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ABSTRACT: Cardiac computed tomography angiography (CCTA) has evolved into a versatile imaging modality that can depict atherosclerosis

burden, determine functional significance of a stenotic lesion, and guide the management and treatment of stable coronary artery disease.! With

newer-generation scanners, diagnostic CCTA can be obtained in the majority of patients with a very acceptable radiation dose. We discuss the

ability of CCTA to provide comprehensive assessment of a patient with suspected CAD, including functional techniques of stress-rest myocardial

perfusion assessment using a vasodilator and a purely post-processing approach that assesses fractional flow reserve derived by CCTA. In addition,

recent data validated the role of CCTA in managing stable patients with chest pain and suspected CAD, serving as a gatekeeper for invasive coronary

angiogram as well as optimizing the preprocedural planning of percutaneous coronary revascularization and coronary artery bypass surgery.

INTRODUCTION

A decade ago, cardiac computed tomography angiography
(CCTA) was viewed primarily as an anatomic tool to exclude
significant coronary artery luminal stenosis or as a gatekeeper
for invasive coronary angiography (ICA). Since then, however,
CCTA has evolved into a truly versatile imaging modality

that can depict atherosclerosis burden, determine functional
significance of a stenotic lesion, and guide the management
and treatment of stable coronary artery disease.' In November
2016, the National Institute for Health and Care Excellence
(NICE) Clinical Guideline 95 recommended CCTA as the
noninvasive test of choice to evaluate stable angina and the
first-line investigation for all patients presenting with chest
pain due to suspected coronary artery disease (CAD).2
Recently, the 2019 European Society of Cardiology guideline
for the diagnosis and management of chronic coronary
syndromes classified CCTA as a Class 1 recommendation
for diagnosing CAD in symptomatic patients with suspected
obstructive coronary artery disease. The guideline further
states that CCTA should be preferentially considered if there
is a low likelihood of obstructive CAD, patient characteristics
suggest high image quality, local expertise is available,
information on atherosclerosis is desired, and there is no
history of CAD.

There are several reasons for the recommended broader
and preferential use of CCTA as the initial test. First, CCTA
has undergone remarkable technological advances that have
led to improved image quality and a dramatic reduction in
radiation dose. But the most important reason is its ability to
extract functional information from routine CCTA and results
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from recent comparative effectiveness and outcome, which is
described below.

TECHNOLOGICAL ADVANCES

Compared to the prior 64-slice multidetector CT, newer-
generation scanners include different features such as improved
spatial and temporal resolution, faster scan mode, and whole
heart coverage with either wide-detector or dual-source CT.
Wide-detector CT can acquire images of the entire heart in

a single beat, and dual-source CT has ultra-high-pitch mode
scan mode that can image the heart in less than 300 ms.3#
Furthermore, thinner detectors with a spatial resolution of

250 microns along the XY planes, faster gantry rotation (220
ms), noise reduction with improved detector efficiency, and
innovative electronic circuitry have made it possible to obtain
diagnostic images in patients who were once deemed too
challenging to image with prior-generation CT (eg, those with
calcium score > 400 AU, large coronary artery stents, coronary
artery bypass grafts, heart rate > 65 bpm, atrial fibrillation, and
obesity/body mass index > 30kgm?).2°

Although radiation is always a concern with CCTA, newer-
generation scanners are equipped with many dose-saving
features that, if used correctly, can achieve comparatively

low radiation doses (Figure 1). Noise-reduction software,
particularly the recent introduction of iterative reconstruction
methods in CT, can achieve a given signal-to-noise ratio at a
lower radiation dose. A low-kV x-ray is another dose-reduction
strategy in smaller patients, improving the contrast-to-noise ratio
in CCTA scans (the minimum kV available is generally 70 to

80 kV).87
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Technological advances. (A) Cardiac computed tomography angiography (CCTA) performed on a

third-generation dual-source CT with the electrocardiograph-triggered high-pitch mode obtained at

mid diastole (shown here) and systole with single 70-mL contrast bolus injection. Data acquisition of

the entire z-axis of the adult heart was obtained within a fraction of one cardiac cycle (around 260

ms) with tube voltage of 80 kV and tube current of 560 mAs. The contrast injection rate was 4 mL/

sec. Effective dose estimation by the dose length product (DLP) for each scan was around 50 mGy cm

(effective dose of <1mSv). (B) Multiplanar reformation and (C) three-dimensional volume rendering

of the right coronary artery in the same patient. The image quality of the coronary artery in spite of

low-radiation-dose CT is optimal.

