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Although invasive coronary angiography has been the gold standard for evaluating coronary artery disease
(CAD), it should not be routinely performed as an initial test to assess CAD in subjects with suspected CAD
by the recent guidelines, due to cost, invasiveness, and measurable risk. Coronary computed tomography
angiography (CCTA) is a rapidly growing, noninvasive imaging modality that developed quickly over the last
decade, and its role for evaluation of CAD becomes of great promise with high diagnostic accuracy. Although
artifact issues have created some challenges for CCTA, recent advances—including the introduction of more
detectors, leading to broader coverage, and faster and higher-definition scanners—allow improved precision
and fewer uninterpretable studies. This review article summarizes the current key literature regarding the
diagnostic accuracy of CCTA in native coronary arteries, stents, coronary artery bypass grafts, lesions with
high calcification, and the functional assessment of CAD.

Introduction
The rapid development of coronary computed tomography
angiography (CCTA) over the past decade improves
the ability to noninvasively visualize and assess cardiac
anatomy, especially coronary arteries. The advances in the
temporal and spatial resolution of CCTA allow valuable
information to be available to physicians that was not
previously available by noninvasive methods. The new
generations of cardiac computed tomography (CT) have
made very rapid improvements in both image quality
and diagnostic accuracy. Some improvements include
increased number of detectors, more volumetric coverage,
the introduction of dual-source and dual-energy scanners,
high-definition detectors, and advanced workstations. Since
the earlier introduction of CCTA, it has been compared
with other, more established modalities such as invasive
coronary angiography (ICA), and many studies proved
the high diagnostic accuracy of CCTA.1–3 According to
the recent European Society of Cardiology guidelines
and American College of Cardiology Foundation/American
Heart Association appropriate-use criteria, CCTA is a level
IIa recommendation as an alternative to the stress test for
ruling out stable coronary artery disease (CAD) in patients
with low to intermediate pretest probability.4,5 This review
article summarizes the current key literature regarding the
diagnostic accuracy of CCTA in native coronary arteries,
stents, coronary artery bypass grafts (CABG), lesions
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with high calcification, and the functional assessment
of CAD.

Diagnostic Accuracy of Coronary Computed Tomography
Angiography
Assessment of Native Coronary Arteries

The diagnostic accuracy of CCTA for native coronary
arteries had been established by numerous previous studies,
including 3 multicenter studies, with very high sensitivity
ranging between 85% and 99% and negative predictive
value (NPV) ranging between 83% and 99%.1–3 Given
the recent technology, CCTA provides greater spatial and
temporal resolutions, as well as broad coverage, which
allows fewer artifacts and better image quality. The largest
temporal resolution improvement was achieved with the
introduction of dual-source CT,6 which has made cardiac
scans less affected by the heart rate, eliminating the need for
postprocessing dual-segment reconstruction algorithms and
resulting in better image quality in patients with higher heart
rates or arrhythmias.7 Ropers et al. observed that there was
no difference in diagnostic accuracy between patients with
heart rates of ≥65 beats per minute (bpm) and <65 bpm.8

The development of broad detector (256-slice and 320-slice)
systems allows volumetric scanning. The 64-slice CCTA can
scan 40 mm of z-axis coverage per rotation; thus, 3 rotations
are needed to cover the entire heart, which may cause gaps
and artifacts, especially in patients with heart-rate variability.
On the other hand, the new 256-slice and 320-slice systems
have a wider coverage, with 80 mm to 160 mm per rotation
with 1 to 2 heartbeats, which allows for fewer misregistration
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artifacts.9 Several studies demonstrated that 320-slice CCTA
resulted in very high sensitivity of 93% to 100%, NPV of
94% to 100%, and high diagnostic accuracy compared with
ICA.10–14 When compared with patients undergoing 64-
slice CCTA, however, previous studies showed significant
difference in image quality among those undergoing broad
detectors with 256-slice or 320-slice CCTA,15,16 while not
improving diagnostic accuracy.11,17

