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Abstract: Aims: This study aimed to assess which variables on coronary computed tomography
angiography (CTA) and vasodilator stress-echocardiography (SE) are best associated with long-
term cardiac outcome in patients presenting for suspected chronic coronary syndrome (CCS) who
performed both tests. Methods: We identified 397 patients with suspected CCS who, between 2007
and 2019, underwent both SE and CTA within 30 days. Coronary artery calcium score (CACS) and
the number of coronary arteries with diameter stenosis >50% were assessed on CTA. The presence of
reversible regional wall motion abnormalities (RWMA) and reduced Doppler coronary flow velocity
reserve in the left-anterior descending coronary artery (CFVR) were assessed on SE. The association
of SE and CTA variables with cardiac outcome (cardiac death or myocardial infarction) was evaluated
using Fine and Gray competing risk models. Results: During a median follow-up of 10 years, 38
(9.6%) patients experienced a nonfatal myocardial infarction and 19 (4.8%) died from a cardiac cause.
RWMA (HR 7.189, p < 0.001) and a lower CFVR (HR 0.034, p < 0.001) on SE, along with CACS (HR
1.004, p < 0.001) and the number of >50% stenosed coronary vessels (HR 1.975, p < 0.001) on CTA, were
each associated with cardiac events. After adjusting for covariates, only CACS and CFVR remained
associated (both p < 0.001) with cardiac outcome. Conclusion: Our data suggest that only CFVR
on vasodilatory SE and CACS on CTA are independently and strongly associated with long-term
cardiac outcome, unlike RWMA or the number of stenosed coronary arteries, usually considered the
hallmarks of coronary artery disease on each test.

Keywords: stress echocardiography; coronary computed tomography angiography; coronary artery
calcium score; Doppler coronary flow velocity reserve; chronic coronary syndrome; long-term
cardiac outcome

1. Introduction

In the challenging clinical scenario of suspected chronic coronary syndrome (CCS), few
studies have evaluated the prognostic role of coronary computed tomography angiography
(CTA) versus functional imaging, and none have specifically compared the long-term
prognostic value of CTA with stress echocardiography (SE) [1-3]. Furthermore, no data
are currently available regarding the association of such diagnostic tests with outcome
when both tests were performed in the same cohort of patients. Within SE assessment,
the availability of the Doppler coronary flow velocity reserve measurement in the left

J. Clin. Med. 2023, 12, 903. https:/ /doi.org/10.3390/jcm12030903

https:/ /www.mdpi.com/journal /jem


https://doi.org/10.3390/jcm12030903
https://doi.org/10.3390/jcm12030903
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0000-0002-1032-5840
https://orcid.org/0000-0003-1305-4107
https://orcid.org/0000-0002-0877-4954
https://orcid.org/0000-0002-1291-0306
https://doi.org/10.3390/jcm12030903
https://www.mdpi.com/journal/jcm
https://www.mdpi.com/article/10.3390/jcm12030903?type=check_update&version=2

J. Clin. Med. 2023, 12, 903

20f13

anterior descending coronary artery (CFVR) has been proven to increase the prognostic
yield because it has been identified as the single most accurate variable for risk stratification
on SE, available only from vasodilator SE [4-7]. It is worth mentioning that two previous
studies tried to compare CTA and SE with CFVR, but the short follow-up time or paucity
of events recorded strongly limited the results [8,9].

To fill this gap, we selected all patients with suspected CCS who underwent both CTA
and SE within a short time lapse, and we evaluated the long-term combined endpoint of
nonfatal myocardial infarction or cardiac death. The association of CTA and SE variables
with the combined endpoint was assessed, aiming to evaluate coronary artery calcium
score (CACS) and the number of stenotic vessels (stenoses > 50%) on CTA, as well as the
presence of reversible wall motion abnormalities (RWMA) and reduced CFVR (stress/rest
ratio < 2) on SE, after adjusting for all available clinical and imaging covariates.

2. Materials and Methods
2.1. Patients

From the SE database of Venice hospitals (Italy) we selected all patients with suspected
CCS who, in the period between 2007 and 2019, underwent both SE with CFVR measure-
ment available and CTA within 30 days, regardless of which test was performed first. If
coronary revascularization or any cardiac event occurred during the short time between
the two tests, the patient was excluded from the study. Diabetes mellitus was defined as a
fasting plasma glucose level > 126 mg/dL, hemoglobin Alc > 6.5% (48 mmol/mol), or
the need for insulin or oral hypoglycemic agents. Hypercholesterolemia was defined as
total cholesterol > 200 mg/dL (5.2 mmol/L) or treatment with lipid-lowering medications.
Hypertriglyceridemia was defined as fasting triglycerides > 150 mg/dL (1.7 mmol/L).
Hypertension was defined as blood pressure > 140/90 mmHg or use of antihypertensive
medication.

2.2. Stress Echocardiography

Philips ie33 (Philips Medical Systems) was used with a standard S5 transducer. Our
protocol for accelerated high-dose dipyridamole SE was used. Briefly, it consists of rest and
peak vasodilation assessments of the following imaging parameters: regional wall motion
and spectral Doppler CFVR for peak diastolic velocity stress/rest ratio in the mid-distal
left anterior descending artery. Stress acquisition was performed after dipyridamole ad-
ministration of 0.84 mg/kg infused in 6 min; RWMA and CFVR were the only mandatory
assessments during the protocol [10]. The left ventricle was divided into 17 segments
according to the recommendations of the American and European Societies of Echocardio-
graphy [11]. Segmental wall motion was graded as follows: normal = 1; hypokinetic = 2;
akinetic = 3; dyskinetic = 4. Reversible ischemia was defined as the occurrence of a stress-
induced new dyssynergy or worsening of rest hypokinesia in >1 segment. CFVR < 2 was
considered abnormal (also termed “reduced”).

