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Abstract: Over the last two decades, several invasive and non-invasive coronary atherosclerosis imaging

modalities have emerged as predictors of cardiovascular outcomes in at-risk population. These modalities

have demonstrated independent or incremental prognostic information over existing/standard risk

stratification schemes, such as the Framingham risk score (FRS), by identifying characteristics of coronary

artery diseases (CADs). In this review, we begin with discussing the importance of pre-test probability and

quality of outcome measure, followed by specific findings of each modality in relation to prognosis. We

focused on both short and long term prognostic aspects of coronary computed tomography (CT) (including

coronary calcium score and coronary angiography) and magnetic resonance imaging as non-invasive tools, as

well as invasive modalities including intravascular ultrasound (IVUYS), optical coherence tomography (OCT),

near infrared spectroscopy and Angioscopy.
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Identification of specific findings has more impact on
clinical decision-making when they are closely associated
with prognosis or outcomes. As detailed reviews on various
invasive and non-invasive imaging modalities for coronary
atherosclerosis have been reported in this issue of the
journal (1,2), this article will focus on their prognostic
value. The main outcomes can be divided into long-term
outcomes, such subsequent major adverse cardiovascular
event (MACE); and more immediate peri-procedural
outcomes such as distal embolization, peri-procedural
myocardial infraction and no reflow.

Predicting outcomes

In general, study outcomes should be clinically relevant,
easily ascertainable, sensitive to the effects under
evaluation (3). Thus, the outcome measure must be defined
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carefully, measured accurately, and ascertained completely to
provide a reliable basis for evaluation of any risk assessment
tool (4). The subsequent discussion about imaging
modalities and their role in prediction of cardiovascular
outcomes is heavily influenced by several factors
including: pre-test probability (e.g., patient populations
or characteristics), study design (duration of follow-up in
cohort study, e.g., 30-day, years or a decade), definition
of outcome [and the distribution of each component of
outcomes if composite endpoint (e.g., MACE) is used], as
well as the technology under investigation.

Pre-test probability

The goal of performing diagnostic tests, either invasive
or non-invasive, is to utilize the test results to guide
appropriate management and to improve clinical
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consequences (4). Before discussing diagnostic accuracy or
prognostic value in detail, it is very useful and sometimes
inevitable to incorporate pre-test probability in order to
enable sound post-imaging risk estimation. There are some
scenarios where a decision can be made without performing
any tests (e.g., smoking cessation recommendation for
smokers). Use of appropriate tests requires balancing risks
and benefits. For a coronary artery calcium (CAC) score
between 101 and 300, post-test risk of observed cardiac
death or non-fatal myocardial infarction (MI) varies from
0% to 13.2% based on Framingham risk score (FRS) (5).
Importantly, a CAC of zero with high FRS (>21) indicated
greater risk than a low FRS [0-9] with any other levels of
CAC. Reflecting this, non-invasive imaging modalities
are most utilized in low-intermediate risk population, and
invasive techniques in high risk (6).

Outcome measure, sample size and follow-up measure

Clinicians should pay extra caution when interpreting
or utilizing outcome studies, not only because they are
important but also because of the following potential
pitfalls. The definition of study endpoints is variable and
consequently must inform the analysis of any outcome
data. Study endpoints should be clinically relevant, easily
ascertainable, sensitive to the effects under evaluation,
and verifiable (3). Hard endpoints, like all-cause death,
is often preferable but this also has limitations. Imaging
findings associated with all-cause death in the elderly often
reflect different underlying bio-physiological signals from
those seen in the young. Physician-influenced outcomes
(i.e., soft endpoints) are significantly limited by the
propensity of bias towards to treatment or positive findings.
Composite endpoints like MACE are getting more and
more popular. Although they are often relevant, they are
not perfect because of numerous limitations. In a computed
tomography coronary angiography (CTCA) study, the
composite endpoint of cardiac death, MI, unstable angina,
and revascularization was used (7). Revascularizations
dominated the outcome, 24 out of 33 events (73%), CTCA
therefore actually predicted revascularization. Thus, it can
be misleading when a study reports composite endpoints
dominated by a single component of the composite
definition. Care must be taken when inferring the predictive
ability of other endpoints.

The common outcomes reported in the coronary
atherosclerosis are summarized in Tables 1 and 2, which
illustrate significant heterogeneity in the definition of
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outcomes, not only the variety in definitions of MACE
but the inclusion or exclusion of all-cause mortality and
unstable angina in various trials. There is also further
fragmentation of definitions with some trials including only
angina requiring hospitalization vs. requiring intervention
vs. all angina. Clearly the presence of “stenosis >50%” on
angiography does not carry the same weight as “cardiac
death”. Given predictive value of a test is clearly influenced
by the outcome measured it should serve as a caution
pertaining to the subsequent discussion and indeed in any
assessment of outcome measures.

A clinical trial should be designed based on a sound
rationale with a proper outcome measure as well as an
appropriate sample size calculation. The sample size should
be minimally required number of participants but large
enough to have a high probability (power) of detecting
a true effect of a given magnitude, should it exist. The
protocol should generally include the following: the
outcome, the values assumed for the outcome in each study
group, the statistical test, alpha (type 1 error), power and
the calculated sample size per group-both assuming no loss
of data and, if relevant, after any inflation for anticipated
missing data (8).