Assessment of In-stent Restenosis

The evaluation of stents by CCTA is still more challenging
than that of native coronary arteries.18 According to the
recent meta-analysis studies, the diagnostic accuracy of
stents is ∼90%, with sensitivity of 89.7% to 90%, specificity
of 91% to 92.2%, positive predictive value (PPV) of 72.5%,
and NPV of 97.4%.19,20 Potential reasons for the lower
accuracy compared with that of native coronary arteries
are 3 types of artifacts: motion, beam hardening caused by
metallic stents, and partial volume from highly attenuated
stent struts.18 Indeed, when investigated nonassessable
segments are included, the sensitivity significantly drops
to 79% and specificity drops to 81%.20 Heart-rate control is
important for not only feasibility of native coronary arteries
but also coronary stents and result in higher feasibility.
Andreni et al demonstrated heart rate >60 bpm provided
3% reduction of diagnostic accuracy of in-stent restenosis
(ISR) compared with <60 bpm.21 The stent size or thickness
also plays an important role. Visualization of smaller stents
is more challenging and these can be nonevaluable; stent
evaluability increases if stent diameter is ≥3 mm.21–24 In
the study by Andreni et al, the sensitivity, specificity, PPV,
NPV, and accuracy were 67%, 78%, 57%, 85%, and 75%,
respectively, for stents <3.0 mm in diameter; whereas for
stents ≥3.0 mm in diameter, the sensitivity, specificity,
PPV, NPV, and accuracy were 89%, 100%, 100%, 97%, and
98%, respectively.21 In this regard, the current appropriate-
use criteria suggest that CCTA should be done only for
patients who have stents ≥3 mm in diameter or a stent in
the left main coronary artery.25 In addition, thinner stents
have a higher diagnostic accuracy (98%) compared with
thicker stents (93%).21 Although the diagnostic accuracy of
stents was investigated by visual assessment in the most
previous CCTA studies, our group previously demonstrated
the unique technique for quantitative assessment of stents
using the different contrast densities in coronary arteries.
Abdelkarim et al found that a significant density drop
(in Hounsfield units [HU]) >19% inside the lumen stent
compared with a reference vessel was associated with
ISR, with high sensitivity and specificity for stent diameter
≥2.5 mm.26 This technique may have a potential role in
assessing coronary stents by the different approach and
solving the major issue of blooming artifacts with stents.

The introduction of the high-definition CT scanner
(HDCT) provides higher resolution with superior spatial
resolution of 0.23 mm27 and the ability to reconstruct
images with an adaptive statistical iterative reconstruction
(ASIR) algorithm.28 This provides superior results for stent
visualization, allowing even smaller-diameter stents or stents
with heavy calcification to be more accurately evaluated
and ISR better detected.29–33 In a study investigating 180

patients undergoing both ICA and intravascular ultrasound
(IVUS) for detection of ISR, beam-hardening artifact was
lower with HDCT with a diagnostic accuracy of 96%,
compared with 91% with standard definition CT (SDCT).
The correlation was higher between HDCT and ICA.32

A recent in vivo study by Fuchs et al compared HDCT
vs SDCT, finding that imaging quality was superior with
HDCT with decreases in partial volume artifacts, lower
luminal attenuation, and larger mean measured in-stent
luminal diameter (1.2 ± 0.4 mm vs 0.8 ± 0.4 mm, P < 0.05)
compared with SDCT.33 Having small-diameter stents with
heavy calcification is not uncommon; HDCT can be a
good choice for detection of ISR for stents with smaller
diameter (<3 mm) where using SDCT is more challenging
and leads to more nonevaluable stents. New techniques
using CT myocardial perfusion imaging in stent patients
may further enhance CT capabilities to accurately discern
ISR and decrease uninterpretable studies.