ANATOMICAL ASSESSMENT OF LUMINAL
STENOSIS

While ICA remains the gold standard
for diagnosing CAD, CCTA has become
a viable noninvasive alternative.®*®
Multiple studies have established that
CCTA has excellent sensitivity and

high specificity (64-83%) for detecting
coronary stenosis 2 560% compared

to invasive angiogram. The extremely

high negative predictive value of > 95%
makes CCTA the test of choice for
excluding obstructive coronary artery
stenosis in patients without known
CAD, particularly in the low-intermediate
pre-test probability group. CCTA has
similar diagnostic accuracy in the
emergency room when used to evaluate
patients with acute chest pain and low
to intermediate risk of acute coronary
syndrome.'®"

ATHEROSCLEROTIC PLAQUE IMAGING

Coronary calcified plaques can

be readily detected and quantified

using noncontrast gated MDCT.

From there, coronary artery calcium
(CAC) assessment can help diagnose
atherosclerosis and obstructive disease
and determine risk stratification for
future cardiac events. CAC measured
by CCTA has a high sensitivity and
negative predictive value for obstructive
CAD but with limited specificity. Multiple
studies involving thousands of patients
showed negative predictive values of
969% to 100%, providing physicians
with a high level of confidence that an
individual with a total calcium score of 0
does not have obstructive angiographic
CAD. In addition, patients with high
disease burden, such as a CAC score
> 400, had a 3- to 4-fold higher risk of
events (revascularization, myocardial
infarction, or death) compared to
patients with a minimal or no CAC score,
irrespective of SPECT nuclear stress
test.'? With administration of contrast
material, CCTA allows the detection

of nonobstructive lesions that may not
be identified by existing stress testing
modalities or even by ICA. CCTA also
can provide an even better assessment
of plague composition (noncalcified,
partially calcified, or calcified based on
the amount of calcium in the lesion),
akin to a combination of intravascular
ultrasound and ICA. Although detailed
plaque histology cannot be derived from
CCTA, several plaque features have
demonstrated a significant association
with future acute coronary syndrome,
including the “napkin-ring” sign (ring-like
attenuation in the noncalcified portion of
the mixed plaque), spotty calcification,
low attenuation plaque, a large necrotic
core, circular enhancement, and positive
remodeling. The prevalence of these
features is low, however, with limited
sensitivity (~40%) and positive predictive
value (~20 %) to predict plaque
rupture.'®'* CCTA is ideal for noninvasive
plaque characterization and can identify
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phenotypic alterations in plaque characteristics when serial
studies are performed. Several studies observed favorable
changes in plaque composition, including a decrease in total,
noncalcified, and low-density noncalcified plaque volumes
among patients who achieved > 10% reduction in low-density
lipoprotein levels.®'® Despite this, the most powerful predictor
of outcomes is the level of disease burden rather than type of
plague. As with CAC, the extent of disease burden seen by
CCTA is a very strong prognostic predictor as shown in multiple
studies.'®

Several recent studies have indicated that the plaque burden
detected by CCTA is more effective than luminal stenosis at
providing incremental predictive value of abnormal invasive
fractional flow reserve (FFR) and predicting myocardial
ischemia detected by stress positron emission tomography.' 87

PHYSIOLOGIC ASSESSMENT WITH CCTA

While CCTA is extremely sensitive in detecting CAD and
excluding significant coronary luminal stenosis, it is limited by a
relatively modest positive predictive value (mainly in very calcific
lesions). Similar to ICA, the correlation between stenosis seen
on CCTA versus functional testing (such as noninvasive SPECT
or PET and invasive FFR) is at most modest. Fortunately, it is
possible to extract functional information from the anatomical
assessment provided by CCTA. The most validated techniques
include stress-rest myocardial perfusion assessment using

a vasodilator and a purely post-processing approach that
assesses FFR derived by CCTA.

FRACTIONAL FLOW RESERVE ASSESSMENT

Fractional flow reserve derived by CCTA (FFR_,) is a
noninvasive tool that evaluates coronary anatomy including
plaque burden, stenosis, luminal diameter, and left ventricular
mass; with this information, it then models a simulated
hyperemic blood flow response from a resting CCTA by
computerized post-processing without actually inducing
hyperemia or using a pharmacologic stress agent. The

cutoff for an abnormal study is < 0.8. In a recent large-scale
multicenter trial, FFR; accurately reclassified 68% of CCTA
false positives to true negatives without a compromise in
sensitivity.'® In patients with chronic stable angina, FFR ; is
also a gatekeeper that helps determine who would benefit from
ICA or revascularization. In the invasive arm of the PLATFORM
(Prospective Longitudinal Trial of FFR_,: Outcome and
Resource Impacts) trial, FFR., led to safe cancellation of ICA in
61% of patients with chronic stable angina. FFR; has similarly
demonstrated safe cancellation of ICA in 75% of high-risk

and 91% of low- to intermediate-risk patients with nonacute
symptoms who were scheduled for ICA.'*2° Some studies have
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shown that FFR ;. in emergency room patients with acute chest
pain is feasible and may help determine which patients would
benefit the most from ICA or revascularization.?'

