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Background: CTmyocardial perfusion imaging (CTP) represents one of the newly developed CT-based techniques
but its cost-effectiveness in the clinical pathway is undefined. The aim of the study is to evaluate the usefulness of
combined evaluation of coronary anatomy and myocardial perfusion in intermediate to high-risk patients for
suspected CAD or with known disease in terms of clinical decision-making, resource utilization and outcomes
in a broad variety of geographic areas and patient subgroups.
Methods: CTP-PRO study is a cooperative, international, multicentre, prospective, open-label, randomized
controlled study evaluating the cost-effectiveness of a CCTA+CTP strategy (Group A) versus usual care
(Group B) in intermediate-high risk patients with suspected or known CAD who undergo clinically indi-
cated diagnostic evaluation. A total sample size of 2000 subjects will be enrolled and followed up for
24 months. The primary endpoint is the reclassification rate of CCTA in group A due to the addition of
CTP. The secondary endpoint will be the comparison between groups in terms of non-invasive and invasive
downstream testing, prevalence of obstructive CAD at ICA, revascularization, cumulative ED and overall
cost during the follow-up at 1- and 2-years. The tertiary endpoint will be the comparison between each
group in terms of MACE and cost-effectiveness at 1- and 2-years.
Conclusions: The study will provide information to patients, health care providers and other stakeholders
about which strategy could be more effective in the diagnosis of suspected CAD in intermediate to high-
risk patients or in the symptomatic patients with known CAD and previous history of revascularization.
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1. Introduction

Coronary CT angiography (CCTA) is expanding its role as a powerful
non-invasive tool for the evaluation of suspected coronary artery dis-
ease (CAD) [1]. However, a pure anatomical approach is inadequate to
predict hemodynamic relevance of coronary stenoses, and improved
outcomes have been observed among patients undergoing a functional
test [2,3]. The use of CCTA is usually suggested in low to intermediate
risk for its diagnostic and prognostic role to rule out CADwith low radi-
ation exposure [4–7]. In the setting of intermediate to high risk patients,
the addition of functional information is prognostically useful [8] and, in
patients with previous history of percutaneous coronary intervention
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(PCI), functional strategy has been shown to be more cost-effective as
compared to anatomical assessment [9]. CTmyocardial perfusion imag-
ing (CTP) represents one of the newly developed CT-based techniques
[10], combining both anatomical and functional evaluation of CAD in a
single imaging modality [11,12]. CTP was also compared to the gold
standard of invasive fractional flow reserve (FFR), showing a sensitivity
and specificity in detecting flow-limiting coronary stenosis of 88% and
80%, respectively [11]. More recently, stress CTP was shown to provide
additional diagnostic value as compared to CCTA alone in intermediate
to high risk patients [13,14]. The purpose of this study will be to evalu-
ate theusefulness and impact of combined evaluation of coronary artery
anatomy and myocardial perfusion with CCTA+CTP in intermediate to
high risk patients for suspected CAD or with known disease in terms
of clinical decision-making, resource utilization, and outcomes in a
broad variety of geographic areas and patient subgroups.

2. Methods

CTP-PRO study is a cooperative, international, multicentre, prospective, open-label,
randomized controlled study evaluating the cost-effectiveness of a CCTA+CTP strategy
versus usual care in intermediate to high risk patients with suspected or known CAD
who undergo clinically indicated diagnostic evaluation.

2.1. Inclusion and exclusion criteria

Consecutive patientswith knownor suspectedCAD referred for clinically indicated di-
agnostic evaluation will be included. CCTA has to be performed with the state of art in
terms of scanner technology as follows: Revolution CT (GE Healthcare, Milwaukee, WI),
CardioGraphe (GE Healthcare, Milwaukee, WI), SOMATOMDefinition Flash or Force (Sie-
mens, Forchheim, Germany), Brilliance iCT and IQon CT (Philips, Best, Netherlands),
Aquilion One Vision (CanonMedical Systems Corp., Otawara, Japan). All inclusion and ex-
clusion criteria are listed in Table 1. Each enrolling centrewill fill a logbook filewith all the
screened subjects, specifying reasons for inclusion or exclusion from the study. The study
workflow is shown in Fig. 1.

2.2. Screening procedure and enrollment

Patientswill be screened for study eligibility by site personnel. Patientsmeeting all se-
lection criteria will be asked to sign an informed consent document prior to undergoing
any study-specific evaluation. After all inclusion and exclusion criteria will be met and
the informed consent document signed, a structured interview will be performed and a
clinical history obtained, assessing the presence of common cardiac risk factors, drug ther-
apy (focus on statin, aspirin and/or antiplatelet agent use) and symptoms (typical or atyp-
ical angina, as previously described, to estimate the pre-test likelihood of CAD) [15].
Table 1
Inclusion and exclusion criteria.