Assessment of Coronary Artery Bypass Grafting

Coronary computed tomography angiography can be
used to assess the patency of CABG cases with high
diagnostic accuracy compared with ICA and even with a
better performance than assessment of native coronaries.
This superior diagnostic accuracy may be due to the
following reasons: fewer motion artifacts (grafts have less
motion through the cardiac cycle than native coronary
vessels do), larger vessel diameter of grafts, and lower
propensity to develop calcified plaques compared with
native coronaries.34,35 In a meta-analysis by Hamon et al,36

the diagnostic accuracy of assessing grafts by CCTA was
exceptionally high (sensitivity, 97.6%; specificity, 96.7%; and
NPV, 98.9%). Coronary computed tomography angiography
also can allow visualizing of these closures by the ‘‘stump’’
on the aortic wall or actual closed graft lumen.37 Two
studies investigated CCTA accuracy in graft visualization.
One demonstrated 2 cases out of 147 in which grafts were
patent by CCTA after being deemed closed by ICA, and the
second found 3 grafts out of 96 with patency only detected
by CCTA.38,39 Coronary computed tomography angiography
can be a useful noninvasive method for diagnosis of coronary
artery stenosis in CABG patients with a higher diagnostic
accuracy, exceeding that of native coronary arteries, and
the advantage of visualizing grafts that cannot be detected
or accessed by ICA.

Assessment of Coronary Arteries With High Calcium Score

A heavily calcified coronary artery is a notable problem
that can reduce diagnostic accuracy of CCTA. The potential
mechanism underlying the reduced accuracy in calcified
lesions may be explained by the extent, density, or volume
of calcification as well as the size of the coronary artery.
A recent publication by Kruk et al40 extensively examined
the impact of specific calcified plaque characteristics on
diagnostic accuracy of CCTA when compared with stenosis
severity quantitatively assessed by IVUS.40 In this study
examining 60 patients, lumen underestimation by CCTA
was observed in 16.3% of calcified lesions, due to the
extensive calcified plaque with calcium arc ≥47 degrees
and a smaller lumen diameter with ≤2.8 mm. By contrast,
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the excessive lumen overestimation by CCTA was less
likely to be observed in only 8.3% of calcified plaques. This
underestimation is caused by 2 features including maximum
calcium density <869 HU, calcium length <2.4 mm, or
total calcium volume <6.4 mm3. This may be explained
by a limited spatial resolution of CCTA compared with
IVUS.40 Coronary artery calcium score (CACS) scanning
is an emerging tool to identify the presence and extent
of coronary artery calcium, as well as to stratify risk of
future cardiovascular events.41,42 Also, CACS may be used
as a gatekeeper to avoid unnecessary CCTA among patients
with higher CACS.43 Current appropriate-use criteria of
CCTA noted the diagnostic yield among patients with CACS
≥400 is still uncertain.44 In several multicenter studies
and current meta-analyses,1,45,46 a higher CACS (≥400 or
≥600) provided 35% to 48% reduction of specificity, while
not reducing sensitivity. Thus, the recent guideline does not
recommend performing CCTA for patients with very high
CACS, and these patients ought to be sent for functional
examination or directly undergo ICA based on their pretest
probability of CAD.4

Dual-energy imaging allows for subtraction algorithms
to remove calcium and improve the evaluation of coronary
artery segments with heavy calcification.9,47,48 This fast-
switching dual-kVp algorithm removes calcification. The
first studies were done using ex vivo human heart
specimens.49 The technique is to use the 2 tube voltages,
between 80 kVp and 140 kVp, in 1 gantry rotation,
which gives different attenuation measurements based on 2
projections of data, allowing for removal of calcification from
the coronary artery. The potential issue is that additional
radiation is required; however, this method may be clinically
useful to improve evaluation of older patients with high
levels of coronary calcification. Clinical studies examining
the utility of this technique to assess CAD are currently
underway.

Physiological Assessment of Coronary Artery Disease
(Perfusion, Fractional Flow Reserve Computed Tomography,
and Transluminal Contrast Attenuation Gradient)

Several recent studies have demonstrated that CCTA can
measure anatomical as well as hemodynamic significance
of CAD. Because the severity of stenosis in CAD does not
always equate to physiological significance, hemodynamic
assessment by CCTA could be considered across a broad
spectrum of clinical settings as additional information
for symptomatic patients who have possible coronary
stenosis.50,51 There are 3 methods to evaluate physiological
ischemia of CAD by CCTA to date: CT perfusion (CTP),
transluminal contrast attenuation gradient (TAG), and
fractional flow reserve CT (FFRCT).
Computed Tomography Perfusion: For a few decades,
numerous studies demonstrated the accuracy of physio-
logical assessment by myocardial perfusion single-photon
emission computed tomography (SPECT) imaging (MPI)
for subjects with suspected CAD,52 which has been widely
used in a clinical setting. By the same principle, CCTA
recently allows the assessment of myocardial perfusion to
identify the hemodynamic significance of coronary artery
stenosis. Computed tomography perfusion was validated,