2.3. Coronary Computed Tomography Angiography

Most coronary CTA examinations were performed using a Dual-Source CT system (So-
matom Definition FLASH, Siemens Healthcare, Forchheim, Germany), although a minority
of patients (31, years 2007-2009) were imaged with a 64-slice scanner (Siemens Somatom).
The dataset was analyzed by two experienced readers using an offline workstation soft-
ware package (Leonardo, Siemens Medical Solutions, Forchheim, Germany). CTA image
acquisition was performed according to the current practice guidelines [12]. Angiographic
datasets of the reconstructed coronary vessels were created in the best phase of the cardiac
cycle depending on the heart rate of the patient. All coronary segments were analyzed
in accordance with the American Heart Association classification [13]. The presence of
atherosclerotic plaques was assessed using axial images, multiplanar reconstruction, and
cross-sectional reconstruction. For the final grading of coronary artery disease (CAD) and
stenosis severity in this study, we used the following criteria for each coronary artery: (I) no
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visible plaque or presence of at least one plaque with nonobstructive stenosis (maximal di-
ameter stenosis < 50%); (II) presence of potentially obstructive stenosis (maximal diameter
stenosis > 50%). Left main trunk with a stenosis > 50% counted as two diseased vessels, and,
if at least one of its main branches (left anterior descending or circumflex or intermediate
coronary artery) also showed a stenosis > 50%, this resulted in an overall count of three
vessels with a stenosis > 50%; in this case, if the right coronary artery was also affected by a
stenosis > 50%, the number of diseased vessels consequently could reach a maximum score
of four diseased vessels. Therefore, the number of diseased vessels was potentially in the
0—4 range. Coronary calcium was measured in non-contrast electrocardiography-triggered
CTA. Coronary artery calcium score was classified using a threshold of 130 Hounsfield
units (HU) involving more than three contiguous voxels for identification of a calcific lesion
resulting in a minimum lesion area of 1.02 mm?. The lesion score was calculated using the
area density method, by multiplying the lesion area by a density factor derived from the
maximal HU within the area, as described by Agatston [14]. CACS was calculated with
commercially available software (CaScore; Siemens, Germany).

In the classification of calcified atherosclerotic burden, we defined the following
commonly used groups: CACS =0, CACS =1 to 99, CACS =100 to 399, and CACS >399)
regardless of whether patients had nonobstructive or obstructive CAD [15,16].

2.4. Follow-Up

Outcome was determined from patients’ interview at the outpatient clinic, hospital
chart reviews, and telephone interviews with patients, close relatives, or referring physi-
cians. Cardiac death and nonfatal myocardial infarction were registered as cardiac events;
death from other causes was also collected and considered in the analysis as a competing
event. Coronary revascularization (surgical or percutaneous) was also recorded. Myocar-
dial infarction was defined by cardiac enzyme changes in association with at least one
of the following criteria: (I) symptoms of acute myocardial ischemia; (II) new ischemic
electrocardiogram changes or development of pathological Q waves; (IIl) imaging evidence
of new loss of viable myocardium or new regional wall motion abnormality; (IV) identi-
fication of a coronary thrombus by coronary angiography according to fourth universal
definition of myocardial infarction [17]. Cause of death was based on medical records and
death certificates. The diagnosis of cardiac death required documented life-threatening
arrhythmias, cardiac arrest, death attributable to congestive heart failure, or myocardial
infarction in the absence of any other precipitating factor. Sudden unexpected death was
classified as a cardiac death when an obvious noncardiac explanation was excluded.

Follow-up data were analyzed for the association with cardiac events, and only the
first documented event was considered, terminating the follow-up per protocol (censoring).

2.5. Statistical Analysis

Categorical variables were presented as numbers and relative frequencies (percent-
ages); continuous variables were presented as the mean =+ SD or median with interquartile
range (IQR), according to their distribution. Crude event rates were used to describe the
risk of cardiac events according to combination of imaging variables. Considering cardiac
events as the main outcome variable and death from other causes as competing event,
the Fine and Gray competing risk model was used to characterize cumulative incidence
functions for the main outcome variable on the basis of each of the four parameters assessed:
CACS data and number of vessels with >50% stenosis (on CTA); RWMA and CFVR (on SE).
Using the Fine and Gray regression analysis, we also evaluated independent predictors of
the subdistribution hazard ratios in the presence of competing risks. Variables associated
with the risk of cardiac events were then evaluated considering Fine and Gray compet-
ing risk regression models, and results were expressed as the hazard ratio (HR) and 95%
confidence interval (CI). Clinical predictors considered in the competing risk models were
defined according to the Framingham risk score assessment and included age, gender, obe-
sity, diabetes, hypercholesterolemia, hypertension, and family history of premature CAD
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(before 55 years for men or 65 years for women); revascularization and/or the presence of
known angiographic CAD prior to the tests were also considered risk factors [18]. Coronary
revascularization procedures performed after SE and CTA were also considered among the
covariates. Rest left-ventricle ejection fraction (LVEF) was analyzed both as a continuous
variable and as a dichotomous variable (>50% or <50%); SE parameters considered were
the presence of RWMA and CFVR <2 versus >2, while CTA parameters were CACS and
the number of coronary vessels with at least one stenosis >50% (on a 0—4 number of vessels,
as described above).