The follow-up duration in a clinical study closely
parallels the era when a modality becomes available for
widespread-use. Table 1 clearly illustrates how CAC/CA
score, CTCA, Plaque assessment and cMRA all have
progressively lower/shorter durations of follow-up. As such
any differences in event rates need to be interpreted in light
of this follow-up period. From an invasive perspective,
this difference is mirrored in the paucity of predictive
supporting OCT compared to IVUS (Table 2).

Imaging modalities for coronary atheroma

Identification of the “vulnerable plaque” can be achieved
both invasively and non-invasively. Choice of modality
depends on the target patient population and outcomes
to be measured. The non-invasive modalities to visualize
atherosclerosis are CT coronary angiography (CTCA)/CAC
score and magnetic resonance imaging (MRI). Though
applicable to both primary and secondary prevention,
the non-invasive modalities are best suited to a low-to-
intermediate risk population, often in primary prevention
setting, to facilitate further risk stratification and identify
those who may benefit from invasive treatment in addition
to medical management. Whereas, the secondary prevention
group or those requiring coronary angiography present
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Table 3 % reclassified and overall NRI for CAC, CTCA, plaque
morphology

FRS NRI (range, %)
Low <10% 12-15
Intermediate (10-20%) 52-66
High (>20%) 34-36
Overall 19-25

NRI, net reclassification improvement; CAC, coronary artery
calcium; CTCA, computed tomography coronary angiography;
FRS, Framingham risk score.

an opportunity to study the atherosclerotic burden and
vulnerability of plaques invasively. Intravascular ultrasound
(IVUS), optical coherence tomography (OCT), near infra-
red spectroscopy (NIRS), angioscopy, thermography and
intravascular MRI have all been studied in the assessment
of vulnerable plaques. The aim of all above modalities is to
identify the “vulnerable plaque”.

The imaging modality used to investigate atherosclerosis
may be only adequate to assess disease at certain locations
in the coronary tree (e.g., cMRA-proximal and mid artery,
IVUS/OCT-detailed assessment of individual lesions) and
at a certain time during the evolution of atherosclerosis
(CAC/CTCA in subclinical/asymptomatic patients). They
may also provide total atherosclerotic disease burden (CAC,
total plaque volume). Clearly each of these strengths and
limitations will impact on the predictive ability.

Non-invasive modalities
Computed tomography (CT)

The association with radiological detection of calcium and
atherosclerosis has been described in the early ‘70s (9).
In 1990, Agatston created the score using calcified
coronary lesions with more than 130 Hounsfield units
(HU) intensity and an area over 1 mm’, which became the
standard approach for measuring CAC (10). The radiation
dose associated with a CAC score is comparable to that of
mammography at less than 1 mSv (11) and newer methods
of iterative reconstruction have resulted in even lower
radiation exposure.

Coronary artery calcium (CAC)

Prediction of outcomes using new tools involves more than
association, discrimination, and calibration. Consequently
current body of literature also emphasizes the importance
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of reclassification, such as net reclassification improvement
(NRI) and integrated discrimination improvement (IDI).
Analyzing the Multi-Ethnic Study of Atherosclerosis
(MESA) cohort, Yeboah demonstrated that CAC provided
superior discrimination and risk reclassification over
FRS, ankle-brachial index, high-sensitivity CRP and
family history, though all were independent predictors
of cardiovascular disease in intermediate risk individuals.
Hecht and Narula summarized three studies (MESA,
Heinz Nixdof, and Rotterdam) (12-14) and found an NRI
of 19-25% (15) (Table 3). Hecht has also surmised from
multiple studies that a CAC of 0 is associated with a 10-year
event of 1.1-1.7%. There is an incremental risk with
increasing CAC score of: 1-100 (2.3-5.9%), 101-400
(12.8-16.4%), >400 (22.5-28.6%) and >1,000 (37%) (16).
Valenti has shown that in low to intermediate risk
individuals, a CAC scores of 0 confers a 15-year warranty of
<1% annual mortality (17). In summary, the CAC primarily
serves as a risk stratification tool for primary prevention
cohorts to provide incremental prognostic value and once
evidence catches up- influence management decisions.

Computed tomography coronary angiography (CTCA)
Despite the robust prognostic information provided by
the CAC, CT coronary angiography (CTCA) permits
assessment of the coronary lumen and also enables
visualization and characterization (qualitative and
quantitative) of atherosclerotic plaque, incorporating
calcified or low attenuation structures outside the lumen
as part of the plaque. Based on these characteristics,
plaques are classified as calcified, mixed and non-calcified/
soft plaques. Min has demonstrated the prognostic value
of CTCA in patients with chest pain, utilizing disease
extent, location and distribution. Hadamitzky initially
demonstrated the significantly higher event rate in patients
with obstructive CAD to those without obstruction
[2.9%/year (95% CI, 2.1-4.0) vs. 0.3%/year (95% CI,
6.7-27.2), P<0.001], providing predictive value over and
above conventional risk scores and calcium scoring (18).
A recent study using the CONFIRM registry showed that
the best prognostic markers were number of proximal
segments with mixed or calcified plaques (c-index 0.64,
P<0.0001) and the number of proximal segments with
stenosis >50% (c-index 0.56, P=0.002) (19). Hulten meta-
analyzed 18 studies of symptomatic patients with chest
pain and suspected coronary artery disease (CAD), and
found with a negative CTCA, the negative likely hood ratio
was 0.008 for MACE (95% CI, 0.0004-0.17, P<0.001).

