between LDL-C reduction
and noncalcified plaque regression

Lee et al. Prospective, observational 2018 Suspected or
known CAD

45 1255 Percent atheroma volume progression:
statin-taking, 1.76% per year and
statin-naïve, 2.04% per year

Gu et al. Retrospective, observational 2018 Stable CAD 22 268 0.24% increase in total plaque burden:
− 0.8% in no-MACE group and
6.6% in MACE group

CTA, computed tomography angiography; LDL-C, low-density lipoprotein cholesterol; CAD, coronary artery disease; ACS, acute coronary syndrome;
HIV, human immunodeficiency virus; AMI, acute myocardial infarction; CM, diabetes mellitus; MACE, major adverse cardiac events
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have focused on each component of the CAC score, including
the calcified plaque area and calcium density. The presence of
dense calcified plaque showed a significant association with a
lower risk of cardiovascular events than the presence of calci-
fied plaque with low CT density [67]. High-intensity statin
treatment could consistently increase densely calcified
plaques as shown in IVUS and CTA studies [68], suggesting
that the traditional CAC score could potentially increase with
statin therapy. Thus, the result of serial CAC score measure-
ments should be interpreted according to the use of statins.
Considering the lack of consistent evidence of the ability to
regress in response to therapy, the performance of serial CAC
score measurements currently seems to have a minimal role in
evaluating the therapeutic response or change in atheroscle-
rotic disease over time.

Limitations and Future Development
of Coronary CTA for Personalized
Lipid-Lowering Therapy

The current appropriate ACC/AHA criteria for detection and
risk assessment of a stable CAD state that CAC measurement
and coronary CTA may be appropriate in asymptomatic pa-
tients with high global risk [69]. Among asymptomatic individ-
uals, diabetes mellitus (DM) may be a category in which coro-
nary CTA could be useful for further risk stratification because
patients with DM are at very high risk. Whether coronary CTA
could be appropriate for cardiovascular risk assessment in
asymptomatic patients with DM is currently undergoing active
debate. A recent investigation showed the long-term prognostic
value of coronary CTA in 591 asymptomatic patients with type
2 DM [70]. Approximately one-sixth of patients had obstruc-
tive CAD in the left main or proximal left anterior descending
artery and high-risk lesions that were consistently associated
with the majority of cardiac events during the 6-year follow-
up [70]. In a cohort study, coronary CTA findings were incre-
mental for the prediction of MACE in asymptomatic individ-
uals with DM beyond conventional risk factors and the CAC
score, allowing for improved risk stratification [71]. Another
study of 517 consecutive asymptomatic patients demonstrated
that the extent and severity of CAD as determined by coronary
CTA independently predicted an increased risk of MACE be-
yond traditional risk factors [72]. These results suggest the pos-
sibility of using CTA to identify subgroups of patients with
high-risk features and the potential for CTA to improve the
prognosis through aggressive treatment such as lipid-lowering
therapy in asymptomatic patients with DM. Meanwhile, the
FACTOR-64 study, a randomized controlled trial that followed
900 asymptomatic patients with DM, demonstrated that screen-
ing these patients with coronary CTA did not reduce all-cause
mortality and nonfatal myocardial infarction at 4 years versus
optimal DM care [73]. Coronary CTA screening led to more

aggressive risk factor modification in 70% of patients, includ-
ing improvements in statin use and more aggressive treatment
of lipids, blood pressure, and glucose control; however, there
was no significant reduction in cardiovascular events [73].
Further longer-term follow-up studies in this area are warranted.

Several issues need to be addressed before coronary CTA is
used for personalized medicine. First, prospective randomized
trials are necessary to evaluate appropriate statin dosing for
plaque regression as well as hard cardiovascular outcomes.
Second, qualitative and quantitative assessment must be fur-
ther improved. Fully automated analysis software is not in
widespread use. Third, coronary CTA provides detailed infor-
mation regarding coronary plaques but not the functional sig-
nificance of CAD. Fractional flow reserve derived from CT
(FFR-CT) was recently introduced in the clinical setting [74,
75]. FFR-CT is derived from routinely obtained anatomic im-
ages (acquired at rest only) and subsequent mathematically
simulated hyperemia without the need for vasodilator admin-
istration. No data regarding the impact of lipid-lowering ther-
apy on FFR-CT are available.

Conclusions

Large numbers of clinical trials have demonstrated the great
benefit of lipid-lowering therapy on primary and secondary
prevention of cardiovascular diseases. However, despite
guideline-directed medical therapy, adverse events still occur
in a substantial number of patients receiving statins. No bio-
markers with which to identify these patients are yet available.
The noncalcified plaque burden as measured by IVUS is in-
dependently associated with cardiac outcomes, making the
change in the plaque burden a potentially applicable biomark-
er for personalized risk assessment. Recent advances in coro-
nary CTA technology can allow for the measurement of
changes in the noncalcified coronary plaque burden and
high-risk plaque features. The clinical relevance of quantita-
tive changes in coronary plaques has not been established, and
the lack of optimal methods with which to reduce the plaque
burden is a problem that remains to be solved. Further re-
search in this field could help physicians to incorporate per-
sonalized medicine into clinical treatment.
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