All variables with p < 0.1 at univariable analysis were considered for the inclusion
into multivariable models. Proportional hazards assumption was evaluated using visual
inspection of the log-log survival curves and the Schoenfeld residuals test. Time-dependent
ROC curves and estimated areas under the curve (AUCs) were calculated to assess the
accuracy of variables identified in the multivariate analysis not including and including
CACS or CVER.

A p-value <0.05 was considered statistically significant. STATA release 15 and R
version 3.6.2 were used for analysis. The study was approved by the local ethics com-
mittee (183A/CESC) and was performed in accordance with the ethical standards of the
Declaration of Helsinki and its later amendments.

3. Results
3.1. Outcome

Three hundred ninety-seven patients satisfying the inclusion criteria were identified
and enrolled. During a median follow-up of about 10 years (median 3783 days, lower—
upper quartile, 1470-4653), 38 patients (10%) experienced a nonfatal myocardial infarction,
19 (5%) died because of cardiac causes, and 26 (7%) died from causes other than cardiac.
Four patients had first a nonfatal myocardial infarction, and later died because of cardiac
causes during follow-up, such that the final number of cardiac events was 53. According to
caring physicians’ judgement, 54 (14%) subjects underwent coronary revascularization (11
surgical and 43 percutaneous revascularization) during the follow-up period, at a median
of 759 (lower-upper quartile, 131-1153) days after the last of the two performed tests.

3.2. Study Population
Table 1 shows the full demographic data, baseline clinical risk factors, medications,
and LVEF, together with SE and CTA data. In the study group, the median age was 65

years (SD = 11); males represented approximately two thirds (69%) of the study cohort, and
mean LVEF was 56% (SD = 8).

Table 1. Baseline clinical characteristics, coronary computed tomography angiography and vasodila-
tor stress-echocardiography findings in the study patients.

Study Patients (n = 397)

Age in years, mean & SD 65+ 11
Male gender, n (%) 272 (68.5)
Risk factors

Hypertension, n (%) 236 (59.4)
Hypercholesterolemia, n (%) 215 (54.2)
Smoking, n (%) 124 (31.2)
Diabetes, n (%) 75 (18.9)

Family history of CAD, n (%) 132 (33.2)
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Table 1. Cont.

Study Patients (n = 397)

Medical history
Known CAD (MI or/and elective

- 10 (2.5)
revascularization), n (%)
-Previous PCI, n (%) 4(1)
-Previous CABG, n (%) 4(1.)
Medications at the time of stress echocardiography
Statins, n (%) 159 (40.1)
Beta-blockers, n (%) 195 (49.1)
Aspirin, n (%) 163 (41.1)
Echocardiography
LVEE, mean + SD 56 £8
LVEEF reduced (<50%), n (%) 51 (12.9)
Rest RWMA, n (%) 73 (18.4)
Stress echocardiography
Inducible RWMA, n (%) 77 (19.4)
Delta wall motion score index, median [min; 0.05 [0; 0.56]
max]
CFVR <2, n (%) 121 (30.5)
Coronary computed tomography angiography
At least one vessel with coronary stenosis > 176 (44.3)

50%, n (%)
One vessel with coronary stenosis > 50%, n (%) 95 (23.9)
I Two vessels with coronary stenosis > 50%, n

(%) 52 (13.1)
1 : : 0

(O/T)hree vessel with coronary stenosis > 50%, n 24 (6.1)
1 Four vessel with coronary stenosis > 50%, n

(%) 5(1.3)
CACS =0, n (%) 82 (20.7)
CACS <99, n (%) 152 (38.3)
CACS =100-399, n (%) 92 (23.2)
CACS > 400, n (%) 72 (18.2)
Outcome/ Follow-up

Nonfatal MI 38 (9.6)
Cardiac death 19 (4.8)
Death from other causes 26 (6.5)
PCI during follow-up, n (%) 43 (10.8)
CABG during follow-up, n (%) 11 (2.8)

CAD, coronary artery disease; MI, myocardial infarction; PCI, percutaneous coronary intervention; CABG,
coronary artery bypass graft; ACE, angiotensin-converting enzyme; ARBs, angiotensin receptor blockers; LVEF,
left-ventricle ejection fraction; RWMA, regional wall motion abnormalities; CFVR, coronary flow velocity reserve
in the left anterior descending coronary artery; CACS, coronary artery calcium score. ! Left main trunk with a
stenosis >50% counted as two diseased vessels, and, if at least one of its main branches also showed stenosis
>50%, this made for an overall count of three diseased vessels. Only the first event between cardiac death and
nonfatal myocardial infarction was counted.

3.3. Imaging Data

Stress echocardiograms were positive for reversible ischemia according to the presence
of RWMA in 73 (18%) patients, while CFVR was reduced (<2) in 121 (31%) patients. CFVR
median value in the study group was 2.2 (SD = 0.5). The median value of CACS was
47 Agatston units (lower—upper quartile 6-245), and 176 (44%) patients had at least one
coronary artery affected by CAD with at least one >50% stenosis.