Inclusion criteria
Consecutive patients (age ≥ 18 years) with known or suspected CAD referred for
clinically indicated diagnostic evaluation will be included in this study. As
additional inclusion criteria the CCTA has to be performed with the state of art in
terms of scanner technology as follow: Revolution CT (GE Healthcare,
Milwaukee, WI), CardioGraphe (Arineta, Caesarea, Israel), SOMATOM Force
(Siemens, Forchheim, Germany), Brilliance iCT and IQon CT (Philips, Best,
Netherlands), Aquilion One Vision (Toshiba Medical Systems Corp., Otawara,
Japan).

Exclusion criteria
▪ Performance of any non-invasive diagnostic testing within 90 days before

enrollment
▪ Low to intermediate pre-test likelihood of CAD according to the updated

Diamond-Forrester risk model score
▪ Acute coronary syndrome
▪ Need for an emergent procedure
▪ Evidence of clinical instability
▪ Contra-indication to contrast agent administration and/or impaired renal

function
▪ Inability to sustain a breath hold
▪ Pregnancy
▪ Cardiac arrhythmias
▪ Presence of pace maker or implantable cardioverter defibrillator
▪ Contra-indications to the administration of sub-lingual nitrates, beta-blockade

and adenosine
▪ Structural cardiomyopathy outside of suspected or know ischemic heart

disease
2.3. Randomization procedure for all patients

Upon completion of the screening procedure and enrollment, the patients will be ran-
domized 1:1 to the CT-based strategy (Group A) or usual care (Group B).

2.4. Patient preparation for patients in Group A

Patients will be asked to refrain from smoking and caffeine for 24 h and to
maintain fasting for 6 h before the scan. All patients will be monitored with con-
tinuous blood pressure measurement and ECG to evaluate mean heart rate (HR)
and HR variability (HRv) during a breath hold test as previously described [16].
For all patients with a resting HR N 65 bpm before the scan, β-blockade should
be administered to achieve a target HR ≤ 65 bpm. No exclusion criteria will be
adopted in terms of maximum HR thanks to the new scanner technology that
will be used in the study. Before the rest scan, all patients will receive sublingual
nitrates to ensure coronary vasodilatation.

2.5. Rest CCTA performance and interpretation for patients Group A

CCTA will be performed with one of the latest generation scanners mentioned
above and in agreement with the recommendations of the Society of Cardiovascu-
lar Computed Tomography (SCCT) [17]. Scan parameters, contrast agent type and
protocol injection will be in agreement with on-site practice. CCTA datasets will
be transferred to a dedicated image-processing workstation and undergo on-site
evaluation according to the SCCT guidelines for reporting [17]. For analysis, coro-
nary arteries will be segmented according to a 16 segment model [18]. The causes
of impaired image quality will be classified as blooming artifacts generated by
large calcifications, motion artifacts related to non-compliance with breath hold-
ing, misalignment of sections related to variation of HR, or impaired signal- or
image-to-noise ratio. Accordingly, 4-point image quality score (Likert score) will
be used to estimate the image quality. In each coronary artery, coronary athero-
sclerosis will be defined as the presence of any tissue structures larger than
1 mm2 either within the coronary artery lumen or adjacent to it that can be dis-
criminated from the surrounding pericardial tissue, epicardial fat, or vessel
lumen itself. All detected plaques will be classified as non-calcified plaque,
mixed plaque, or calcified plaque [7]. All calcified plaques will be further classified
as mild calcification (arc b90°), moderate calcification (arc: 90–179°), and severe
calcification (arc N179°) in a cross-sectional view of the coronary vessel [7]. The
severity of coronary lesions will be quantified in multi-planar curved reformatted
images by identifying the minimum diameter and reference diameter for all steno-
sis, and the percentage of stenosis will be derived according to the following for-
mula: (Dref - Dmin)/Dref · 100, where Dref is the reference diameter (mean of
diameters of coronary artery segments free by disease immediately before and
after the stenosis) and Dmin is the minimum diameter. Then, luminal diameter
stenosis will be quantified as none (0% luminal stenosis), very mild (1% to 29% lu-
minal stenosis), mild (30% to 50% luminal stenosis), moderate (51% to 70% luminal
stenosis), obstructive (71% to 90% luminal stenosis), sub-totally occluded (91% to
99% luminal stenosis), occluded (100% luminal stenosis), or non-evaluable. A ste-
nosis N50% will be considered as significant from an anatomical point of view. For
coronary artery segments with stents, degree of intrastent restenosis (ISR) will be
evaluated by visual assessment of intraluminal contrast density. Contrast attenua-
tion will be measured in Hounsfield units and compared with short- and long-axis
views inside and outside the stented segment. Stent narrowing will be graded
from 0 to 3 (grade 0, patent lumen with no visible ISR; grade 1, non-obstructive
ISR with b50% lumen narrowing for a patent stent with a hypoattenuating rim be-
tween the metallic struts and the enhanced lumen; grade 2, obstructive ISR with
N50% lumen narrowing for stent lumen appearance, and grade 3, total occlusion
for a stent lumen with lower attenuation than the contrast-enhanced vessel prox-
imal to the stent and no visualized runoff distal to the stent) [19]. ISR N 50% will
be considered as significant from an anatomical point of view.