There are some disadvantages to FFR ., such as increased
cost, slower turnaround (from sending the data to be
processed), lack of precision, and rejection of images with
significant calcification and motion.?” FFR . has not been
tested in patients with a history of revascularization. The clinical
significance of an intermediate or borderline value (0.75 to
0.80) or abnormal value in diffusely diseased vessels without
discrete stenosis is not well established. The technology seems
to have found its niche assessing CAD using CCTA in patients
with intermediate lesions, particularly those with lesions in
multiples vessels (Figures 2, 3).

In late 2019, the US Food and Drug Administration (FDA)
approved the HeartFlow Planner (HeartFlow, Inc.), a virtual
modeling tool for CAD. This technique appears to rely heavily
on the quality of the underlying computational models and
sophisticated boundary conditions and requires a few hours
for computation. However, there are new methods of machine
learning (ML) that accelerate the diagnostic processing time
from hours to minutes. The ML-based FFR ., model was trained
using a deep learning model to integrate the complex nonlinear
relationship between the various features extracted from the
coronary tree geometry. However, its clinical utility is not well
tested.?>24

CT PERFUSION IMAGING

Cardiac CT perfusion imaging allows comprehensive
noninvasive functional assessment of CAD, similar to nuclear
perfusion imaging with SPECT or MRI. Using pharmacologic
vasodilator agents such as regadenoson or adenosine, cardiac
CT perfusion imaging shows the uptake of contrast material
during first-pass acquisition. Since the distribution of contrast
material depends on arterial blood supply, myocardial perfusion
defects appear as areas of low contrast attenuation (Figure

4), thus allowing for accurate identification of ischemia.*2528
Infarcted or nonviable myocardium is seen as hypoattenuating
areas with diminished contrast in rest and stress, whereas a
perfusion defect in stress but not in rest indicates myocardial
ischemia, likely both macro- and microvascular in origin. CT
myocardial perfusion imaging can be performed in either static
or dynamic mode. The more-studied static option is ECG gated
at systole, which can be performed with single or dual energy
CT. It captures a single time point (arterial phase) as iodinated
contrast passes through the cardiac anatomy, allowing for
qualitative and/or semi-quantitative assessment of myocardial
CT perfusion. In contrast, dynamic or time-resolved myocardial
CT perfusion imaging is done multiple times as the contrast
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Figure 2.
Fractional flow reserve computed tomography (FFR ;) case of a 58-year-old man. (A) Multiplanar reformation of the coronary computed tomography

angiograph (CTA) demonstrating calcified and noncalcified atherosclerotic plaque in the proximal and mid left anterior descending artery associated

with positive remodeling. Note the moderate stenosis in the proximal lesion with calcified plaque and moderate-to-severe stenosis in the mid lesion with

predominantly noncalcified plaque. (B) FFR_; analysis added to coronary CTA to assess the hemodynamic significance. FFR . across the proximal left anterior

descending coronary artery (LAD) was 0.75 and across the mid and distal lesion was 0.60, suggesting the likelihood of hemodynamic significance. (C) Invasive

coronary angiography showed sequential lesions from the proximal to mid LAD with the mid LAD lesion having an instantaneous wave-free ratio value of 0.72.

transits from the aorta, coronary arteries, the myocardium,
and cardiac veins, which allows quantitative assessment of
myocardial blood volume and reserve.?

Myocardial CT perfusion imaging has several advantages

over FFR_; in that it is not affected by calcified plaque, patient
motion, or inadequate patient cooperation during breath
holding. Adding CT perfusion imaging to standard CCTA also
improves diagnostic accuracy for identifying hemodynamically
significant obstructive coronary artery stenosis.?®3° Multicenter
trials have shown that both myocardial CT and MR perfusion
imaging have comparable diagnostic accuracy in detecting
CAD, with CT perfusion having higher sensitivity.?%23
However, a main disadvantage of CT perfusion imaging is
patient exposure to higher radiation and dosing of an additional
contrast agent. Also, it lacks clear optimal cut-off values of
quantitative parameters to identify ischemia, such as myocardial
blood volume and flow.