Figure 1 shows the multiple interrelations between either CACS categories (Figure 1A)
or the number of stenosed coronary arteries >50% (Figure 1B), with the distribution of the
other imaging variables collected and the corresponding event rate.
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Figure 1. Relationship of CACS categories (A) and number of vessels with CAD >50% (B) with the
other imaging variables and cardiac event-rate. CACS, coronary artery calcium score; CAD, coronary
artery disease; SE, stress echocardiography; CFVR, coronary flow velocity reserve; RWMA, reversible
wall motion abnormalities. Median Agatston score is divided by 10 to fit the graph vertical scale.
Crude cardiac event rate expressed in terms of events per 1000 person-years is reported.

Coronary artery calcium score classes were associated with the number of >50%
stenosed vessels, and the outcome associated with such classifiers was distributed across a
wide range of event rates, either when using CACS classes (from 4 per 1000 person-years
for CACS = 0 to 31 per 1000 person-years for CACS > 399) or the number of diseased
coronary vessels (from 3 per 1000 person-years for no vessel with CAD > 50% to 41 per
1000 person-years for three or four vessels with CAD > 50%).

Figure 1 highlights that a CACS finding beyond the third class (100-399) was not
associated with a progressively higher percentage of patients with positive SE (either
according to RWMA or reduced CFVR) (Figure 1A), while, when the number of vessels
with at least one stenosis > 50% was considered (Figure 1B), the percentage of patients with
RWMA kept progressively increasing across the four categories; this was not the case for the
percentage of patients showing reduced CFVR. While the most represented class of CACS
in the study population was 1-99, the most numerous subgroup of patients according to
the number of vessels with CAD > 50% was the category with no stenosed vessels; this
highlights that, as expected, there was a relevant percentage of patients without potentially
obstructive CAD who still had detectable coronary calcium [19].

3.4. Cumulative Incidence Function

Figure 2 shows the cumulative incidence of cardiac events along with 95% confidence
bands, based on the presence of RWMA (Figure 2, upper left panel), normal or reduced
CFVR (Figure 2 upper right panel), or more than moderate (CACS > 399) coronary calci-
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fication or number of stenosed coronary arteries (Figure 2, lower panel). The cumulative
incidence was only slightly higher in presence of RWMA, CACS > 399, or stenosed coronary
arteries, but was instead markedly higher for patients with reduced CFVR, as visually

evident.
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Figure 2. Cumulative incidence of cardiac events along with 95% confidence bands comparing the
presence of RWMA, CFVR < 2, CACS > 400, and number coronary arteries with stenosis > 50%,

accounting for competing events. Abbreviations are as in Figure 1.

3.5. Association of Clinical and Imaging Variables with Cardiac Events

Table 2 (left column) shows the data regarding the univariate association of clinical
and imaging variables with cardiac events considering univariable competing risk models.
LVEF (HR 0.954, 95% CI: 0.921 to 0.987, p = 0.007) and having undergone elective coronary
revascularization after the tests (HR 2.629, 95% CI: 1.525-4.531, p = 0.001) were significantly
associated with outcome on univariate analysis, while known CAD showed p < 0.1 (HR
1.690, 95% CI: 0.946-3.019, p = 0.077) and was, thus, considered as candidate variable on
multivariable analysis.

Each of the four imaging variables assessed in the current study (two assessed using SE
and two assessed using CTA) was also significantly associated with outcome at univariable
analysis. Specifically, the presence of ischemia in the form of RWMA during SE was
associated with cardiac events (HR 7.189, 95% CI: 4.112 to 12.569, p < 0.001), as well as for
a lower CFVR (HR 0.034, 95% CI: 0.017 to 0.067, p < 0.001), higher CACS (HR 1.004, 95%
CI: 1.002-1.006, p < 0.001 for each 10-point increase), and the number of diseased coronary
vessels (with >50% stenosis) diagnosed on CTA (HR 1.975, 95% CI: 1.591 to 2.453, p < 0.001).
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Table 2. Univariate and multivariate competing risk regression models for cardiac events (death or
nonfatal myocardial infarction).

Univariate Model Multivariate Model
o Adjusted HR Adjusted HR
Crude HR (95% CI) p-Value (95% CI) p-Value (95% CI) p-Value

Demographics and clinical risk factors

Age, years 1.019 (0.988-1.051) 0.235

Male gender 0.860 (0.479-1.542) 0.613

Hypertension 0.824 (0.478-1.420) 0.818

Hypercholesterolemia 0.731 (0.426-1.254) 0.255

Smoke 1.249 (0.709-2.202) 0.441

Diabetes 1.340 (0.735-2.445) 0.340

Family history of CAD 1.293 (0.741-2.257) 0.365

Known CAD ! 1.490 (0.746-3.319) 0.093

Drugs

Statins 2.050 (0.909-4.624) 0.084

Beta-blockers 0.825 (0.522-1.304) 0.460

Aspirin 1.631 (0.728-3.653) 0.235

Echocardiography

LVEF 0.954 (0.921-0.987) 0.007 1.004 0.815

’ ’ ' ’ (0.970-1.040) ’
LVEF < 50 3.440 (1.917-6.173) <0.001 1.577 0.150
’ ’ ’ ’ (0.848-2.932) ’

Stress echocardiography

Any reversible wall motion 1.620 1.765

abriormality 7.189 (4.112-12.569) <0.001 (0.722-3.635) 0.242 (0.946-3.291) 0.074

0.044

CFVR 0.034 (0.017-0.067) <0.001 (0.014-0.142) <0.001
13.890

CVFR <2 26.303 (8.413-64.552) <0.001 (4.154-46.445) <0.001

Coronary computed tomography angiography

. 1.004

CACS (for 10-point increase) 1.004 (1.002-1.006) <0.001 (1.002-1.006) 0.001
0.701