www.thecdt.org Cardiovasc Diagn Ther 2016;6(4):322-339
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Table 4 Three year MACE risk based on CAC, CTCA and plaque characteristics

CAC 3 year MACE (%) CTCA (disease) 3 year MACE (%) Plaque characteristics 3 year MACE (%)

0 2.1 No plaque 0.8 No plaque 0.8

1-100 12.9 Non-obstructive 3.7 Calcified 5.5

101-400 16.3 1 vessel 27.6 Non-calcified 22.7

>400 33.8 2 vessel 35.5 Mixed 37.7

3 vessel 57.7

MACE, major adverse cardiovascular event; CAC, coronary artery calcium; CTCA, computed tomography coronary angiography.

Compared to a normal CTCA, any vessel with >50%
luminal stenosis had an annualized event rate of 8.8%
for MACE and 3.2% for death or MI (20). Plank et al.
have studied the asymptomatic high risk population using
both CAC and CTCA. They utilized a coronary segment
involvement score (SIS) and found that SIS >5 had a
hazard ratio (HR) of 6.5 (95% CI, 1.6-25.8; P=0.013) for
MACE. However, of the 711 patients studied, 300 had
a CAC of zero but still 32% of these had non calcified
plaque. The presence of a non-calcified sis (ncSIS) >1 was
associated with HR of 2.4 (95% CI, 1.2-4.6, P<0.01) for the
secondary composite endpoint (revascularization or invasive
stenosis >50%).

This ability of CTCA to visualize not only calcific but
soft plaque and determine luminal narrowing possesses
incremental prognostic value. Hou ez 4/. used CAC, CTCA
and plaque characteristics in a study of 5007 patients, of
whom 363 developed MACE. They found the cumulative
probability of 3-year MACE increased across CT strata for
CACS, CTCA and plaque characteristics as shown in Table 4.
The areas under the ROC curves were 0.72 using clinical
markers, 0.82 (P<0.001) with the addition of CAC and 0.93
(P<0.001) with CTCA (21).

The evaluation of CTCA for long-term prognosis
(52£22 months) was studied by Andreini, demonstrating
cumulative event-free survival of 100% for patients with
normal coronary arteries, 88% for hard events in patients
with non-obstructive CAD, and 54% in patients with
obstructive CAD. The long term follow of the ROMICAT
cohort (emergency presentations) demonstrated prognosis
across CTCA pathology with MACE of 0%, 4.6%
and 30.3% with a normal CTCA, non-obstructive and
obstructive coronary disease, respectively (P<0.0001) (22).
Min demonstrated incremental value of CTCA over CAC
in a 400 asymptomatic diabetic patients. After adjusting
for clinical risk factors and CAC the severity of stenosis,
number of stenosis and segment stenosis score provided by

© Cardiovascular Diagnosis and Therapy. All rights reserved.

CTCA added prognostic value (23). Similar incremental
prognostic value was also demonstrated by Russo (24).

Vulnerable plaque identification by CT'CA
The sub-millimeter spatial resolution of CTCA enables the
assessment of plaque characteristics including identification
of the “vulnerable plaque”. Firstly, plaque volume has been
shown to be an independent predictor of acute coronary
syndrome (ACS). Unlike the above trials, a study of
1,650 patients found no difference among CAC score,
lesion severity score and segment stenosis score when
predicting ACS. However, it did demonstrate ACS patients
had higher total plaque volume (median: 94 vs. 29 mm”*) and
total non-calcified volume (28 vs. 4 mm’, P<0.001) using a
semi-automated technique. The addition of semi-automated
plaque quantification improved the area under the ROC
curve from 0.64 (FRS and CTCA) to 0.79 (P<0.05) (25).
Further work by Motoyama and colleagues targeted positive
remodeling (PR) (defined as diameter of plaque 10% larger
than reference vessel) and low attenuation plaque (LAP) (less
than 30 HU) as potential predictors of ACS. Patients with
both factors had a 22.2% chance of developing ACS vs. 3.7%
for only one of the above and 0.5% chance if a plaque had
none of the above features. PR and/or LAP independently
predicted acute coronary events HR 22.8 (95% CI, 6.9-75.2;
P<0.001). As seen in the previous study plaque volume,
LAP volume and ratio of it to total plaque volume were all
associated with ACS. Previous work by the group had also
identified spotty calcification to be associated with ACS
however this was not reproduced in the present study (26).
The Napkin ring sign describes a LAP surrounded by a
rim of higher attenuation. Otsuka studied the CT features
of a vulnerable plaque in 895 patients and found that the
HR on a segment based analysis for predicting ACS was
5.55 (2.10-14.7, P<0.001) for the Napkin ring sign, 3.75
(1.43-9.79, P=0.007) for LAP, 5.25 (2.12-12.69, P<0.001)
for PR (27). These high risk features are shown in Figure 1.
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Figure 1 Adverse prognostic sings on CTCA. (A) Napkin ring sign with positive remodeling; (B) curve-linear LAD view; (C) spotty

calcification with positive remodeling. CT'CA, computed tomographic coronary angiography; LAD, left anterior descending artery.

