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Abstract
In patients with stable symptoms suggestive of coronary artery disease (CAD), coronary CT angiography (CTA) allows for 
assessing several aspects of coronary atherosclerosis. Coronary artery stenoses are reliably detected, plaque formation can 
be quantified and characterized as calcified or non-calcified, and markers of potential instability such as expansive vascular 
remodeling, spotty calcification, and atheroma size can be described. As opposed to invasive coronary angiography, CTA 
visualizes the vessel lumen and wall. Being a purely anatomic test, even small plaques are detected with excellent sensitivity. 
At the other end of the spectrum, the hemodynamic significance of large plaque burden is sometimes overestimated. This may 
in part be corrected using mathematical modeling. Computational fluid dynamics of vascular anatomy and subtended myo-
cardial mass provide for measures of CT-based fractional flow reserve (FFRCT). Large prospective trials have demonstrated 
the diagnostic utility of CTA in particular for ruling out obstructive CAD. The ability to detect non-obstructive plaque allows 
for improved risk prediction in comparison with functional testing, because even patients with sub-clinical atherosclerosis 
can be identified and selected for preventive medical treatment. This has led to incorporating CTA as one of several possible 
diagnostic tests for the evaluation of stable CAD in the actual European guidelines. Recently, it has even been forwarded as 
the first-line diagnostic test in the United Kingdom. The clinical implications of novel quantitative CTA-derived parameters 
such as FFRCT and non-calcified plaque volume are being examined in ongoing studies.

Keywords  Coronary angiography · Computed tomography · Coronary artery disease · Non-invasive · Fractional flow 
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Background

Over the past years, the diagnostic value of coronary CT 
angiography (CTA) in patients with stable coronary artery 
disease (CAD) has been firmly established. The current 
guidelines of the European Society of Cardiology (ESC) 
consider it an indication with a IIa class of recommendation 
(“should be considered”) in the presence of a low to interme-
diate pre-test probability of CAD [1]. The English National 
Institute for Health and Care Excellence (NICE) in its 2016 
update recommends CTA as the first-line investigation in 
patients with atypical or typical angina symptoms or in the 
presence of EKG-changes in asymptomatic patients [2]. 

These recommendations are based on published data on the 
diagnostic accuracy of CTA and the prognostic implications.

Compared with all other non-invasive approaches to 
investigating CAD in stable patients, CTA as discussed here 
is based on anatomic information and not on functional-
hemodynamic testing. Strengths and limitations of CTA can 
be derived from this anatomical approach. As opposed to 
invasive coronary angiography (ICA), CTA not only pro-
vides for a luminogram, i.e., not only visualizes the inner 
contour of the coronary vessels, but also allows for inter-
rogating the vessel wall, including plaque formation, non-
calcified plaque volume, extent of calcification, vascular 
remodeling patterns, and further potential markers of unsta-
ble or progressive plaque development. Accordingly, three 
aspects of CAD are visualized: (1) coronary artery stenosis; 
(2) coronary artery plaque formation (presence—calcifica-
tion—volume); and (3) markers of instability such as expan-
sive vascular remodeling, spotty calcification, and atheroma 
size (Table 1). Finally, the anatomic image information lends 
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itself to mathematical modeling using computational fluid 
dynamics, generating CTA-derived fractional flow reserve 
(FFRCT), so that even functional information, albeit purely 
derived from anatomy, can be made available. The clinical 
implications remain to be fully established, but certainly 
CTA is bound for increasing use in patients with stable 
CAD.