with good results, in multiple studies comparing it with
other diagnostic modalities including SPECT, ICA, or inva-
sive FFR. A meta-analysis by Tashakkor et al included 5
studies with 132 patients comparing CTP to MPI with good
sensitivity (87%) and NPV (83%) but not high specificity
(69%) or PPV (72%), which leads to high false-positive rates
with CTP.53 Similarly, in the same meta-analysis with the
3 studies including 94 subjects compared with ICA, high
sensitivity and NPV were demonstrated, but high speci-
ficity and PPV were not, a finding that is possibly explained
by motion or beam-hardening artifacts.53 Based on this
meta-analysis, CTP alone does not have sufficiently high
accuracy to identify physiological significance of CAD when
compared with other modalities. The incremental value of
combined CTP + CCTA to improve accuracy of anatomic
and hemodynamic significance of CAD was investigated in
multiple studies.53 The recent Coronary Artery Evaluation
Using 320-Row Multidetector CT Angiography (CORE320)
study54 was the first prospective multicenter study to inves-
tigate the incremental diagnostic value of CTP over CCTA
compared with the combination of ICA and MPI, which
are the gold standards to date for identifying anatomical
and hemodynamic significance of CAD. This study enrolled
381 patients age 45 to 85 years, including 34% of subjects
with a history of CAD. The authors demonstrated that the
combination of CTP and CCTA provides the good diagnos-
tic accuracy to predict hemodynamic significance of CAD
among the whole cohort (area under the curve [AUC]:
0.87), patients without myocardial infarction (AUC: 0.90),
and those without prior CAD (AUC: 0.93) when compared
with diagnostic accuracy of ICA and MPI.54 Computed
tomography perfusion may also add the incremental diag-
nostic value of CCTA among patients with stents. Rief et al
investigated 91 subjects who underwent PCI and stents in
the CORE320 study.55 They observed that CTP improved
the diagnostic performance for detection of ISR and CAD
(CCTA + CTP vs CCTA alone; 87% vs 71%, P < 0.001). The
hemodynamic assessment could be a potential to improve
diagnostic accuracy in particular among subjects with stents
or heavily calcified coronary arteries. As a single noninva-
sive test, CCTA + CTP can be used for assessment of CAD
stenosis and a guide for patient selection to undergo revascu-
larization procedures. However, CTP requires both resting
and stress scans, with additional radiation and contrast. In
CORE320, there was an approximate 3× increase in the
radiation dose of CCTA when combined with CTP (CCTA
vs CTP vs CTP + CCTA; 3.16 vs 5.31 vs 9.32 mSv).54

