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Among all non-invasive diagnostic methods employed in the work-up of patients with chronic coronary syndromes (CCS),
coronary computer tomography angiography (CCTA) stands out as an excellent integrative tool that provides information
regarding calcium burden, presence and degree of coronary stenosis, type of atherosclerotic plaques, and functional
relevance of such plaques, all in one examination.
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| 1. Introduction

Coronary artery disease (CAD) remains an important cause of morbidity and mortality worldwide Currently, the term
“chronic coronary syndromes” (CCS) gathers under one umbrella all patients who are affected from CAD in different forms
and stages, excluding those with acute coronary syndromes (ACS) The work-up of patients with CCS is complex,
beginning with the evaluation of the pre-test probability for CAD and proceeding with the selection of appropriate
treatment pathways. In this regard, non-invasive stress imaging tests were shown to be excellent tools for properly
selecting patients who would further benefit from an invasive procedure, thus providing both precise diagnostic
classification and risk stratification 121,

Moreover, in the era of the ORBITA and ISCHEMIA trials, the optimal therapeutic approach for patients with significant
CAD became a subject of debate, and in many situations shared decision approaches are recommended B4, |n this
regard CCTA presents itself not only as an excellent diagnostic tool but also as an educational tool for the patient. The
relatively “simple” representation of the coronary arteries provides the patient with a clear view and with the help of the
physician, an understanding of the underlying anatomical problems.

| 2. Technical Aspects
2.1. What Do We Need?

The ideal diagnostic tool for optimally depicting the coronary arteries should be able to synchronize to the cardiac cycle
(“gating”), visualize structures at sub-millimeter resolution (“spatial resolution”), and acquire the entire dataset at time
frames of a couple dozens of milliseconds (“temporal resolution”) With the introduction of the 64-slice CT scanners, these
requirements were met at such degree that the visualization of the coronary arteries was feasible with diagnostic image
quality . Even though most modern scanners exhibit excellent image quality with high isotropic spatial (best 0.35 mm)
and temporal (best 65 ms) resolutions, these parameters are still half of what is needed and compared to the resolution
provide by invasive coronary angiography (ICA), (0.2 mm and 30 ms, respectively) Developments in hardware technology
were mirrored by advances in image processing software.

2.2. Which Protocol Needs to Be Chosen?

Modern scanners are versatile in regard to the type of protocol employed for acquiring the data €. This should always be
tailored to the specific individual (i.e., habitus, heart rate, irregularities in heart rate, etc.) and the specific clinical question
(status of the coronary arteries, left ventricular function, follow-up CCTA, etc.). Generally, three types of ECG-gated
protocols can be employed during a CCTA acquisition & (Eigure 1).

The main advantage of this protocol is the ability to reconstruct CCTA acquisitions at various time points of the cardiac
cycle. With this scan mode, also known as “sequential” or “step and shoot”, images can be obtained without table
movement during acquisition. This type of acquisition usually provides images with excellent contrast and with relatively
low radiation exposure BIE. This type of acquisitions offers very high contrast images without “stitching” artefacts with very
low radiation exposure for the patient (usually <1 mSv) 19,



However, as the coronary arteries show reduced movement at end-systole as well, and the systole is less affected by
irregularities in heart rate, a “step and shoot” acquisition triggered during the systole often provides excellent image quality
(Eigure 2). Lastly, the technical advances seen in the last decade have enabled the development of protocols that allow
the sampling of data needed for a full characterization of the coronary tree during a single heartbeat. This can be
achieved in two ways, depending on the scanner. In scanners that allow a detector coverage of >=16 cm, a complete
dataset can be acquired without moving the patient and during a single heartbeat, depending on the heart rate L1112,
Conversely, with dual-source scanners, an ECG-triggered high pitch “helical” or “spiral” acquisition (a pitch value of =3) or
so-called “Flash” mode allows for the entire dataset to be sampled in one heartbeat 23141, This type of acquisitions offers
very high contrast images without “stitching” artefacts with very low radiation exposure for the patient (usually <1 mSy) &

(Eigure 3).
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Figure 1. Scan modes used in coronary computer tomography angiography with advantages and disadvantages as well
as radiation exposure for each of the different acquisition approaches.

