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oronary CTA has transformed how patients
with suspected coronary artery disease (CAD)
are evaluated clinically. Coronary CTA is gaining
popularity due to its ability to reliably rule out
obstructive CAD while also identifying patients who are
appropriate candidates for coronary revascularization.
Furthermore, coronary CTA provides information regard-
ing coronary plaque characteristics, identifies vulnerable
features, and determines plaque burden in the coronary
tree in its entirety. In this article, the authors discuss the
current role of coronary CTA in lesion-specific ischemia
assessment and the evaluation of vulnerable plaque.

LESION-SPECIFIC ISCHEMIA EVALUATION
Evaluation of CAD

Cardiovascular imaging plays a major role in CAD man-
agement, and technical advancements in coronary imag-
ing have resulted in a multimodality approach. Several
prospective clinical trials involving patients with acute or
stable symptoms indicate that coronary CTA is associated
with a reduction in diagnostic ambiguity and myocardial
infarction as compared to conventional care." When uti-
lized appropriately in a low- to intermediate-risk popula-
tion, coronary CTA accurately identifies patients who have
no CAD or nonobstructive CAD with non—flow-limiting
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lesions and do not need any further testing.> Management
is also straightforward in patients with severe obstructive
CAD, as guidelines recommend revascularization based on
medically refractory symptoms and location of stenosis.®
However, a common clinical challenge remains regarding
the evaluation of patients with moderate, possibly flow-
limiting stenosis identified on coronary CTA.

Combining Coronary CTA With Fractional Flow
Reserve

Invasive coronary angiography (ICA) was historically
used to diagnose obstructive CAD, and the decision to
revascularize was solely based on anatomic assessment
of stenosis severity, resulting in a rise in the number
of revascularization procedures and procedure-related
complications. Invasive fractional flow reserve (FFR)
was developed to assess the coronary physiology of
the detected stenotic lesion that would benefit from
revascularization. In the FAME trial, FFR-guided percu-
taneous coronary intervention (PCl) reduced the rates
of major adverse cardiovascular events (MACE) com-
pared to angiography-guided PCI.” Additionally, based
on the DEFER trial, coronary interventions can be safely
deferred regardless of the obstruction severity in lesions
with an FFR > 0.80.8 Current revascularization guide-



Figure 1. FFRCT of the left anterior descending artery indicating a flow-limiting lesion.

lines recommend physiologic assessment of stenotic
lesions with treatment targeted only at functionally sig-
nificant lesions. These principles guided the development
of noninvasive FFR utilizing coronary CTA.

Coronary CTA provides a qualitative assessment of
the atherosclerosis burden and can identify or rule out
obstructive CAD, and it offers high sensitivity and nega-
tive predictive value for the identification of obstruc-
tive CAD. However, it comes with the limitation of low
specificity and positive predictive value, and it overes-
timates the severity of stenosis and does not provide
information about the hemodynamic significance of the
stenotic lesion. The discovery of FFRCT made it possible
to evaluate the combined anatomic and physiologic sig-
nificance of the obstructive lesion using coronary CTA.
This combined anatomic-physiologic assessment allows
for improved clinical decision-making, which results
in greater event-free survival and reduces unnecessary
revascularization.

FFRCT is the alternative method to obtain lesion-
specific ischemia assessment when deemed necessary
across any stenotic lesion within the coronary tree from
a coronary CTA (Figure 1). Although invasive FFR is the
gold standard, it is acquired only during the invasive
procedure and only detects the pressure gradient within
the targeted vessel, as defined by the interventional-
ist. Furthermore, invasive FFR is not regularly assessed
in clinical practice due to the extended time required
for the procedure, greater radiation exposure, and the
requirement for the administration of adenosine. FFRCT,
on the other hand, can be added to coronary CTA for
lesion-specific physiologic assessment without the need
for a separate procedure, resulting in no additional radia-
tion or contrast administration.
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Clinical Implications of
FFRCT

FFRCT was developed
to aid in decision-making
regarding ICA after ana-
tomic diagnosis of CAD
using coronary CTA It
is currently being clini-
cally utilized in patients
with stable angina. FFRCT
results are reported as
normal (> 0.80), borderline
(0.76-0.80), and abnormal
(< 0.75) based on the
physiology of the stenotic
lesion. Additionally, trans-
lesional gradient (AFFRCT)
may add incremental value
to decision-making regarding ICA referral, particularly
for those with an FFRCT of 0.76 to 0.80.