Fractional Flow Reserve by Computed Tomography: Mea-
surement of FFR by ICA is the gold-standard method
for evaluating the hemodynamic significance of coronary
artery stenosis that could cause ischemia. This can be
done by measuring the blood flow proximal and distal to
the stenosis during maximal hyperemia.56 Recent advances
in CT allow this noninvasive modality to measure FFR
(FFRCT); FFRCT was calculated using computational fluid
dynamics applied to CCTA images during rest and maxi-
mal hyperemic state.57 In the Diagnosis of Ischemia-Causing
Stenoses Obtained Via Noninvasive Fractional Flow Reserve
(DISCOVER-FLOW) study, which was the first study to
investigate novel computational fluid dynamics to nonin-
vasively assess the physiological effect of coronary artery
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lesions, FFR by ICA and FFRCT measurements were well
correlated (r = 0.717, P < 0.001) with a slight underestima-
tion by FFRCT.57 In 103 patients, the accuracy by FFRCT
was 84.3% to detect ischemia with FFR ≤0.80 and for CCTA
alone was 58.5% to detect stenosis ≥50%. In per-vessel
analysis, FFRCT improved 15% of accuracy to detect func-
tionally significant CAD compared with anatomical stenosis
severity with ≥50% (AUC for FFRCT vs CCTA: 0.90 vs
0.75, P = 0.001).57 Subsequent to this study, in the larger,
multicenter, prospective Determination of Fractional Flow
Reserve by Anatomic Computed Tomographic Angiogra-
phy (DeFACTO) study, with 252 patients with suspected or
known CAD, FFRCT similarly improved diagnostic accuracy
over CCTA, using invasive FFR ≤0.80 as a gold standard
(CTA alone vs FFRCT: 0.68 vs 0.81, P < 0.001).58 The FFRCT
technique is still evolving, and each image requires a com-
putationally complex 3 to 4 hours of time on an off-site
supercomputer to solve equations describing fluid dynam-
ics; yet the high sensitivity and NPV for this novel method
that can combine anatomical and physiological assessment
in 1 test, without additional medication, scans, radiation,
or contrast, are quite promising. It allows identification of
ischemic lesions with unprecedented accuracy as compared
with other noninvasive modalities.
Transluminal Contrast Attenuation Gradient: Transluminal
contrast attenuation gradient is another method that
can be used for functional assessment of stenosis by
determining the change in the contrast opacification (by
measuring the reduction in HU) along coronary arteries;
this reduction can occur faster in stenosed coronaries.
Transluminal contrast attenuation gradient is defined as
a linear-regression coefficient between luminal attenuation
and axial distance from the coronary ostium.59 Steigner et al
first assessed TAG using 320-slice CCTA and found that
gradients were linear and reproducible across 36 patients
with normal coronary arteries.59 Transluminal contrast
attenuation gradient was not significantly different between
3 major coronary arteries used for calculation, but they
noted that cardiac phases, heart rates, body mass index,
and different readers might affect results. Using the same
method, they also assessed 22 patients with ≥50% stenosis
in the left anterior descending artery and found a significant
difference in the gradient between normal and diseased
coronaries.59 Choi et al investigated TAG using 64-slice
CCTA and found incremental value when added to CCTA in
classification of CAD stenosis severity by ICA.60 A few recent
studies have demonstrated the correlation between TAG
and invasive FFR to evaluate functional severity of CAD.61,62

Wong et al was the first to investigate 320-slice CCTA in TAG
measurements, observing good correlation between TAG-
calculated and invasive FFR among 54 patients with stable
chest pain.61 In this study, a −15.1 HU/10 mm cutoff was
found to predict FFR ≤0.8, with a bootstrapped sensitivity
of 77% and specificity of 74%, PPV of 67%, and NPV of
86%. There was an incremental value to detect functionally
significant coronary artery stenosis with improved AUC
from 0.81 for TAG alone or 0.79 for CCTA alone to 0.89 for
combined CCTA and TAG to predict significant FFR ≤0.8.61

By contrast, Yoon et al investigated the relation of TAG to
other functional assessment by invasive FFR and FFRCT
among 65 patients who underwent 64-slice CCTA.62 In this

study, TAG did not provide incremental diagnostic value
of CCTA to predict functional stenosis severity by invasive
FFR (AUC for FFRCT: 0.94, compared with TAG: 0.63,
P < 0.001, and CCTA stenosis: 0.73, P < 0.001).62 Similar to
FFRCT, this method does not require any additional scans,
contrast, or radiation. In contrast to FFRCT, only simple
measurements of HU are required for TAG in coronary
arteries, without an off-site computation.

Conclusion
Coronary computed tomography angiography has been
a reliable noninvasive imaging test that can substantially
contribute to the assessment of CAD with high diagnostic
accuracy, guiding clinical decisions in patients with low
to intermediate pretest likelihood of CAD. Coronary
computed tomography angiography has excellent results
in assessment of native coronary arteries and CABG. The
recent development in CT techniques allows it to evaluate
challenging cases, such as coronary artery stents of smaller
diameter, with improved diagnostic accuracy. New methods
have been developing and require further investigation to
assess coronary arteries with heavily calcifications. Finally,
the ability to combine anatomical and physiological cardiac
evaluation in a single examination is a promising new
technique that can provide further optimization for the
assessment of patients with suspected or known CAD.
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