Technique

The advances in CTA would not be possible without aston-
ishing technical developments over the past years. In par-
ticular, image quality and robustness have greatly increased. 
Currently, the rotation of the spiral CT X-ray source around 
the patient is possible in ≤ 250 ms. Sometimes, even two 
X-ray sources are installed (“dual-source CT”), complement-
ing each other and thus halving the image acquisition time. 
This is coupled with an increasing number of detector rows, 
allowing for covering larger volumes per time interval. Mod-
ern algorithms employ high-pitch scanning modes, meaning 
increased table speed during rotation of X-ray source/gan-
try in relation to slice thickness. Overall, image acquisition 
times clearly below 100 ms can be obtained (down to appr. 
65 ms), and the complete coronary system can be covered 
within 166 ms. The tube current (mAs) has been steadily 
increased, in turn allowing for decreased tube voltage (kV). 
The combination of this setting together with prospective 
ECG triggering or even “flash imaging” within one cardiac 
cycle, high-pitch image protocols, and up to 400 detector 
rows, accounts for lowering radiation dose down to < 1 mSv. 
In patients weighing < 100 kg who are accordingly prepared, 
a mean radiation dose of 0.3 mSv can be achieved using 
third generation dual-source CT technology [3]. In the Ger-
man Cardiac CT registry, from 2009 to 2014, the median 
value of radiation dose associated with CTA declined from 
5.6 to 2.5 mSv [4].

Patients with stable angina and low risk

Two large trials have analyzed the ability of CTA to diag-
nose stable CAD in a prospective, randomized manner. 
The Scottish COmputed Tomography of the HEART 
(SCOT-HEART) trial examined 4146 patients in 12 cent-
ers in the United Kingdom [5]. Patients with suspected 
angina due to CAD, mean age 57 years, were randomly 
assigned to either undergo CTA in addition to usual care 
(CTA group) or usual care alone (control group). The pri-
mary endpoint was the increase in certainty with which 
after 6 weeks the patients’ angina could really be attrib-
uted to CAD. This endpoint was met in that compared 
with the control group, the certainty of the diagnosis of 
angina due to CAD increased significantly (RR 1.79, CI 
1.62–1.96, p < 0.0001). ICA was more appropriately used 
in the CTA group in that it was more likely to show CAD 
compared with the control group [6]. Preventive medi-
cal therapy was significantly altered, and after a median 
follow-up of 20 months, the rate of fatal and non-fatal 
myocardial infarction was halved in the CTA group [6].

The PROspective Multicenter Imaging Study for Evalu-
ation of chest pain (PROMISE) recruited 10,003 patients 
with symptoms suggestive of CAD in 193 centers in the 
USA and Canada [7]. Their mean age was 61 years. They 
were randomly assigned to either undergo CTA (CTA 
group) or a functional test, i.e., exercise electrocardiog-
raphy, nuclear stress testing, or stress echocardiography 
(control group). Most patients in the control group, appr. 
67%, underwent nuclear stress testing. The primary end-
point was a combination of death, myocardial infarction, 
hospitalization for unstable angina, or major procedural 
complication. Secondary endpoints included invasive car-
diac catheterization not showing significant CAD. Overall, 
median follow-up was 25 months. The rate of the primary 
endpoint was lower than expected, reaching only 3.2% 
in the total study group, and there was no overall differ-
ence between the two study groups. Although patients in 
the CTA group underwent ICA more frequently (12 vs. 
8%), catheterization less frequently showed no significant 
CAD (28 vs. 53%), arguing for a more appropriate use of 
ICA. Accordingly, the rate of revascularization was higher 
in the CTA group (6 vs. 3%) [7]. On the other hand, the 
ability to identify truly normal anatomy and thus a truly 
good prognosis was improved in the CTA group [8]. The 
rate of normal test results was much lower (33 vs. 78%), 
and among these patients, the event rate was only 0.9% 
compared with 2.1% in patients with a normal test result 
in the control group. CTA identified a substantial num-
ber of patients who had no significant CAD but still non-
obstructive coronary plaques. Indeed, these patients were 
the majority (n = 2461, 55%). They could be discriminated 

Table 1   Diagnostic utility of various coronary computed tomography 
angiography parameters

FFR CT  = non-invasive fractional flow reserve based on computed 
tomography angiography

Coronary computed tomography angiog-
raphy measure

Diagnostic utility

Ischemia Prognosis

Obstructive stenosis +++ +++
Non-calcified plaque burden ++ +++
Calcified plaque burden + ++
Expansive remodeling (+) +
Low-attenuation plaque (atheroma) + +
Spotty calcification (+) +
FFRCT +++ +++
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from those with no coronary plaques (n = 1505, 33%) and 
it could be demonstrated that more events occurred in this 
group compared with the latter (3.0 vs. 0.9%). A similar 
risk discrimination of strictly normal vs. mildly abnormal 
test results was not feasible on the basis of functional test-
ing in the control group. In summary, risk stratification 
was improved using CTA [8].