Motoyama recently demonstrated the incremental value of
the high risk plaque in 4,423 patients with known or suspected
CAD. A multivariate regression model demonstrated a
HR of 8.24 (95% CI, 5.26-12.96, P<0.0001) for high-risk
plaque and 1.61 (1.01-2.53, P=0.044) for severe stenosis
(>70%) for predicting development of ACS (28).

In addition to the morphological characteristics
discussed above there is growing interest regarding the
functional assessment of a coronary plaque, There has been
a fundamental shift from anatomic to physiology guided
revascularization heralded by the FAME trials (29). The
FFR may also reflect not only distal ischemic burden but
hemodynamic venerability of the atherosclerotic plaque. CT
FFR was compared to invasive FFR and had a per-vessel
accuracy of 84.3%, sensitivity of 87.9%, and specificity of
82.2% in the discover FLOW trial (30). The DEFACTO
trial revealed that FFR CT better discriminates coronary
stenosis with Ischemia AUC 0.81 (95% CI, 0.75-0.86;
P<0.0001) compared with CT alone AUC 0.68 (0.62-
0.74) (31). Finally modelling the coronary flow dynamics
with CT FFR can be used to predict response of a coronary
tree after virtual stent implantation (32).

In summary, the strength of CTCA is a result of the
ability to document significant stenosis and characterize
high risk plaque, there is incremental prognostic value over
and above a CAC though the magnitude of this benefit
varies across studies. Currently, a CT'CA should be reserved
for low to intermediate risk symptomatic patients for
whom coronary angiography is not deemed appropriate. Its

© Cardiovascular Diagnosis and Therapy. All rights reserved.

value in the primary prevention population in the face of
overwhelming prognostic data for the CAC score would be
in the younger high risk cohort as CAC is a function of age
and gender (33). Importantly as radiation doses for CTCA
are minimized an ultra-low radiation complete scan may be
the standard of care in the future.

Cardiac magnetic vesonance imaging (CMR)

Visualization of coronary atherosclerosis using CMR is
desirable given the lack of ionizing radiation and contrast,
because of an intrinsically high blood signal intensity (34).
It can also present a unique opportunity to longitudinally
follow up plaque burden. For proximal vessels, CMR and
CT have shown similar diagnostic accuracy for detecting
coronary stenosis >50% (35). Further validation with
invasive angiography by Yang showed that on a per-person
basis the sensitivity, specificity and accuracy were 94.1%
82.1% and 88.7% (36). Kato demonstrated the high sensitivity
(88%) of MRA against the gold standard of coronary
angiography in a multicenter study of 138 patients (37).
Despite validation against invasive and non-invasive
modalities, CMR has been mainly used as a functional
tool rather than an anatomical tool. Reasons include the
lower spatial resolution of CMR compared with CTCA,
although recent work by Gharib on a 3T scanner shows
that this gap can be bridged (38). Secondly, CT'CA allows
3 dimensional volume acquisition rather than accumulating
multiple 2 dimensional slices in CMR, which can be time

www.thecdt.org Cardiovasc Diagn Ther 2016;6(4):322-339
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consuming. However, time to acquisition of a Coronary
MRI has been reduced to approximately 5 minutes in large
units and recent work by Iyama in healthy patients shows
the feasibility of even quicker acquisition (39,40).

Compared to the plethora of data on CAC, CTCA,
plaque volume on Cardiac CT, there is relatively scant
prognostic data on coronary MRA. Yoon studied
207 patients who had coronary MRA and reviewed all vessel
segments irrespective of image quality (41). Over a follow
up of 25 months [inter quartile range (IQR), 16-33] 1 out
of 123 patients without a significant stenosis and 10 of the
84 patients with stenosis >50% met the combined cardiac
endpoint. The annual event rate was 3.9% vs. 0% for severe
cardiac events (P=0.003) and 6.3% vs. 0.3% for all cardiac
events (P<0.001). The presence of significant stenosis on
CMR was associated with a HR of 20.78 (95% CI, 2.65-162;
P=0.001) (41). The authors noted, despite their findings,
there has been restrained utilization of the CMR due to its
spatial resolution (1-1.5 mm) and acquisition time. The
generalizability of this small intermediate risk cohort is
limited and further prognostic studies with large cohorts
are required before CTCA is dethroned as the primary
non-invasive imaging modality for visualizing coronary
atherosclerosis.

The feasibility of coronary plaque imaging was
demonstrated by Fayad and expanded upon by Botnar
(42,43). Since then using knowledge from carotid plaques
[where plaque hemorrhage and lipid rich necrotic cores
manifest as high signal intensity on T 1 weighted (T1W)
sequences]|, Kawasaki has evaluated the components of
High intensity plaque (HIP) on MRI and compared these
with IVUS/CTCA demonstrating higher frequency of PR
by both CTCA (89% vs. 0%, P<0.0001) and IVUS (94%
vs. 14%, P<0.001) and ultrasound attenuation (100% vs.
14.3%, P<0.0001) (44). Importantly, Noguchi et al have
shown the prognostic value of these HIPs. In a study of
568 patients with known or suspected CAD, the plaque to
myocardium signal intensity ratio (PMR) was calculated.
Plaques with PMR >1.4 independently predicted coronary
events [HR: 3.96 (95% CI, 1.92-8.17), P<0.001] compared
with the presence of CAD [HR: 3.56 (95% CI, 1.76-7.20),
P<0.001] and traditional risk factors (45). Although plaque
characterization by T1W MRI is technically demanding and
its use is currently limited to research centers, corroborating
data has been published by this group, where they showed
that statin therapy reduces the PMR by comparison
between propensity-matched cohorts (46).