FFRCT is useful in adjudicating borderline lesions
or moderate (50%-70%) stenosis detected on coro-
nary CTA with questionable functional significance.
Additionally, it is useful in determining the physiologic
significance of high-grade stenoses (> 70%). This infor-
mation is crucial because a considerable proportion of
these high-grade lesions are not physiologically signifi-
cant and do not need ICA. In the ADVANCE registry,
one or more 70%-90% stenoses determined by coro-
nary CTA were found in 24% of the 5,081 patients.™
Interestingly, 25% (n = 384) of these lesions were not
functionally significant as determined by FFRCT. In
high-grade stenosis, FFRCT helps in downward reclas-
sification and avoidance of unnecessary ICA.

Considering the physiology of obstructive lesions in
multivessel disease, the functional SYNTAX score was
developed using invasive angiography. The functional
SYNTAX score demonstrated a better predictive accu-
racy for the occurrence of MACE compared to the
anatomic SYNTAX score."” Against this background, a
noninvasive functional SYNTAX score was developed
utilizing FFRCT. As with the invasive technique, the
noninvasive functional SYNTAX score is calculated by
recalculating the SYNTAX score while only including
lesions that cause ischemia (ie, FFRCT < 0.80), thus pro-
viding a full anatomic and physiologic risk assessment
that allows for discussion prior to intervention or cath-
eterization and aids in procedural planning. However,
agreement in the SYNTAX score between modalities
should be considered in the context of disease severity
and calcification extent, as these characteristics have
been demonstrated to impair accurate coronary CTA
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Figure 2. Coronary atherosclerotic vulnerable plaque features as seen on coronary
CTA. Positive remodeling (A), napkin-ring sign (B), spotty calcification (C), and low-

attenuation plaque (D).

assessment. Additional evidence is necessary, especially
in patients with multivessel disease.

FFRCT and Outcomes

The PLATFORM study evaluated the impact of mea-
suring FFRCT and standard of care on patient selection
for ICA at 90 days in patients with stable chest pain.
For patients who did undergo invasive angiography in
the FFRCT arm, just 12% did not have obstructive CAD.
In contrast, 73% of patients in the usual care arm who
underwent invasive angiography had no obstructive
disease. Investigators showed that 61% of angiograms
were canceled in the FFRCT-guided arm after receiving
functional and anatomic data from the imaging test.
This was followed by a 1-year outcome study, which
demonstrated that care guided by CTA and selective
FFRCT was associated with equivalent clinical outcomes
(MACE) and lower cost compared to usual care.™

Clinical outcomes were investigated in the large pro-
spective ADVANCE registry, which enrolled 5,083 clini-
cally stable and symptomatic patients diagnosed with
CAD on CTA."® At 1 year, the patients with negative
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FFRCT had low rates of revas-
cularization and a trend toward
lower MACE and a significantly
lower rate of cardiovascular
death or myocardial infarction
compared with the patients
with abnormal FFRCT. In addi-
tion, coronary CTA plus FFRCT
was shown to have improved
the ratio of revascularization
to ICA.

In addition, Ngrgaard et al
investigated the real-world clin-
ical outcomes after a diagnostic
strategy including first-line
coronary CTA with selective
FFRCT in 3,674 patients with
stable chest pain. After a medi-
an follow-up of 24 months,
higher rates of MACE were
reported in patients with an
FFRCT < 0.8 if treated medically
than in patients treated medi-
cally who had an FFRCT > 0.8.
Individuals with an FFRCT of
< 0.8 referred for ICA appeared
to have a lower risk of nonfatal
myocardial infarction.”

In addition to prospective
and observational studies, there
has been one randomized trial done to assess the effect
of FFRCT on cost and clinical outcomes. A recently
published FORECAST randomized study assessed
whether routine use of FFRCT is superior to the stan-
dard clinical pathway in patients presenting with stable
angina to rapid-access chest pain clinics.™ In this study,
there was no significant difference in cost savings or
clinical outcomes between coronary CTA plus selec-
tive FFR and the standard clinical approach. However,
ICA was used less in the coronary CTA plus FFR-based
strategy compared to standard care.