Registry data corroborate the above data from the 
randomized trials. A Danish multicenter cohort study 
confirmed the prognostic implications of detecting non-
obstructive coronary plaque formation using CTA [9]. 
Nearly 17,000 stable patients with symptoms suggestive of 
CAD underwent CTA scanning in the years from 2008 to 
2012. The CT-scanners had as minimum technical require-
ment 64 slices. Patients’ mean age was 57 years, 57% were 
females. They were followed over a median of 3.6 years. 
The main endpoint was a combination of late revascu-
larization > 90 days after CTA, myocardial infarction, 
and all-cause death. The composite endpoint occurred in 
486 patients. Risk of an event was 1.5% in patients with-
out CAD. In comparison, even after adjustment for risk 
factors, increased relative risks were observed both for 
non-obstructive CAD [hazard ratio (HR) 1.28] as well as 
obstructive one-vessel CAD (HR 1.83), two-vessel CAD 
(HR 2.97), and three-vessel/left main CAD (HR 4.41). 
Accordingly, CTA provided for risk discrimination even 
within the patient group without obstructive CAD.

Another registry in Denmark compared the outcome of 
stable patients being diagnosed using CTA or functional 
tests [10]. Out of a total of 86,705 patients with a mean 
age of 57 years, 32,961 underwent CTA. Over a median 
follow-up of 3.6 years, the risk of all-cause mortality 
and myocardial infarction was analyzed. Compared with 
functional testing, there was a significantly higher use of 
medications (statins 15.9 vs. 9.1%, aspirin 12.7 vs. 8.5%) 
in the CTA group. There was also a significant increase in 
catheterization (14.7 vs. 10.1%) and percutaneous revascu-
larization (3.8 vs. 2.1%). After adjustment for risk factors, 
CTA was associated with comparable all-cause mortality 
[hazard ratio (HR) 0.96] and with a decreased risk of myo-
cardial infarction (HR 0.71).

Taken together, these data suggest that the ability of 
CTA to visualize coronary anatomy and identify obstruc-
tive CAD in stable symptomatic patients allows for effec-
tive risk stratification. As opposed to functional testing, 
patients without obstructive CAD can be further catego-
rized into those with truly normal coronary arteries who 
do not need further treatment and those with non-obstruc-
tive plaque formation (Figs. 1, 2, 3). The latter appear 
to benefit from medical therapy with statins and aspirin, 
explaining lower myocardial infarction rates compared 
with functional testing.

Identification of high coronary risk

The ability of CTA to identify obstructive CAD is undis-
puted. Obviously, when using ICA as reference standard, 
comparing anatomy with anatomy, the agreement between 
the two methods is high (Figs. 4, 5, 6) [11]. However, 
because also the vessel wall is shown and not just the 
lumen, there is a tendency for overestimating the degree 
of stenosis compared with ICA. Whereas the sensitivity 
for detecting obstructive CAD has been reported to be 
91–100%, specificity ranged between 37–99% [11]. With 
ICA as the reference, the area under the curve (AUC) 
of CTA for detecting obstructive CAD was 0.97–0.98, 
whereas AUC was 0.62 for exercise stress testing and 0.64 
for nuclear stress testing [11]. A different picture emerged 
when comparing CTA to invasive fractional flow reserve 
[12]. On a vessel-by-vessel level, sensitivity and specific-
ity of CTA were 91 and 58%, and the AUC was 0.85 [12]. 
The decrease in specificity is explained by visual over-
estimation of the hemodynamic effects of large plaques, 
sometimes perhaps also by imaging artifacts related to 
severe calcification, i.e., ‘blooming’ and beam hardening. 
It can be partially compensated for using computational 
fluid dynamics and generating FFRCT (see below).