Despite the premise of this article being prediction of
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cardiovascular events by visualizing atherosclerosis, it would
be incomplete to mention CMR without highlighting the
significant outcome data supporting the prognostic value
of functional assessment of ischemia with this modality.
Indeed, when coupled with the anatomical assessment,
it presents the sought after “one stop shop” approach
to ischemic heart disease. Lipinski reviewed 19 studies
evaluating stress CMR and found a higher incidence of
MI [odds ratio (OR): 7.7, P<0.0001], cardiovascular death
(OR: 7.0, P<0.0001), and the combined endpoint (OR: 6.5,
P<0.0001) in those with demonstrable ischemia compared
with those with a negative study (47). An earlier meta-
analysis of studies involving intermediate risk patients
found that adenosine stress perfusion MRI demonstrated
a sensitivity of 0.91 (95% CI, 0.88-0.94) and specificity of
0.81 (95% CI, 0.77-0.85) (48). Song and colleagues have
put this anatomical and functional approach to the test
in a retrospective study of 332 patients. The combined
technique detected significant CAD in 13 patients (3.8%),
11 of whom had stenosis >50% and a corresponding stress
perfusion defect (49).

An editorial in 2011 by Schoenhagen and Nagel stated
that both CTCA and MRA can be used to assess coronary
artery stenosis with a high negative predictive value (50).
However, their respective strengths are anatomical
assessment and physiological assessment, respectively. This
holds true as the standard approach in most institutions.
Further prospective trials incorporating both anatomical
and functional assessment and improving coronary imaging
protocols may lead to a change in practice in the future.
MRA may be a good option for younger patients in whom
radiation dose or serial follow are concerns. Developments
which may change this paradigm are improved spatial
resolution, time of acquisition and lastly molecular imaging,
which holds tremendous promise (51) as does the future
prospect of multimodality imaging.

Invasive plaque assessment.
Intravascular ultrasound (IVUS)

Over the decades, IVUS has been used as a primary invasive
tool for coronary plaque assessment, utilizing its superiority
over coronary luminography (i.e., coronary angiography).
With an axial resolution of 150 to 250 pm and a lateral
resolution of 250 pm, several findings of vulnerability have
been identified (Figures 2,3). In addition to conventional
grayscale IVUS, new generation of IVUS are available.
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Representative case of high-intensity plaque
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Figure 2 Characteristics of high risk plaque. (A) T1-weighted magnetic resonance imaging of high-signal intensity of the right coronary

artery with a plaque to myocardium signal intensity ratio of 3.09 (yellow arrow indicates lesion); (B) a coronary angiogram showing severe

stenosis in the proximal portion of the right coronary artery; (C) gray-scale intravascular ultrasound image showing ultrasound attenuation;

(D) integrated backscatter intravascular ultrasound showing lipid-rich plaque (blue area). Reprint from Hoshi ez 4/. (52). Reproduced with

permission of the publisher. Copyright © 2015, Oxford University Press.

Virtual histology (VH)-IVUS uses auto regression model
to generate spectral parameters for the backscattered signal
which are then color coded (Figure 2), whereas integrated
backscatter (IB)-IVUS uses Fast Fourier Transformation
to analyze the radiofrequency backscatter and create a
color map. Given the inherent limitations placed on IVUS
by its spatial resolution, a necrotic core >10% without
evident overlying fibrous tissue and a plaque volume of
>40% is required as a surrogate for thin-cap fibroatheroma
(TCFA) (53). IVUS elastography and palpography have also
been used to characterize the stress strain relationship on
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coronary arteries and plaques.

There is significant prognostic data supporting the
use of IVUS, furthermore direct relationships among
atherosclerotic burden, progression and adverse
cardiovascular events have been documented. The strength
of IVUS is to facilitate real time decision making. Acutely
risk of peri-procedural myocardial infarct (PMI) is a
concern and this is discussed in detail below. However
immediate decisions have long-term prognostic outcomes.
Ahn performed a meta-analysis of 3 randomized controlled
trials (RCTs) and 14 observational studies showing that
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Figure 3 IVUS positive remodeling. Courtesy of Dr Hiroko
Tsuchiya. IVUS, intravascular ultrasound.

IVUS guided revascularization resulted in more stents,
longer stents and larger stents-reflecting true assessment
of atherosclerotic disease burden and vessel and plaque
size. Importantly, these changes which favored a more
aggressive interventional strategy were associated with
lower risk of TLR, death, MI and stent thrombosis (54).
The PROSPECT trial, which enrolled 697 ACS patients
(secondary prevention), identified three characteristics
predictive of subsequent cumulative MACE rate: plaque
burden >70% (HR: 5.03; 95% CI, 2.51-10.11, P<0.001), a
minimal lumen diameter (MLA) <4.0 (HR: 3.21; 95% CI,
1.61-6.42, P=0.001) or TCFA identified by RF IVUS (HR:
3.35; 95% CI, 1.77-6.36, P<0.001). It must be noted that
in the absence of any of these three IVUS parameters, the
risk of MACE was 0.3%. However, if >2 of these features
are seen, the MACE risk is 10% to 18% over the next three
years (55). VIVA study corroborates these findings, which
reported that VH-TCFA (HR: 8.16, P=0.007), plaque
burden >70% (HR: 7.48, P<0.001), and MLA <4 mm’
(HR: 2.91, P=0.036) were associated with total MACE
on individual plaque analysis. Thirteen of the 19 MACE
outcomes were at non-culprit lesion events (56). This
study also assessed patients with stable angina in addition
to the ACS population seen in PROSPECT. Despite this
and other fundamental differences in the two trials, their
findings are remarkably similar.