Figure 2. “Step and Shoot” protocol triggering during systole in a patient with atrial fibrillation and a heart rate of 114/min.



Figure 3. High-pitch dual source spiral protocol (“Flash” mode) in a patient with a stable heart rate of 58/min.
3.3. How Much Can We Reduce Radiation and Contrast Agent Exposure?

Radiation and contrast agent exposure constitute the main risks of a CCTA. With regard to radiation exposure, the
radiation received by the patient is mainly dependent on the protocol employed and patient’'s habitus. A meta-analysis
including over 3000 patients comparing the radiation exposure between retrospective helical and prospective ECG-
triggered protocols confirmed a fourfold dose reduction (from 12.3 to 3.5 mSv) with prospective acquisitions 12, Lastly, the
radiation exposure for the patient can be further minimized using prospective ECG-gated high-pitch acquisitions. Several
strategies can be employed for reducing the radiation exposure to the patient L8],

The application of contrast agent can have adverse effects on the renal and thyroid function, and the function of these two
organs should be evaluated prior to performing the CCTA. Newer scanners can acquire high quality datasets with
relatively low amounts of iodine contrast (50-60 mL) and in selected populations can be as low as 30 mL by acquiring at
low tube voltages 718l Although each method has advantages and disadvantages, the test bolus method can better
help identifying more accurately the optimal moment for acquisition 2229 An important aspect of contrast agent
administration is to ensure an opacification of coronary vessels between 250 and 350 Hounsfield units (HU), since values
outside this range may prevent the accurate evaluation of coronary stenoses 21,

| 3. Diagnosis

CAC has consistently exhibited significant predictive power for future cardiovascular events, with incremental value to
conventional cardiovascular risk factors, including the Framingham risk score. Thus, a CAC of 0 is associated with a low
event rate even in the presence of conventional cardiovascular risk factors—event rate of 2.72 per 1000 person-year in
patients with three or more risk factors (22, The main clinical value of CAC lies in the ability to reclassify asymptomatic
individuals with an intermediate risk for cardiovascular events on the basis of conventional risk assessment 2324 Cyrrent
European guidelines on cardiovascular disease prevention recommend the use of CAC screening with a Ilb indication as
a possible risk modifier in cardiovascular risk assessment 23,

CCTA has been extensively compared to invasive coronary angiography for the diagnosis of luminal coronary stenosis 28!
[27] |n regard to stenosis grading, an important aspect of CCTA has to be taken into account when reporting the severity of
the stenosis, namely, that the spatial resolution of the most scanners is still half of that provided by invasive coronary
angiography (see above). When that is kept in mind, an exact quantification of luminal stenosis generally is not
recommended. Thus, reporting of individual stenosis should be based on the “range” of the stenosis as follows: normal—
absence of plaque and no luminal stenosis, 1: minimal—plague with <25% stenosis, 2: mild—plaque with 25-49%
stenosis, 3: moderate—50-69% stenosis, 4:



In addition, if modifiers are present, they should be added at the end of the classification. G is graft, S is stents, and V is
plaque vulnerability.

A higher BMI (>30 Kg/m2) could reduce the accuracy of a CCTA scan, mainly due to reduced signal to noise ratio
secondary to increased X-ray scatter. Several approaches such as increased tube voltage, very good heart rate
preparation, and administration of contrast with a higher rate (up to 7 mL/s) can improve the quality of the CCTA (28],
When many extrasystoles are present or the heart rate shows high variability such as in atrial fibrillation, acquisitions in
systole should be favored. Of note, the high-pitch spiral protocol is not without drawbacks, even when the patient has a
low heart rate with a minimal heart rate variability.