CACS =1-99 2.033 (0.457-9.037) 0.351 (0.192-2.557) 0.590
1.193

CACS =100-399 5.912 (1.363-25.655) 0.018 (0.329-4332) 0.788
1.234

CACS > 400 7.208 (1.649-31.503) <0.001 - - (0.319-4.768) 0.689

Number of vessels with 0.980 1.070

coronary stenosis > 50% 1975 (1.591-2.453) <0.001 (0.694-1.385) 0.910 (0.769-1.488) 0.689

Procedures after index exams

Elective revascularization 0.662 0.731

during follow-up 2.629 (1.525-4.531) 0.001 (0.350-1.253) 0.205 (0.392-1.365) 0.326

CAD, coronary artery disease; LVEF, left-ventricle ejection fraction; RWMA, regional wall motion abnormalities;
CFVR, coronary flow velocity reserve in the left anterior descending coronary artery; CACS, coronary artery
calcium score. Only one of the two parameters of wall motion assessment and one of the two of coronary calcium
classifications included in univariate analysis were then tested in the multivariable model, due to the strict
correlation between them. ! Patients with previous myocardial infarction or/and elective revascularization.

3.6. Multivariable Competing Risk Model (as Shown in Figure 3)

Table 2, in the mid and the right columns, shows the results from two different
multivariable models adapted according to the results from the univariable analysis: a first
model in which LVEF, CFVR, and CACS were considered as continuous variables, and the
other considering such variables categorized according to clinically relevant cutoffs. In the
multivariable competing risk model including continuous parameters, among the variables
potentially associated with outcome (p < 0.1 at univariable analysis) only two imaging
variables remained significantly associated with cardiac events: CACS (HR 1.004, 95% CI:
1.002 to 1.006, p = 0.001 for each 10-point increase) and CFVR (HR 0.044, 95% CI: 0.014 to
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0.142, p < 0.001). When considering CVER as a categorical parameter (<2) and CACS in the
usual four categories, only CFVR < 2 remained significantly and independently associated
with the risk of cardiac events (HR 13.890, 95% CI: 4.154 to 46.445, p < 0.001).
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Figure 3. Accuracy of different models including clinical and imaging variables (not comprising

CACS and CFVR and comprising either CACS or CFVR) for the prediction of risk of cardiac events,
accounting for competing events. (a) Area under time-dependent ROC curves (AUC) as a percentage
for the reference model including LVEE, RWMA, elective revascularization and number of vessels
with coronary stenosis > 50%, and the same model with the addition of either CACS or CFVR, as
well as pairwise comparison for the improvement of AUC with the addition of CACS or CFVR.
(b) Time-dependent ROC curves for the models including clinical and imaging variables, with the
addition of either CACS or CFVR. Abbreviations are as in Figure 1. ROC, receiver operating curve.

4. Discussion
Patients with suspected CCS represent an abundant and heterogeneous clinical entity
with still unresolved scientific evidence, especially regarding the diagnostic approach. For
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instance, in the functional imaging arm of the PROMISE study, SE was one of the allowed
modalities to be compared with the CTA arm, but only 20 events were recorded in the SE
subgroup, thus impairing a thorough evaluation of SE versus CTA. Conversely, in the other
existing randomized study comparing functional imaging versus CTA, only 30 patients
underwent SE [1,2]. As a result, there is currently no solid evidence on which tests between
CTA or SE (with additional CFVR measurement) better correlate with long-term cardiac
outcome in patients with suspected CCS.

In our retrospective study, a cohort of patients with suspected CCS following a clinical
indication underwent both SE and CTA within a short time lapse, and they were followed
for more than 10 years to evaluate the long-term cardiac outcome.

It came with no surprise that the two variables collected during SE, as well as both vari-
ables collected from CTA, were all individually associated with the long-term outcome of
cardiac death or nonfatal myocardial infarction, but only CFVR on SE and CACS (although
only as a continuous variable) on CTA remained significantly and strongly associated with
cardiac events in the multivariable assessment. In fact, after adjusting for the other clinical
and imaging variables, the presence of RWMA and the number of >50% stenosed coronary
vessels were not significantly associated with the long-term outcome. Notably, age and
elective revascularization during follow-up were the only two clinical variables associated
with prognosis in multivariable competing risk models.

Coronary artery calcium score and CFVR, although they originate from two different
types of tests (anatomical or functional), share a higher sensitivity for milder or early-
stage atherosclerotic disease when compared with their respective traditional, theoretically
“ischemia hallmark” counterparts (obstructive CAD on CTA and reversible RWMA on SE).

We speculate that the tighter association of both CACS and CFVR with outcome in
this study confirms the capability of these two markers to detect those early and possibly
preclinical signs of CAD, which may turn into clinical events in the very long run.

A paradigm change in our understanding and management of CAD has recently taken
place, after the ISCHEMIA trial results indirectly suggested (and later prospective CTA
studies proved) that the overall plaque burden of CAD is in fact more strictly associated
with prognosis rather than the severity of single coronary lesions, e.g., defined in terms
of percentage luminal stenosis [19-22]. Therefore, it was not surprising that CACS, a
robust surrogate of the overall atherosclerotic burden in the coronary arteries, in our study
outperformed an index of apparently more severe (but focal) CAD, represented by the
number of coronary vessels with at least one luminal stenosis >50%.