Not only inner plaque characteristics but also outer
wall per see has prognostic information. Okura reviewed
the prognostic value of PR at the target lesion in short

(~2 yrs) (57) and long term (~6 yrs) follow-up (58). MACE
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Figure 4 OCT TCFA. Courtesy of Dr Hiroko Tsuchiya. OCT,
optical coherence tomography; TCFA, thin-cap fibroatheroma.

free survival was significantly lower in the group with PR at
target lesion (HR: 2.4, P=0.02). Specifically, however, the
rates of target lesion revascularization (TLR) were higher in
patients with PR (33.3% wvs. 13.7%, P=0.01) (58).

A review of six clinical trials documenting plaque volume
and progression was performed with MACE as the endpoint.
Baseline percent atheroma volume was associated with MACE.
Serial follow-up documented greater increases in the percent
atheroma volume in the MACE cohort. This difference was
largely driven by the need for coronary revascularization (59).

Finally, VH-IVUS has also been used to follow up effect
of statin therapy on plaque characteristics offering not only
initial prognostic information but data on how the vulnerable
characteristics of a plaque can be modified by therapy (60).

Optical coberence tomography (OCT)

OCT has been used initially in ophthalmology and is now
clinically available in cardiology. Compared with IVUS,
OCT offers more precise assessment of coronary plaques,
utilizing a 10-time greater resolution than that of IVUS
(a spatial resolution of 10 pm axially and 20-40 pm laterally).
OCT enables the visualization of several important plaque
features assisting in determining plaque vulnerability:
TCFA, plaque rupture, plaque erosion, lipid core, micro-
calcification and neo-vascularization. The description of
TCFA incorporates a fibrous cap <70 pm and also requires
the arc of the lipid pool to subtend an angle >90 degrees
in certain trials as seen in Figure 4. However, there is no
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strict definition of TCFA and a consensus statement rather
ambiguously suggested, OCT-TCFA should reflect the
histological definition of a TCFA (61).

Unlike the IVUS studies, there is limited data on the
long term predictive value of OCT TCFA lesions as it is
a younger technology. A study of 67 patients with OCT
showed thinner fibrous cap, larger areas of TCFA and more
inflammation was evident on STEMI patients compared to
those with SAP (62). Uemura et 4/. have shown that TCFA
and micro-channel images showed a high correlation with
subsequent luminal progression (OR: 20.0, P<0.01 for
both) (63). Niccoli found MACE occurred more frequently
in patients with plaque rupture at the target lesion when
compared with those having intact fibrous cap (39.0% vs.
14.0%, P=0.001) in an ACS cohort. Plaque rupture was
an independent predictor of outcome on multivariable
analysis (OR: 3.74; 95% CI, 1.36-9.74) (64). OCT has been
used to follow TCFA and demonstrated an increase in the
fibrous cap thickness of patients who were treated with lipid
lowering therapy (65).

OCT also allows visualization of vasa vasorum. After
initial validation study (66), Taruya has recently demonstrated
that vasa vasorum volume is positively correlated with plaque
volume, and that intra-plaque neovascularization is associated
with features of plaque vulnerability, especially noting the
coral tree pattern is more frequent in ruptured plaques.

Given the limited long term data, currently the evidence
from PROSPECT and other IVUS trials following up
VH-TCFA are used as surrogate to support outcomes with
OCT. Though OCT is superior in regards to assessment
of fibrous cap thickness and endothelial assessment, it is
unable to give us vessel dimensions, plaque area, or “necrotic
core” area, due to limited penetration. The extra details
obtained by OCT have not translated to better short term
outcomes compared to IVUS and its long-term predictive
and prognostic data is lacking. Further long term studies
need to be conducted to assess the predictive value of OCT
in regards to long term outcomes of non-target lesions.

Near infra-red spectroscopy (NIRS)

Near Infrared light can penetrate arterial tissue and the
reflected spectral pattern is used to assess the lipid content
of arterial walls, as lipid core burden index (LCBI). NIR-
defined lipid-rich plaque has been assessed in various
settings (67). NIRS can be also used to assess coronary
lesions not apparent on angiography, such as ulcerated
plaques with a re-cannalized lumen following treatment, or
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identifying culprit vessel in the context of an infarct with
multivessel disease. As is the case with OCT and IVUS,
a large lipid core is an essential component of the NIRS-
identified vulnerable plaque. In stable coronary disease,
a high LCBI and lipid chemogram can be used to assess
vulnerability of a lesion. Oemrawsingh showed that a LCBI
value greater than the median of 43 was associated with
a 4-fold increase in MACE at 12 months follow up in a
prospective manner (68). Currently six further prognostic
trials/registers assessing the utility of NIRS are recruiting
or planned (7able 5) (67).