The diagnostic value of CCTA was compared to other non-invasive functional tests in several studies. Thus, the EVINCI
study evaluated 475 patients with stable chest pain with CCTA, stress perfusion imaging, and wall motion imaging by
either stress echocardiography or stress cardiovascular magnetic resonance imaging and used the results of invasive
coronary angiography as reference standard. Ideally, a new medical tool should not result in increased costs. In the
PROMISE trial, there was no significant difference in costs in the short term (<90 days) and long term (3 years) between
the CCTA arm and the functional test arm 23,

A major advantage of CCTA over conventional ICA is its ability to non-invasively provide detailed characterization
atherosclerotic plaque composition and volume (Eigure 4). A quick overview of the atherosclerotic process points the role
of wall shear stress (WSS) at the beginning of such pathophysiologic processes, explaining why many of the coronary
plagues are seen in regions with an increased shear stress such as bifurcations. However, not all plaques take this
pathway, and “stable” plaques, which have a low percentage of necrotic core and high percentage of calcium deposits,
are also frequently seen. The exact mechanisms that underpin the development of a specific type of atherosclerotic
plaque are not yet completely understood.
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Figure 4. Example of plaque analysis (research software: syngo.via Frontier Coronary Plaque Analysis, Siemens

Healthineers). Analysis performed in a moderate plaque in the proximal segment of the LAD. Note the presence of a
partially calcified plague with a predominance of calcium and a low percentage of lipids.

In this regard, a closer look at plague morphology and composition and comparison with histopathological data revealed
several patterns consisting of high-risk features of coronary atherosclerotic plaques in CCTA BUBL: jow attenuation,
positive remodeling, spotty calcification, and napkin-ring sign (Eigure 5): Similar to all other features of high-risk plague,
positive remodeling is seen more often in patients with ACS compared to patients with CCS 2. Spotty calcifications are
more commonly seen in plaques with thin fibrous cap than in stable plaques B3, Microcalcifications are considered to be a
promoter of plaque destabilization and were often identified in culprit lesions of patients with ACS 4. The napkin-ring sign
is a form of low attenuation plaque that exhibits a heterogenous pattern of attenuation. This type of pattern is highly
suggestive of vulnerable plaque and is considered as a precursor of plaque rupture 32!,
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Figure 5. Examples of high-risk plaques. (A) Low-attenuation plaque (white arrow). (B) Positive remodeling—note the
development of the plague outside the coronary lumen (white arrow). (C) Spotty calcification—note the presence of
calcium in an otherwise low-attenuation plaque (white arrow). (D) Napkin-ring sign—a heterogenous low-attenuation
plaque (white arrow) that exhibits a cap with lower HU densities (interrupted white arrow) in comparison to the rest of the
plaque.



The role of high-risk features in predicting future cardiovascular events was confirmed in several trials. In the same line,
high-risk plaque features were predictive of the endpoint in the SCOT-HEART study 28l Furthermore, high-risk plaque
features were shown to correlate with troponin releases in patients with stable angina, thus suggesting that silent plaque
ruptures with micro-embolization can occur in patients deemed as “stable” B4, In addition, troponin and high-risk plaque
features offer additive value in predicting future cardiovascular events 28!,

HMG-CoA reductase and newer molecules such as PCSK9 inhibitors or small interfering ribonucleic acid have all
exhibited significant effects on reducing cholesterol values and improving the prognosis of patients with CAD B2, Thus,
patients who received high-dose statin therapy exhibited a significant reduction in plaque burden in the ASTEROID and
SATURN trials 4941l The results are conflicting, and this may be related to the type of study, used methodology, and low
number of patients. Nevertheless, a more recent study, involving 467 patients who received LDL-lowering therapies and
who were followed up at 2 years with CCTA, highlighted a significant plague burden reduction in patients who reached a
target LDL