For CABG, each graft will be visually evaluated and scored as patent, non-significant
stenosis ≤50%, significant stenosis N50%, or occluded.

2.6. Randomization procedure for patients in Group A

Upon completion of rest CCTA, patients with negative CCTAwill follow the usual stan-
dard of care. For patients with positive CCTA results, additional stress CTP will be per-
formed subsequently. The decision to perform static stress CTP or dynamic stress CTP
will be based on local practice and technology. The referring physicians will use the infor-
mation given by the test result according to specific clinical guidelines and to local practice
(optimal medical therapy prescription, further non-invasive or invasive tests).

2.7. Stress CTP performance and interpretation

Vasodilatation will be induced with i.v. adenosine injection or regadenoson based on
local practice.

For static stress CTP, at the end of stressor infusion, a single data sample will be ac-
quired during first-pass enhancement according to local practice and scan protocol pro-
vided by each vendor (see supplemental material for details of the scan protocol for
each vendor). Datasets of static stress CTP will be transferred to a dedicated image-



Fig. 1. Study workflow. CAD: coronary artery disease; CCTA: coronary computed tomography angiography; CTP: computed tomography perfusion.
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processing workstation. The evaluation will be performed on a short axis (apical, medium
and basal slices) and long-axis view (2-, 3- and 4-chamber projections) with 8-mm thick
average multiplanar reformatted images [20]. A narrow window width and level (350 W
and 150 L) will be used for perfusion defect evaluation. Each myocardial segment will be
correlated as previously described by Cerci et al. [21]. The adjudication process will be ap-
plied between a significant CAD and at least 1 myocardial perfusion defect in primary or
secondary territories.

As a first step, a 4-point image quality scorewill be given for eachmyocardial segment
regarding the diagnostic confidence of perfusion defect evaluation, based on image quality
[22]. True perfusion defects will be defined as subendocardial hypoattenuation
encompassing ≥25% of transmural thickness within a specific coronary territory.

For dynamic CTP, vasodilatation will be induced with the same protocol described for
static stress CTP. Under pharmacological stress, multiple sequential samples of myocardial
attenuation will be acquired according to the local practice and scan protocol provided by
each vendor (see supplemental material for details of the scan protocol for each vendor).

Datasets of dynamic stress CTP will be evaluated by on-site dedicated software. The
evaluation will be performed on a short axis (apical, medium and basal slices) with 8-
mm thick average multiplanar reformatted images and a narrow window width and
level (350W and 150 L)will be used for perfusion defect evaluation. Eachmyocardial seg-
ment will be correlated as previously described [21].

As a first step, a 4-point image quality score is given for each myocardial segment as
previously described for static stress CTP. True perfusion defects will be quantitatively
defined according to vendor-specific software, and myocardial blood flow (MBF) values
provided.

For all patients with previous history of MI the presence of reversible ischemiawill be
obtained by the comparison between rest and stress perfusion. A further late acquisition to
detect scar according to the local protocol is recommended but not mandatory.

2.8. Radiation exposure estimation

The effective radiation dose (ED) will be calculated as the product between dose–
length product and a conversion coefficient for the chest (K = 0.014 mSv/(mGy*cm)
[23]. For other tests the ED reported in the report or themean ED available in the literature
for that specific test will be used.

2.9. Reclassification rate in patient management

The reclassification rate in patient management will be evaluated between CCTA
alone versus both CCTA and CTP when available. The reclassification rate of management
plans will be assessed by a blinded independent review committee and local physician
teams separately. In detail, for each enrolled patient in whom both CCTA and stress CTP
will be performed, the endpoint review committee will use data from coronary CTA and
CTP, along with the clinical data to determine the management plan using the following
criteria: (a) optimal medical therapy, (b) more non-invasive information required,
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(c) invasive evaluation required, (d) revascularization treatment (PCI or CABG or hybrid
treatment).