As far as SE is concerned, diffused but not yet obstructive CAD may be able to impair
a functional marker such as CFVR, often in the absence of reversible RWMA, which is
generally found only in presence of severe “critical” coronary blood flow reductions, mostly
subtended by severe coronary artery stenosis.

Therefore, RWMA during SE (not unlike all other types of stress tests relying on
wall motion assessment), with its binary “normal/abnormal” segmental result, is not
expected to be associated with outcome as strictly and proportionally as CFVR does.
The functional CFVR measurement is potentially capable of addressing the continuous
spectrum of coronary flow reserve reduction, inversely proportional to the overall burden
of coronary artery disease and influenced by microvascular function. Additionally, as
recently demonstrated by our group, a reduced CFVR may underlie a low-grade coronary
inflammation, which supposedly represents one of the earliest steps in atherosclerosis [23].

Overall, the CFVR measurement enhances the diagnostic performance of SE, limiting
the existing gap with CTA which is clearly able to detect a CAD via CACS assessment that,
albeit not necessarily related to ischemia, still represents a high risk marker.

5. Limitation

The single-center retrospective nature of our study surely represents a limitation, and
the results should be interpreted with caution. Not unlike other retrospective studies, there
was potential bias in the selection of the study population; it was per-protocol required that
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both SE and CTA, whichever first, were performed on clinical grounds, potentially selecting
a special case mix of patients requiring a second test (either one) to reach a final diagnosis.
In the case of patients first undergoing SE, the typical reason to indicate CTA as a second
test was a borderline SE result (either for borderline RWMA findings or unexpectedly low
CFVR in presence of normal wall motion behavior). In patients undergoing CTA first, a
functional test was generally required either when an intermediate coronary stenosis was
detected, or to establish the presence of reversible ischemia in case of a clearly obstructive
stenosis; patients without significant CAD on CTA usually did not undergo SE. In the
current study case mix, there was a prevalence of the first scenario, since 83% of patients
underwent SE first while CTA was the first test in the remaining 17%. Our results may
not apply to dobutamine or exercise SE or other imaging modalities, where ischemia is
often considered more likely to induce RWMA. Generalizability of the study conclusions
to a general population of patients with suspected CCS may be limited and require larger
studies for confirmation.

6. Conclusions

SE and CTA results were associated with long-term outcome of cardiac death or
nonfatal myocardial infarction in patients with suspected CCS. After the adjustment for
covariates, CFVR and CACS outperformed—and obscured—the main hallmarks of CAD
available on each test, i.e., RWMA on SE and the number of stenosed vessels on CTA,
which were not significantly associated with outcome in the multivariable competing
risk model. The current study suggests that CFVR and CACS should be the variables
primarily considered on SE and CTA in the long-term cardiac risk assessment of patients
with suspected CCS.

Author Contributions: Conceptualization, N.G.; methodology, N.G. and ER; software, C.M.; valida-
tion, N.G. and D.T,; formal analysis, V.L.; investigation, C.P,, E.C., N.C., and A.B.; resources, N.G.;
data curation, D.T. and V.L.; writing—original draft preparation, N.G.; writing—review and editing,
N.G., ER,, and A F,; visualization, A.B.; supervision, ER. All authors read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This research work does not report human experimentation,
nor does it involve human participants following an experimentation in subjects. All procedures in
this study were in accordance with the Declaration of Helsinki.

Informed Consent Statement: The study was approved by the local ethics committee (183A /CESC)
and performed in accordance with the ethical standards of the Declaration of Helsinki and its later
amendments.

Data Availability Statement: The datasets analyzed during the current study are available from the
corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Douglas, P.S.; Hoffmann, U.; Patel, M.R.; Mark, D.B.; Al-Khalidi, H.R.; Cavanaugh, B.; Cole, J.; Dolor, R.J.; Fordyce, C.B.; Huang,
M.; et al. Outcomes of anatomical versus functional testing for coronary artery disease. N. Engl. J. Med. 2015, 372, 1291-1300.
[CrossRef] [PubMed]

SCOT-HEART Investigators. CT coronary angiography in patients with suspected angina due to coronary heart disease (SCOT-
HEART): An open-label, parallel-group, multicentre trial. Lancet 2015, 385, 2383-2391, Erratum in Lancet 2015, 385, 2354.
[CrossRef] [PubMed]

Vamvakidou, A.; Danylenko, O.; Pradhan, J.; Kelshiker, M.; Jones, T.; Whiteside, D.; Sethi, A.; Senior, R. Relative clinical
value of coronary computed tomography and stress echocardiography-guided management of stable chest pain patients: A
propensity-matched analysis. Eur. Heart |. Cardiovasc. Imaging 2020, 22, 1473-1481. [CrossRef]

Ciampi, Q.; Zagatina, A.; Cortigiani, L.; Wierzbowska-Drabik, K.; Kasprzak, J.D.; Haberka, M.; Djordjevic-Dikic, A.; Beleslin, B.;
Boshchenko, A.; Ryabova, T.; et al. Prognostic value of stress echocardiography assessed by the ABCDE protocol. Eur. Heart ].
2021, 42, 3869-3878. [CrossRef]


http://doi.org/10.1056/NEJMoa1415516
http://www.ncbi.nlm.nih.gov/pubmed/25773919
http://doi.org/10.1016/S0140-6736(15)60291-4
http://www.ncbi.nlm.nih.gov/pubmed/25788230
http://doi.org/10.1093/ehjci/jeaa303
http://doi.org/10.1093/eurheartj/ehab493