Diagnostic Performance of FFRCT

Measurement of FFR during ICA is the gold standard
for identifying coronary artery lesions that cause isch-
emia. The diagnostic performance of noninvasive FFRCT
was validated in multiple prospective multicenter stud-
ies, and it is now FDA approved. DISCOVER-FLOW was
the first trial that compared FFRCT with invasive angi-
ography and showed that FFRCT and FFR correlated
well with minimal underestimation by FFRCT." This
was followed by the DeFACTO study, which showed
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that at the patient level, when FFRCT was added to
CT, it improved diagnostic accuracy versus CT alone,
mainly driven by high sensitivity as well as specificity.'®
Another large study that compared FFRCT with inva-
sive angiography is the NXT trial, which indicated high
diagnostic accuracy and discrimination for the diagno-
sis of hemodynamically significant CAD." Furthermore,
noninvasive CT—derived FFR has better specificity and
positive predictive value in detecting hemodynamically
significant lesions. In a study by Driessen et al, FFRCT
showed higher diagnostic performance compared to
standard coronary CTA, single-photon emission CT,
and positron emission tomography for vessel-specific
ischemia, providing improved discrimination of isch-
emia beyond any other noninvasive tests.'®

The precise interpretation of coronary CTA and
FFRCT depends on image quality, especially in patients
with high heart rate, arrhythmias, severe calcifications,
and other artifacts. Numerous studies have evaluated
the impact of image quality, severe calcifications, and
artifacts on FFRCT diagnostic accuracy.'®*?° What we
know based on current evidence is that poor image
quality due to misalignment, motion, and severe calci-
fications negatively affects the diagnostic performance
of FFRCT. Studies have also shown that the use of
[B-blocker and nitroglycerin administration before coro-
nary CTA improves diagnostic performance.

Future Directions

The ability of FFRCT to measure ischemia at any
point along the vessel and in relation to the stenosis
may increase our understanding of lesion-specific isch-
emia. Additionally, AFFRCT may give a more precise
estimate of lesion-induced ischemia because it reflects
the pressure decrease caused by a specific stenosis.
More evidence is needed to validate the prognostic
value of AFFRCT. Furthermore, coronary CTA and
FFRCT may play a role in planning coronary interven-
tions because the majority of patients have incomplete
revascularization with current approaches. However,
evidence for the use of FFRCT to guide interventions is
currently lacking. Finally, while the evidence support-
ing FFRCT use in clinical practice is currently primarily
limited to observational studies and one randomized
controlled trial (RCT; FORECAST), the ongoing PRECISE
and FUSION trials will provide insights into the relative
effectiveness of a combined CTA and FFRCT strategy
versus existing standard of care.

EVALUATION OF VULNERABLE PLAQUE
Advancements in CT technology have enabled the
detection of coronary artery stenosis and the defini-
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tion of plaque characteristics on coronary CT. Several
features of CT imaging, including excellent spatial
resolution (0.3-0.6 mm), temporal resolution (80 ms),
cardiac volume coverage, slice thickness, and recon-
struction algorithms, allow for the capture of high-
quality images to characterize and quantify plaque
burden. The plaque phenotypes are clinically significant
because it is believed that vulnerable plaques have a
higher tendency to rupture and cause acute coronary
syndrome.

Imaging High-Risk Plaque

Plaques can be classified broadly based on their dense
calcium components, high-risk features known as vul-
nerable plaques, or the American Heart Association
histopathology classification system. High-risk plaques
identified on coronary CTA are known to demonstrate
features such as low-attenuation plaque, positive
remodeling, napkin-ring sign, and spotty calcification
(Figure 2). While it is hypothesized that vulnerable
plaques are responsible for most myocardial infarctions,
not all plaques with such features lead to an acute
event. The atherosclerotic plaque type most commonly
associated with culprit lesions is a thin-cap fibroath-
eroma (< 65 um), which is characterized by a large
necrotic or lipid core separated from the vessel lumen
by a thin layer of epithelial cells. These observations
suggest that not only the presence but also the evolu-
tion and progression of high-risk plaque pose a greater
cardiovascular risk.