Thus, Goeller et al. found that PCAT attenuation is increased around culprit versus non-culprit lesions in patients with ACS
(421 When CCTA is used, a fat attenuation index (FAI) can be derived that expresses weighted attenuation shifts within the
perivascular tissue 3. When measured in the proximal segments of the coronary arteries (i.e., the first 40 mm of the
RCA, LAD, and LCX), FAl was shown to mirror the inflammatory burden of the entire coronary tree, detecting early
subclinical CAD 4. Furthermore, in the CRISP-CT study including over 4000 patients the FAlI measured around the
proximal segment of the RCA exhibited a strong predictive power in regard to all-cause and cardiovascular mortality,
improving the predictive model containing conventional cardiovascular risk factors, plaque burden, and high-risk plaque
features (23],

The FAME studies elegantly showed that patients undergoing PCI exhibit a benefit in terms of cardiovascular endpoints
only when hemodynamically relevant stenoses (FFR < 0.8) are treated 4847 The ability of FFRCTto accurately identify
hemodynamically relevant stenoses was tested in several studies that used invasive FFR as the reference standard. In
addition, a sub-study of the PACIFIC trial evaluated FFRCTagainst invasively measured FFR as well as PET and SPECT
and found superior AUC in the diagnosis of relevant coronary stenoses compared to standard CCTA, PET, and SPECT
(48] Thuys, it appears that due to model constraints, very distal segments could exhibit values <0.8 without the presence of
a hemodynamically relevant stenosis.

Other computational methods were developed to extract hemodynamic data from three-dimensional CCTA datasets. The
VFAI can also be obtained from CCTA datasets and was shown to exhibit very strong correlation with invasively measured
FFR ¥2.An integrative approach in modelling risk stratification, diagnosis, treatment, and prognosis of patients with CAD
is represented by the SMARTool 29, Clinical data, anatomical information, and data extracted using various computational
models such as vFAI are fed into a decision support system.

Another function of computational fluid dynamics is to clarify the underlying mechanical mechanisms that determine the
evolution of coronary plaques BUB2 Similar results were obtained in the PREDICTION study that showed that segments
with low WSS progress towards higher plaque burden and lumen The integration of CCTA data in the analysis of fluid
dynamics has revealed a significant association between higher plaque burden and regions of the coronary tree with low
WSS 58l On the other hand, regions with high WSS appear to be associated with plaques exhibiting high risk features as
well as with culprit lesions in patients who develop acute coronary syndromes 4],

The principle is similar to that employed in other non-invasive stress tests such as CMR, SPECT, or PET and is based on
inducing “forced” vasodilation of the distal arterioles using hyperemia inducing agents such as adenosine, dipyridamole, or
regadenoson 581581, Several protocols have been proposed such as dynamic versus static scanning or stress-first versus
rest-first scanning, each one exhibiting specific advantages and disadvantages 8. Dynamic CTP might offer a more
quantitative and thus objective approach in establishing myocardial perfusion, but this comes at a higher radiation cost for
the patient since serial acquisitions are needed. Moreover, the use of CTP was shown to improve the diagnostic accuracy
of CCTA alone in 150 patients with previous stents by identifying relevant in-stent restenosis as shown by the
ADVATNAGE trial &7,

| 4. Prognosis: Can We See into the Future?

Although patients in the CCTA arm had more invasive procedures in the first two years, at the five-year follow-up no
difference in the number of invasive procedures was noted between the two arms. In this study, over 10,000 patients were
randomized to either a functional testing arm (exercise electrocardiography, nuclear stress testing, or exercise
echocardiography) or anatomical testing arm (CCTA). Thus, patients with a normal or mildly abnormal functional testing



result still have an event rate of 2.09%, and the discriminatory power of functional testing in terms of prognosis begins

only in patients with moderate ischemia. CCTA on the other hand, has an excellent discriminatory power at every stage of

disease, with a normal CCTA translating into an exceptionally low event rate of 0.93 and a mildly abnormal CCTA an event
rate of 3.01 (c index 0.72 for CCTA vs. 0.64 for functional testing).
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