J. Clin. Med. 2023, 12, 903 12 0f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Gaibazzi, N.; Picano, E.; Suma, S.; Garibaldi, S.; Porter, T.R.; Botti, A.; Tuttolomondo, D.; Tedeschi, A.; Lorenzoni, V. Coronary
Flow Velocity Reserve Reduction Is Associated with Cardiovascular, Cancer, and Noncancer, Noncardiovascular Mortality. J. Am.
Soc. Echocardiogr. 2020, 33, 594-603. [CrossRef] [PubMed]

Kelshiker, M.A.; Seligman, H.; Howard, J.P.; Rahman, H.; Foley, M.; Nowbar, A.N.; Rajkumar, C.; Shun-Shin, M.; Ahmad, Y.; Sen,
S.; et al. Coronary flow reserve and cardiovascular outcomes: A systematic review and meta-analysis. Eur. Heart ]. 2022, 43,
1582-1593. [CrossRef]

Gaibazzi, N.; Davies, J.; Tuttolomondo, D.; Pontone, G.; Guaricci, A.L; Lorenzoni, V.; Benatti, G.; Siniscalchi, C.; Pastorini, G.
Association of coronary artery Doppler-echocardiography diastolic-systolic velocity ratio at rest with obstructive coronary artery
stenosis on the left main or left anterior descending coronary artery. Int. J. Cardiol. 2019, 281, 1-7. [CrossRef]

Dikic, M.; Tesic, M.; Markovic, Z.; Giga, V.; Djordjevic-Dikic, A.; Stepanovic, J.; Beleslin, B.; Jovanovic, I.; Mladenovic, A.; Seferovic,
J.; et al. Prognostic value of calcium score and coronary flow velocity reserve in asymptomatic diabetic patients. Cardiovasc.
Ultrasound 2015, 13, 41. [CrossRef]

Ciampi, Q.; Rigo, F; Grolla, E.; Picano, E.; Cortigiani, L. Dual imaging stress echocardiography versus computed tomography
coronary angiography for risk stratification of patients with chest pain of unknown origin. Cardiovasc. Ultrasound 2015, 13, 21.
[CrossRef]

Ciampi, Q.; Zagatina, A.; Cortigiani, L.; Gaibazzi, N.; Borguezan Daros, C.; Zhuravskaya, N.; Wierzbowska-Drabik, K.; Kasprzak,
J.D.; de Castro e Silva Pretto, J.L.; Stress Echo 2020 Study Group of the Italian Society of Echocardiography and Cardiovas-
cular Imaging; et al. Functional, Anatomical, and Prognostic Correlates of Coronary Flow Velocity Reserve during Stress
Echocardiography. J. Am. Coll. Cardiol. 2019, 74, 2278-2291. [CrossRef]

Pellikka, P.A.; Arruda-Olson, A.; Chaudhry, FA.; Chen, M.H.; Marshall, J.E.; Porter, TR.; Sawada, F.5.G. Guidelines for
Performance, Interpretation, and Application of Stress Echocardiography in Ischemic Heart Disease: From the American Society
of Echocardiography. J. Am. Soc. Echocardiogr. 2020, 33, 1-41.e8. [CrossRef] [PubMed]

Abbara, S.; Blanke, P.; Maroules, C.D.; Cheezum, M.; Choi, A.D.; Han, B.K,; Marwan, M.; Naoum, C.; Norgaard, B.L.; Rubinshtein,
R.; et al. SCCT guidelines for the performance and acquisition of coronary computed tomographic angiography: A report of
the society of Cardiovascular Computed Tomography Guidelines Committee: Endorsed by the North American Society for
Cardiovascular Imaging (NASCI). J. Cardiovasc. Comput. Tomogr. 2016, 10, 435—-449. [CrossRef] [PubMed]

Cerqueira, M.D.; Weissman, N.J.; Dilsizian, V.; Jacobs, A K.; Kaul, S.; Laskey, W.K,; Pennell, D.J.; Rumberger, ].A.; Ryan, T.; Verani,
M.S. Standardized myocardial segmentation and nomenclature for tomographic imaging of the heart: A statement for healthcare
professionals from the Cardiac Imaging Committee of the Council on Clinical Cardiology of the American Heart Association.
Circulation 2002, 105, 539-542. [CrossRef]

Agatston, A.S.; Janowitz, W.R.; Hildner, EJ.; Zusmer, N.R.; Viamonte, M., Jr.; Detrano, R. Quantification of coronary artery calcium
using ultrafast computed tomography. J. Am. Coll. Cardiol. 1990, 15, 827-832. [CrossRef]

Orakzai, S.H.; Nasir, K.; Blaha, M.; Blumenthal, R.S.; Raggi, P. Non-HDL cholesterol is strongly associated with coronary artery
calcification in asymptomatic individuals. Atherosclerosis 2009, 202, 289-295. [CrossRef]

Arnson, Y.; Rozanski, A.; Gransar, H.; Friedman, J.D.; Hayes, S.W.; Thomson, L.E.; Tamarappoo, B.K.; Slomka, P.; Wang, F;
Germano, G.; et al. Comparison of the Coronary Artery Calcium Score and Number of Calcified Coronary Plaques for Predicting
Patient Mortality Risk. Am. J. Cardiol. 2017, 120, 2154-2159. [CrossRef] [PubMed]