While intravascular plaque assessment approaches
have contributed significantly to our understanding
of the pathophysiologic mechanisms behind plaque
formation, intracoronary assessment of a single coro-
nary artery identifies only a subset of high-risk plaques.
Additionally, intracoronary assessment of multiple
vessels via intravascular ultrasound and intravascular
optical coherence tomography are inconvenient and
are not clinically appropriate in all patients undergoing
cardiac catheterization. Conversely, coronary CTA is a
noninvasive technology that can provide an assessment
of coronary tree in its entirety with improved preci-
sion and reproducibility. Furthermore, serial imaging
with coronary CTA is a simple and safe procedure to
perform in patients with high-risk plaques and can be
used to assess the effects of pharmacologic therapy on
vulnerable plaques and overall plaque burden.

Software applications used to assess plaque charac-
teristics are becoming more sophisticated. Numerous
postprocessing software programs (eg, QAngio, Medis
Medical Imaging; and Cleerly, Inc.) have simplified the
assessment of coronary plague volume and the iden-



tification of vulnerable plaque features. Furthermore,
novel software (Elucid Bioimaging Inc.), validated using
histology, is used to evaluate vulnerable plaque features
such as lipid-rich necrotic core content, intraplaque
hemorrhage, and fibrous cap thickness using coronary
CTA. Despite significant advancements in coronary
plaque evaluation, evidence to support the use of
plaque composition and high-risk features in clinical
practice is weak.

High-Risk Plaque and Outcomes

Prominent prospective trials, such as PROMISE and
SCOT-HEART,*"?? indicate that high-risk plaque is
independently related to MACE. The results of a sec-
ondary analysis of the PROMISE trial, which included
4,415 symptomatic patients with suspected CAD,
indicated that the presence of high-risk plaque as deter-
mined by coronary CTA (eg, positive remodeling, low
CT attenuation, or napkin-ring sign) was independently
associated with future MACE over a 2-year follow-up
period.?’

According to post hoc analysis of the SCOT-HEART
trial involving 1,769 participants, the incidence of
coronary heart disease death or nonfatal myocardial
infarction was three times more frequent in patients
with adverse plaque compared to those without.
Furthermore, patients with obstructive disease and
adverse plaque had a 10-fold increase in rate of coro-
nary heart disease death or nonfatal myocardial infarc-
tion at 5 years.”2 A subsequent analysis of the SCOT-
HEART trial found that low-attenuation plaque burden
is the strongest predictor of fatal or nonfatal myocardial
infarction.??

In the 3V FFR-FRIENDS study, CTA and FFRCT were
performed in all vessels in 299 patients (772 vessels)
with three-vessel disease (> 30% stenosis), and the
number of high-risk plaque characteristics was associ-
ated with adverse cardiac outcomes in deferred lesions
(FFR > 0.8). These findings suggest that integration of
both physiological stenosis severity and plaque vulner-
ability would provide better prognostic stratification of
patients than either individual component alone.2*

Future Directions

Coronary CTA is a noninvasive, precise, low-cost,
and safe imaging modality for the evaluation of plaque
characteristics and plaque burden. There is much
debate over the characteristics of high-risk plaque
and their relationship to cardiovascular outcomes.?
Although there is some evidence to support the theory
that vulnerable plaque is an independent predictor of
cardiovascular outcomes, all of the current knowledge
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comes from observational and prospective studies.
Furthermore, there are no RCTs evaluating the impact
of medical therapy on high-risk plaque and cardiovas-
cular outcomes. As a result, existing evidence indicates
that the knowledge gained via imaging of the vulner-
able plaque is currently of uncertain significance pend-
ing RCTs.

CONCLUSION

Coronary CT is a valuable tool in the evaluation of
lesion-specific ischemia utilizing FFRCT. FFRCT can be
used to assess the hemodynamic significance of ana-
tomic stenoses, thereby adjudicating borderline lesions.
It also aids in the downward classification of high-
grade stenoses, therefore preventing unnecessary ICA.
Additionally, further knowledge gained from FFRCT
can be used in planning invasive coronary interventions
by serving as a roadmap prior to complex procedures.
Furthermore, coronary CTA provides an opportunity
to assess plaque burden and vulnerability in the entire
coronary tree by identifying high-risk plaque features
and allowing serial assessment of these high-risk
plaques over time. Although FFRCT and coronary CTA
assessment of vulnerable plaque have many clinical
utilities, further large-scale, RCTs are needed to evaluate
the benefit/effect of these imaging tools on clinical out-
comes and changes in clinical practice guidelines. m
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