CCTA FOR MANAGING STABLE PATIENTS WITH CHEST PAIN AND
SUSPECTED CAD

Past strategies using clinical and stress testing for evaluating and
managing stable patients with chest pain and suspected CAD
have been suboptimal in terms of referring for diagnostic ICA. A
large national registry showed that two-thirds of patients referred
for ICA had normal or nonobstructive (< 709%) stenosis on invasive
angiography.® In view of its versatility in assessing the coronary
arteries, CCTA presents as a potentially superior initial strategy.

Several recent clinical trials using CCTA as the initial test in
patients with chest pain have demonstrated similar or even
superior clinical outcome benefit than standard of care. In the
more recent SCOT-HEART (Scottish Computed Tomography
of the HEART) and PROMISE (Prospective Multicenter
Imaging Study for Evaluation of Chest Pain) trials, the use of
CCTA resulted in a higher rate of ICA than standard care alone
(SCOT-HEART) or functional testing (PROMISE). In the SCOT-
HEART trial, patients who underwent CCTA for assessment

of stable chest pain had a lower subsequent risk of death from
coronary heart disease or nonfatal myocardial infarction than
those who received standard care alone. ICA and coronary
revascularization are more likely to be used appropriately in
patients who receive a correct diagnosis of coronary heart
disease. In turn, patients who receive a correct diagnosis are
also more likely to receive appropriate preventive therapies

and may be more motivated to implement healthy lifestyle
modifications. In addition, the SCOT-HEART trial encouraged
initiation of secondary prevention strategies in patients with
nonobstructive CAD and consequently increased prescribing of
antiplatelet therapy in this group. The identification of disease

is inextricably linked to downstream changes in lifestyle,
initiation and intensification of preventative therapies, and the
judicious use of coronary revascularization. Previous studies
have suggested that the use of CCTA is associated with higher
early rates of both ICA and coronary revascularization. However,
beyond 12 months, rates of ICA and coronary revascularization
were higher in the standard-care group than in the CCTA
group.32:%
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Figure 3.
Fractional flow reserve computed tomography (FFR ;) case of a 58-year-old man with recurrent chest

pain for 2 months. (A) Coronary computed tomography angiography (CCTA) showed the presence of

noncalcified plague and moderate stenosis (70%) in proximal and mid-left anterior descending artery

(LAD). (B) Invasive coronary angiography (ICA) showed LAD had a long lesion with 70% stenosis. (C)

FFR, calculated with computational fluid dynamics (CFD). (D) FFR; using machine learning algorithm.

The FFR ; values with CFD and machine learning were 0.76 and 0.67, respectively. Both were positive

with different value. The invasive catheter-derived FFR (as the gold standard) was 0.74. The patient

was treated with a stent placed in the LAD.

Before CCTA, patients without inducible
ischemia were assumed to be free of
obstructive CAD despite the possibility
that they may have nonobstructive CAD.
However, large-scale CCTA registries
have since shown the cardiovascular
risk of nonobstructive CAD. Given

that statin and aspirin prescriptions
significantly increase upon abnormal
findings by CCTA like the presence of
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atherosclerosis, tailored treatment for
nonobstructive CAD would improve

the prognosis of these patients and
contribute to the socioeconomic
impact.'®2022 Recent studies have
demonstrated an improvement in
event-free survival among patients with
extensive nonobstructive CAD who take
statins versus those who do not.%® In
addition, there is compelling evidence

REVIEW

that CCTA use in the emergency room
to evaluate acute chest pain/possible
ACS is safe, effective, and may be cost
effective in terms of reducing hospital
admissions, downstream testing, and
associated costs for patients with low-to-
intermediate-risk acute chest pain.'®

ROLE OF CCTA FOR PATIENTS NEEDING
BYPASS SURGERY

In a multicenter study of 223 patients with
left main or triple-vessel CAD, Collet and
colleagues randomized heart teams to
evaluate the extent of CAD using either
CCTA or conventional angiography, with
each team blinded for the other modality.
Treatment decision making based on CCTA
showed high agreement with the decision
derived from conventional coronary
angiography. Coronary artery bypass
grafting was recommended for 28% of
patients on the basis of CCTA and 26%
with conventional angiography, suggesting
the potential feasibility of treatment
decision making and planning based solely
on CCTA and clinical information.®”