Angioscopy

Coronary Angioscopy allows visualization of the coronary
luminal surface with color images. The color of plaques can
be used to assess their vulnerability. A comparison between
angiography and OCT, plaque color progressing from
white to yellow is accompanied by a decrease in fibrous cap
thickness (69). Despite more than two decades of research
in this field, prognostic data is limited. Itoh demonstrated
in a small cohort the risk of re-stenosis was greater in
yellow plaques compared to white plaques (70). Initial work
by Uchida showed that Angioscopy can be used to predict
ACS events (71). Ohtani demonstrated that number of
yellow plaques (NYP) was higher in patients with ACS (72).
Gradation within yellowness of plaques is also associated
with prognosis in AMI (73). Recently, Angioscopy has also
been used to follow up neointimal coverage, thrombi and
plaque color after drug-eluting stent deployment (74). The
subjectivity and complexity of Angioscopy has resulted in
limited uptake of this technology.

Prediction of peri-procedure events

The role of both non-invasive and invasive modalities as an
aid to planning of percutaneous coronary intervention (PCI)
is predicated on its ability to foresee acute peri-procedural
events and our ability to appropriately reduce this risk. After
the initial promising result of the TAPAS study, more recent
evidence does not support the routine use of aspiration
thrombectomy in ACS (75,76). Similarly, the role of statins,
high dose antiplatelets, and distal protection devices have
been evaluated with currently mixed results. The lack of
definitive benefit may reflect our inability to target lesions
at high risk of distal embolization.

The primary use of IVUS has been in assessing culprit
lesions and vessels with view to PCI. Perhaps the utility of
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Table 5 Planned or ongoing NIRS studies
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Study Question Patients Design Reference number
PROSPECT 2  Does NIRS/IVUS predict coronary events 900 Prospective study analyzing angiographic ~NCT02171065
information from patients with ACS
PROSPECT Does ABSORB BVS improve MLA in 300 RCT-sealing of non-flow limiting high risk ~ NCT02171065
ABSORB non-flow limiting plaque with a plaque plaques with BVS
burden >65%
LRP NIRS detected LRP and prediction of 6,000 Event rate in large vs. small or no LRP NCT02033694
future events
YELLOW 2 Does rosuvastatin reduce lipid content of 80 Angiography and NIRS after 8-10 weeks ~ NCT01837823
plaques of rosuvastatin treatment compared to
atorvastatin
ORACLE-NIRS Incidence of major adverse events in 10,000 Registry data NCT02265146
patients examined with NIRS for clinical
events
NIRS Does ticagrelor reduce lipid rich plaques 30 NIRS and IVUS before and after 6 months NCT02282332
TICAGRELOR of ticagrelor

NIRS, near infra-red spectroscopy; IVUS, intravascular ultrasound; BVS, bioresorbable vascular scaffold; MLA, minimal lumen diameter;

LRP, lipid rich plaque; ACS, acute coronary syndrome. Modified from Erlinge et al. (67).

real-time information and prediction of immediate peri-
procedural outcomes is its more tangible benefit. Claessen
reviewed 11 articles discussing the use of IVUS in predicting
distal embolization and no reflow phenomenon (77). A
necrotic core volume of 33.4 mm’ as judged by VH-IVUS (78)
had a sensitivity of 81.7% and specificity of 63.6% in
regards to predicting no reflow in STEMI patients. Hong
found that the percentage necrotic core volume remained
an independent predictor of no-reflow (OR: 1.13, P<0.01).
Moreover, at least 1 VH-TCFA, as well as multiple VH-
TCFA, were significantly more common in patients with
no-reflow (71% vs. 36%, P<0.01) (79). A lipid volume of
45.6 mm’ was found to be a predictor of PMI as defined by a
troponin rise (80). Furthermore, as mentioned earlier, IVUS
guided stent implantation is associated with a lower risk of
long-term events. There is also evidence to suggest acute
events such as death/MI within 30 days are reduced from an
IVUS guided imaging strategy (Matrix Registry) (81).

OCT TCFA is an independent predictor of post
procedural MI (OR: 4.68, P<0.01) and OCT derived lipid
arc can be used to predict no reflow (82,83). Recent data
combining TCFA as assessed by OCT (OR: 3.4; 95% CI,
1.3-8.9, P=0.012) and echo attenuated plaque as assessed by
IVUS (OR: 3.6; 95% CI, 1.7-7.7, P<0.001) predicted PMI
in stable angina. The combination of the two modalities had
a positive predictive value of 82.4%. Furthermore PMI was

© Cardiovascular Diagnosis and Therapy. All rights reserved.

an independent predictor of adverse cardiac events during
1-year follow-up illustrating the inextricable link between
short and long term outcomes.

NIRS-derived Lipid rich coronary plaques are at risk
of embolization during PCI (84). Patients with a high
lipid content on Chemogram have a higher risk of PMI.
CANARY trial showed that a maximal LCBI over any 4-mm
length was higher in patients with MI than without [481.5
(425.6 to 679.6) vs. 371.5 (228.9 to 611.6), P=0.05]. As part
of this pilot study of 31 patients with max LCBI 4 mm >600
were randomized to PCI with or without a distal protection
device and there was no difference between the two groups
(35.7% wvs. 23.5%; relative risk: 1.52; 95% CI, 0.50-4.60,
P=0.69) (85).