For over a decade, characteristics of high-risk plaques 
have been analyzed on the basis of CTA [13, 14]. One 
should not forget that the most important predictor of 
events is obstructive stenosis [14]. However, further 
independent risk predictors have been identified such as 
expansive vascular remodeling, low-attenuation plaque, 
and spotty (rather than ‘chunky’) calcification [14, 15]. 
Of note, the immediate precursor plaque of an acute coro-
nary syndrome usually displays a diameter stenosis > 70%. 
However, this is due to recent accelerated plaque growth, a 
hallmark of instability. Plaques being interrogated months 
before the acute event tend to be non-obstructive [15]. 
A large plaque burden attests to previous plaque growth 
and inherent instability. Accordingly, it is interesting to 
quantify coronary atherosclerosis, which is increasingly 
becoming feasible using CTA and semi-automated algo-
rithms [16]. Indeed, non-calcified plaque volume per se 
and CT-features of high-risk plaques can be used as pre-
dictors of myocardial ischemia, independent of stenosis 
severity [17, 18].

The recently published Progression of AtheRosclerotic 
PlAque DetermIned by Computed TomoGraphic Angiog-
raphy Imaging (PARADIGM) study was a prospective, 
multinational registry of patients without history of CAD 
who underwent serial CTA with a minimum inter-scan 
interval of 2 years [19]. At 13 sites in 7 countries, 1255 
patients were included between 2003 and 2015. Plaque 
progression was compared between statin-naïve (n = 474) 
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and statin-taking (n = 781) patients. Plaques in statin-tak-
ing patients displayed a slower rate of overall progression 
but more rapid progression of calcification. The annual 
incidence of new high-risk plaque features was lower. In 
summary, statins appeared to be associated with stabili-
zation of cholesterol-rich plaques toward more calcified 
lesions, probably representing a healing process. Of note, 
an increase in coronary calcification under statin treatment 
has also been reported in serial non contrast-enhanced CT-
studies of coronary artery calcium progression [20].

Can CT angiography yield functional test 
results?

Despite its characteristic of being an anatomic test, CTA can 
be used to generate FFR values, FFRCT, on the basis of com-
putational fluid dynamics (Fig. 7). In the largest trial so far, 
invasively measured FFR was used as the reference standard 
[21]. Ischemia was defined by an FFR-threshold value of 0.8. 
When using FFRCT instead of CTA alone, sensitivity slightly 
decreased from 94 to 86%, whereas specificity increased 
from 34 to 79%. The AUC significantly increased from 0.81 

to 0.90 [21]. A substudy further analyzed the ability to pre-
dict lesion-specific ischemia, demonstrating that apart from 
stenosis assessment and FFRCT, the amount of low density 
non-calcified plaque volume also was an independent pre-
dictor of ischema [18]. In Prospective longitudinal trial of 
FFRCT: outcome and resource impacts (PLATFORM), con-
secutive stable patients with an intermediate pre-test prob-
ability of CAD either underwent usual testing (n = 287) 
or CTA (n = 297) with selective FFRCT [22]. Most of the 
patients were planned for ICA (n = 380). In this study arm, 
among those undergoing CTA and FFRCT, 60% did not need 
to undergo ICA because non-invasive testing could rule out 
obstructive CAD. Accordingly, there was a marked reduction 
in the finding of no obstructive CAD at ICA, and the major-
ity of invasive procedures could be avoided [22].

In the setting of the SYNTAX II trial, CTA was used 
to compute a non-invasive functional SYNTAX score 
[23]. In 77 patients with 3-vessel CAD, CTA measures 
were first used to generate a CTA SYNTAX score simply 
on the basis of the anatomic information provided for by 
CTA and compared to the invasive angiographic SYNTAX 
score. CTA-lesions producing ischemia, i.e., displaying an 
FFRCT ≤ 0.8, were included in the CTA-based functional 