Thygesen, K.; Alpert, ].S.; Jaffe, A.S.; Chaitman, B.R.; Bax, ].J.; Morrow, D.A.; White, H.D.; Executive Group on behalf of the Joint
European Society of Cardiology (ESC)/American College of Cardiology (ACC)/American Heart Association (AHA)/World
Heart Federation (WHF) Task Force for the Universal Definition of Myocardial Infarction. Executive Group on behalf of the Joint
European Society of Cardiology (ESC)/American College of Cardiology (ACC)/American Heart Association (AHA)/World Heart
Federation (WHF) Task Force for the Universal Definition of Myocardial Infarction. Fourth Universal Definition of Myocardial
Infarction (2018). Circulation 2018, 138, €618-e651, Erratum in Circulation 2018, 138, €652. [CrossRef] [PubMed]

Wilson, PW.; D’Agostino, R.B.; Levy, D.; Belanger, A.M.; Silbershatz, H.; Kannel, W.B. Prediction of coronary heart disease using
risk factor categories. Circulation 1998, 97, 1837-1847. [CrossRef]

Nicoll, R.; Wiklund, U.; Zhao, Y.; Diederichsen, A.; Mickley, H.; Ovrehus, K.; Zamorano, P.; Gueret, P.; Schmermund, A.; Maffei,
E.; et al. The coronary calcium score is a more accurate predictor of significant coronary stenosis than conventional risk factors in
symptomatic patients: Euro-CCAD study. Int. ]. Cardiol. 2016, 207, 13-19. [CrossRef]

Maron, D.J.; Hochman, J.S.; Reynolds, H.R.; Bangalore, S.; O’Brien, S.M.; Boden, W.E.; Chaitman, B.R.; Senior, R.; Lépez-Sendén, J.;
Alexander, K.P; et al. Initial Invasive or Conservative Strategy for Stable Coronary Disease. N. Engl. J. Med. 2020, 382, 1395-1407.
[CrossRef]

Mortensen, M.B.; Dzaye, O.; Steffensen, F.H.; Batker, H.E.; Jensen, ].M.; Rennow Sand, N.P.; Kragholm, K.H.; Serensen, H.T.;
Leipsic, J.; Meeng, M.; et al. Impact of Plaque Burden versus Stenosis on Ischemic Events in Patients with Coronary Atherosclerosis.
J. Am. Coll. Cardiol. 2020, 76, 2803-2813. [CrossRef] [PubMed]


http://doi.org/10.1016/j.echo.2020.01.007
http://www.ncbi.nlm.nih.gov/pubmed/32173203
http://doi.org/10.1093/eurheartj/ehab775
http://doi.org/10.1016/j.ijcard.2019.01.104
http://doi.org/10.1186/s12947-015-0035-2
http://doi.org/10.1186/s12947-015-0013-8
http://doi.org/10.1016/j.jacc.2019.08.1046
http://doi.org/10.1016/j.echo.2019.07.001
http://www.ncbi.nlm.nih.gov/pubmed/31740370
http://doi.org/10.1016/j.jcct.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/27780758
http://doi.org/10.1161/hc0402.102975
http://doi.org/10.1016/0735-1097(90)90282-T
http://doi.org/10.1016/j.atherosclerosis.2008.03.014
http://doi.org/10.1016/j.amjcard.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/29096884
http://doi.org/10.1161/CIR.0000000000000617
http://www.ncbi.nlm.nih.gov/pubmed/30571511
http://doi.org/10.1161/01.CIR.97.18.1837
http://doi.org/10.1016/j.ijcard.2016.01.056
http://doi.org/10.1056/NEJMoa1915922
http://doi.org/10.1016/j.jacc.2020.10.021
http://www.ncbi.nlm.nih.gov/pubmed/33303068

J. Clin. Med. 2023, 12, 903 13 0f 13

22.  Williams, M.C.; Moss, A.].; Dweck, M.; Adamson, P.D.; Alam, S.; Hunter, A.; Shah, A.S.; Pawade, T.; Weir-McCall, J.R.; Roditi, G.;
et al. Coronary Artery Plaque Characteristics Associated with Adverse Outcomes in the SCOT-HEART Study. J. Am. Coll. Cardiol.
2019, 73, 291-301. [CrossRef] [PubMed]

23. Pasqualetto, M.C.; Tuttolomondo, D.; Cutruzzola, A.; Niccoli, G.; Dey, D.; Greco, A.; Martini, C.; Irace, C.; Rigo, F.; Gaibazzi, N.
Human coronary inflammation by computed tomography: Relationship with coronary microvascular dysfunction. Int. J. Cardiol.
2021, 336, 8-13. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jacc.2018.10.066
http://www.ncbi.nlm.nih.gov/pubmed/30678759
http://doi.org/10.1016/j.ijcard.2021.05.040
http://www.ncbi.nlm.nih.gov/pubmed/34052238

	Introduction 
	Materials and Methods 
	Patients 
	Stress Echocardiography 
	Coronary Computed Tomography Angiography 
	Follow-Up 
	Statistical Analysis 

	Results 
	Outcome 
	Study Population 
	Imaging Data 
	Cumulative Incidence Function 
	Association of Clinical and Imaging Variables with Cardiac Events 
	Multivariable Competing Risk Model (as Shown in Figure 3) 

	Discussion 
	Limitation 
	Conclusions 
	References