Non- Invasive disease assessment may also play a role
in planning interventional strategies in the future. CTCA
can be used to predict post elective angioplasty troponin
rise. Watanabe showed both PR (OR: 4.54; 95% CI,
1.36-15.9, P=0.014) and spotty calcification (OR: 4.27;
95% CI, 1.30-14.8, P=0.016) were statistically significant
independent predictors for ¢TnT elevation. When the
above two were coupled with LAP <55 HU, the presence
of all three risk factors was associated with a high positive
predictive value of 94%, and their absence showed a high
negative predictive value of 90% for PMI (86). Similar
predictive value was shown in regards to volume of LAP
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and predicting post PCI troponin rise (87).

Hoshi and colleagues demonstrated the feasibility of
CMR findings in predicting PMI, where PMI occurred
more frequently in the HIP than non-HIP group (58.1%
vs. 10.9%, P<0.001) and that using a PMR >1.4 was a
significant predictor of PMI (OR: 5.63; 95% CI, 1.28-24.7,
P=0.022) (52). A representative image of HIP (A),
angiographic stenosis (B), IVUS attenuation (C) and IB-
IVUS (D) is shown in Figure 2 (52). These results further
validated by Asaumi showing a PMR >1.3 cutoff (OR)
predicted PMI with a sensitivity and specificity of 67% and
86% respectively (88).

Despite the 2013 ACC/AHA guidelines assigning a
class III indication for revascularization of non-culprit
lesions, the PRAMI trial and the CvLPRIT trial have both
advocated the role of complete revascularization following
STEMI presentations (89-91). These non-culprit lesions
could first be assessed by one of the above modalities
particularly OCT. Kato has demonstrated the utility of
OCT in assessing plaque characteristics and shown that the
non-culprit lesions in an ACS have more vulnerable plaque
characteristics than those studied in non ACS patients (92).

The strengths and limitations of invasive modalities
have been summarized. Knowledge gap in the literature
here is systematic implementation studies, which maximize
the benefits of each diagnostic modality and minimize the
drawbacks and costs. It should be warranted to conduct such
studies how to implement these modalities by balancing
their advantages and disadvantages in medical, economic
and social contexts. It could be guided by the primary
reason for the use of imaging modalities i.e., priority of the
subsequent outcomes: what the interventionist wants to
know is whether causes of ACS (plaque rupture, erosion,
spasm, or spontaneous coronary dissection) for subsequent
management; size of stent/balloon for better long term
patency; existence of lipid core to avoid peri-procedure
distal emboli; or other reasons. Given the rapid update
cycle of scientific evidence with continuous implementation
of new devices, life expectancy of the systematic
implementation scheme might not be long enough to be
widely used, especially when without considering economic
factors for affordability and sustainability. By comparing new
service with existing or competing services, a cost-effective
analysis may be constructed. The process of conducting and
reporting these studies is currently under review its results
will guide such studies (93). With the assistance of clinical
outcome trials, systematic implementation studies, and
various registries, we will be able to better allocate the “right
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test” for the “right patient”.

From vulnerable plaque to vulnerable patient

All modalities discussed above assess similar aspects of
coronary atherosclerosis, so-called “popcorn plaque” (94),
to predict both long and short term outcomes. Underlying
hypothesis, though biological plausible, is that “there
is a 1-to-1 relationship between TCFA and a high-risk
plaque” (95). Despite the above evidence supporting the
vulnerable plaque there is also a body of evidence asking
us to consider not the vulnerable plaque but the vulnerable
patient. While it is true that autopsy studies suggest that
TCFAs are most often found in the culprit lesions in
ACS (96), it is quite another story to show the presence
of this morphology as a harbinger of ACS prospectively.
Arbab-Zadeh and Fuster have recently summarized the
predictive value of the vulnerable plaque (97). They argue
that both non-invasive and invasive studies targeting
vulnerable plaques do not account for overall atherosclerotic
disease burden as a potential confounder (97). Plaque
rupture and healing may also be a silent event thus not all
vulnerable plaques which rupture lead to acute coronary
events. Maehara et a/. reported that 20-25% of patients
with plaque rupture has SAP or were asymptomatic (98).
Furthermore, recent work by Kubo supports the dynamic
view of vulnerability. Of 216 non culprit lesions studied
75% of VH IVUS identified TCFAs healed during one
year follow up whereas new lesions also developed (99).
There is an argument for a shift in paradigm from lesion
focused approach to elucidate the disease burden as “pan-
coronaritis” (100). Rioufol er al. performed three-vessel
IVUS imaging on 24 ACS cases and found that among
50 ruptured plaques, nine within culprit lesion and 41 at
non-culprit one including 19 patients with ruptures in
>2 arteries (101). This was substantiated by IVUS (102)
and OCT studies (103-105). The robust predictive
value of the CAC score likely reflects its assessment of
total atherosclerotic disease burden (16). Physiological
assessment of ischemia invasively and non-invasively is
another component of this discussion which deserves equal
weight in regards to predicting cardiovascular outcomes.
The utility of multimodality imaging, concomitant
functional/anatomical assessment and mathematical
modelling are all tools being investigated for their predictive
value in regards to coronary atherosclerosis. Integrating this
plethora of information clinically and ultimately developing
a score which takes into account the vulnerable plaque, the
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vulnerable circulation and the vulnerable patient should be
the goal of both invasive and non-invasive imaging.
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