Fig. 1   55-year-old man. Coronary CTA shows some coronary 
plaques, partially calcified. Overall, plaque burden is low. There is no 
suggestion of an increased coronary risk. His brother had suffered an 

acute myocardial infarction at age 48; he had to be resuscitated. LAD 
left anterior descending coronary artery, LCX left circumflex coro-
nary artery, RCA​ right coronary artery
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SYNTAX score and compared to invasive FFR (or instan-
taneous wave-free ratio, iFR) as the reference standard. 
The anatomic CTA-score could be obtained in 86% of 
the patients, the functional non-invasive score in 80. The 
CTA-score overestimated the invasive SYNTAX score, 
whereas the non-invasive functional score on the basis of 
CTA and FFRCT yielded similar results as the invasively 
determined functional SYNTAX score incorporating FFR 
and iFR. Overall, the combination of CTA and FFRCT per-
formed well in patients with 3-vessel CAD [23].

In summary, FFRCT can help to improve the specificity 
of CTA in the presence of indeterminate lesions. Obvi-
ously, the results depend on image quality and source data, 
and even with the most elaborated mathematical algo-
rithms, the basis of the test still is anatomy. Interestingly, 
CTA-studies combining various measures of coronary ath-
erosclerosis have demonstrated that independent of steno-
sis severity and FFRCT, plaque volume also contributes to 
predicting ischemia [17, 18]. Nevertheless, in the pres-
ence of extensive coronary atherosclerosis, CTA some-
times yields low specificity with regard to hemodynami-
cally significant lesions. This is perceived as the method’s 
Achilles’ heel, and FFRCT may help to overcome it.

Fig. 2   45-year-old woman without known cardiovascular risk factors. 
In the exercise stress test done in the setting of a ‘check-up examina-
tion’, electrocardiographic changes suggestive of ischemia had been 
observed. CTA shows heavily calcified plaques in the left anterior 
descending coronary artery, but no obstructive stenosis. The other 

major coronary vessels appear completely normal. Additional risk 
stratification showed normal values for lipoprotein(a), homocysteine, 
and potential markers of a thrombophilic disorder. Abbreviations as 
in Fig. 1
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Fig. 3   79-year-old man with persistent atrial fibrillation and progres-
sive exertional dyspnea. Despite the arrhythmia (see electrocardio-
gram at the top), CTA provides for diagnostic image quality. There is 
a calcified plaque in the proximal left anterior descending coronary 

artery and distal to it a non-calcified plaque with non-obstructive 
stenosis. Obstructive coronary artery disease can be ruled out. The 
cross-sectional images of the non-calcified lesion illustrate the 
amount of remodeling. Abbreviations as in Fig. 1

Fig. 4   63-year-old man with 
atypical chest pain. CTA shows 
voluminous plaque formation 
in the left anterior descending 
coronary artery (LAD), caus-
ing obstructive stenosis. The 
curved CTA image reconstruc-
tion shown here only displays a 
small portion of the overall 
image volume, and the ostium 
of the left circumflex coronary 
artery is leaving the reconstruc-
tion plane; it is not stenotic. In 
the proximal LAD, expansive 
remodeling is apparent. Invasive 
catheterization confirms the 
findings, but only provides for a 
luminogram. Abbreviations as 
in Fig. 1
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Fig. 5   51-year-old man with 
previous stent implantation 
in the left anterior descend-
ing coronary artery and 
atypical angina. Just proximal 
to the stent, CTA visualizes an 
obstructive de novo stenosis, 
confirmed by invasive angiogra-
phy. The previously implanted 
stent has a diameter of 3 mm. 
Its lumen is clearly visible, and 
restenosis can be excluded on 
the basis of CTA​

Fig. 6   69-year-old man with 
diffuse coronary atherosclerosis. 
The Agatston calcium score 
measures 967. A previously 
implanted stent is visualized 
in the left anterior descending 
coronary artery (LAD). Despite 
the extensive calcification, 
obstructive stenoses can be 
ruled in the LAD, including the 
stented vessel segment. In the 
right coronary artery, however, 
a non-calcified plaque is caus-
ing a stenosis, confirmed by the 
invasive angiogram (arrows). 
Abbreviations as in Fig. 1
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