ROLE OF CCTA FROM AN
INTERVENTIONALIST PERSPECTIVE

The role of CCTA as a gatekeeper

for ICA has increased the ratio of
interventional to diagnostic procedures.
Noninvasive CCTA is the only imaging
technique that can quantify lesion length
and vessel size before even initiating
ICA. The detailed morphological
characterization of coronary anatomy
and plaque distribution provided by
CCTA may also be useful in evaluating
bifurcation lesions and provide insight as
to the most appropriate PCI bifurcation
technique.®® CCTA can predict possible
complications during PCI (eg, slow-flow
or no-reflow phenomenon) due to plaque
characteristics such as low-attenuation
plaque and a napkin ring-like appearance
of culprit lesions shown on a CCTA CT-
SYNTAX score.®® This score has been
shown to correlate well with the invasive
SYNTAX score, has high reproducibility,*

81



REVIEW

Figure 4.
Functional coronary computed tomography angiography (CCTA) imaging: Case of 28-year-old man

METHODIST DEBAKEY CARDIOVASCJ | 16(2) 2020

with precordial discomfort for 1 month. (A) CCTA images showed the presence of noncalcified plaque

and >70% stenosis in proximal left anterior descending artery. (B) Invasive coronary angiography

images confirmed the left anterior descending artery stenosis as about 70%. (C) CT-derived fractional

flow reserve (FFR ;) computed using machine learning algorithm; the FFR . was positive of 0.74. (D, G)

Short-axis images of myocardial blood flow (MBF) and myocardial blood volume (MBV) in adenosine-

stress dynamic CT perfusion (CTP); the stressed dynamic CTP images manifested the reduced values

of MBF and MBV in the apical and middle segments of the anterior and lateral wall. (E, H) Long-axis
of CTP images showed reduced values of both MBF and MBV on apical and anterior wall of the left
ventricle. (F, I) Bulls-eye diagram images show the quantitative values of both MBF and MBV. Courtesy

of Drs.Na Zhao and Yang Gao.

and reflects the severity of CAD, which
has prognostic implications and can
assist with decision making regarding
myocardial revascularization.

Myocardial bridging is easily identified
with CCTA. However, bridging of the
left anterior descending coronary artery
imposes a higher technical difficulty for

bypass surgery and has been associated
with higher rates of complications,
including perforation of the right ventricle;
therefore, preoperative identification with
CCTA can potentially help with planning
the revascularization procedure.*!

Coronary chronic total occlusions
(CTOs) are complex lesions that have

> 999% obstruction for > 3 months

and are responsible for a clinically
significant decrease in blood flow

(TIMI O-1 flow). Several studies have
demonstrated the value of CCTA in
predicting recanalization success

rates and optimizing the preprocedural
planning of CTO percutaneous coronary
revascularization through scoring similar
to the KCCT (Korean Multicenter CTO
CT Registry) and CT Rector (Computed
Tomography Registry of Chronic Total
Occlusion Revascularization) scores.
This includes features such as length

of the occluded segment, presence of
more than two complete occlusions,
amount of calcification, presence of a
blunt stump, bending and tortuosity of
the proximal vessel and/or occluded
segment, and presence of a side
branch.*%#24% Preprocedural planning

is key for the success and safety of the
procedure as demonstrated in Figure 5.
When co-registered with the angiogram,
CCTA can also provide a live roadmap
to help guide the wire towards the distal
true lumen, avoid side branches, and
determine the most suitable reentry zone,
thus ensuring that the wire moves in the
intended course and reducing the need
for contralateral contrast injections.

HYBRID APPROACH VIRTUAL STENTING

Ihdayhid and colleagues conceptualized
an “interventional planner” in which a
model is created to simulate a coronary
artery after PCI, thus allowing the
calculation of a post-PCI FFR_; Using
this preprocedural model to determine
postprocedural physiology offers another
opportunity to guide the interventionalist
with revascularization decision making.
We anticipate some feasibility studies in
the future.*®

LIMITATIONS
Controversy remains regarding the use
of anatomical versus functional testing

to guide revascularization in patients
with stable ischemic heart disease.
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KEY POINTS

 Cardiac computed tomography
angiography (CCTA) is emerging
as the initial test of choice in low-
and intermediate-risk patients with
suspected coronary artery disease
(CAD).

* In additional to stenosis
assessment, CCTA can depict
atherosclerosis burden, determine
functional significance of a
stenotic lesion, and guide the
management and treatment of
stable CAD.

* Patients with suspected CAD
who underwent CCTA as an initial
test had similar or possibly better
outcomes compared to standard
of care.

Keywords:
cardiac computed tomography angiography,
coronary artery disease, CT fusion imaging
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