2.10. Management for patients in Group B

Patients randomized to this group will be evaluated according to current clinical
guidelines [4] with the following approaches: (a) functional non-invasive tests (stress
ECG, or imaging-based tests such as Stress Echo, Stress CMR, SPECT or PET) as a gatekeeper
for ICA; (b) direct referral to ICA.

2.11. Follow-up

Patient follow-up will be performed at 1 year (± 1 month) and 2 years (± 1 month)
by trained interviewers who check medical records or by phone interview collecting the
following information:

1. Downstream testing. The results of the index test will be provided to the reference car-
diologist of the patients' institution whowill make clinical decisions based on the inte-
grated evaluation of patient clinical assessment and index test findings. The following
downstream testing will be recorded from study entry until the end of follow-up: [1]
NITs: non-invasive diagnostic tests, including further CCTA or stress testing (exercise
or pharmacological stress), with detection of ischemia by ECG, myocardial perfusion,
or wall motion abnormalities; and [2] number of ICA and prevalence of obstructive
CAD at ICA.

2. Overall radiation exposure. We will measure the cumulative ED over the entire study
period by assessing the original average dose for each test performed during the
follow-up. In case the ED for each test is not known, we will use the standard ED avail-
able for each test in the literature.

3. Outcomes. Events will be defined according to the following definitions:
a) hospitalization for cardiac reason; b) revascularization by PCI or CABG; c) unstable
angina; d) non-fatal MI; e) cardiac death: any death because of immediate cardiac
cause (e.g., MI, low-output failure, fatal arrhythmia) or vascular cause
(e.g., cerebrovascular disease, pulmonary embolism, ruptured aortic aneurysm, dis-
secting aneurysm, or other vascular cause). Unwitnessed death and death of unknown
cause will be classified as cardiovascular death. MACE will be defined as a combined
endpoint of unstable angina, nonfatal MI, and cardiac death. An independent clinical
events adjudication committee will review the agreement between all events and
the provided definitions.

4. Cost-effectiveness estimation: The cost of differentmedical care strategieswill bemea-
sured with a bottom-up estimation bymultiplying counts of resource use by standard-
ized costweights thatwill be calculated according to local reimbursement [24] [25]. For
the purpose of this analysis, we will include all costs between study entry and 2-year
follow-up, including the cost of the index study test. In order to adjust for differences
among patient groups, we will develop a propensity score for use of usual care instead
of cCTA, and a second propensity score for use of cCTA+CTP instead of cCTA. We will
develop these two propensity score models using multivariable logistic regression,
based only on patients enrolled in centres that perform all tests of interest, using base-
line clinical characteristics that will be recorded on study data forms [26]. For each pa-
tient, the projected remaining life expectancy will be calculated using the observed
survival time of patients who died and their projected life expectancy (based on the
age-sex matched Italian population) to estimate life-years lost. We will assign 2 life-
years lost to every patient who experiences a MI and survives for the remaining
follow-up time [9]. Finally, the cost-effectiveness ratio will be calculated according to
the following equation: (Index test cost + downstream diagnostic tests cost) /
projected remaining life expectancy.

2.12. Endpoints of the study

The primary endpoint of the study is the reclassification rate of CCTA in groupA due to
the addition of CTP according to the following algorithm: A) non-obstructive CAD with
negative matched functional evaluation was considered negative; B) non-obstructive
CAD with positive matched functional evaluation was considered still negative;
C) obstructive CADwith negativematched functional evaluationwas considerednegative;
andD) obstructive CADwith positivematched functional evaluationwasdeemed positive.

The secondary endpoint will be the comparison between group A and group B in
terms of non-invasive and invasive downstream testing, prevalence of obstructive CAD
at ICA, revascularization, cumulative ED and overall cost during the follow-up at 1- and
2-years. The tertiary endpoint will be the comparison between each group in terms of
MACE and cost-effectiveness at 1- and 2-years.

2.13. Statistical analysis

The sample size is defined based on the primary endpoint. Based on previous data
[9,13,27] and assuming a prevalence of obstructive CAD of 55%, a rate of CTP positive for
perfusion defect among patientswith obstructive CADof 30% and a conservative rate of re-
classification of patients' management by integration of CTP with CCTA of 10%, 473 pa-
tients with positive CCTA should be enrolled corresponding to an overall population for
theCCTA armof860 patients. Considering a drop-off up to 10%, thefinal overall population
should be of 1912 patients. This sample size should ensure N90% power to determine the
effect of CTP on reclassification rate of CAD management. Discrete variables will be pre-
sented as absolute number or percentage while continuous data will be presented as
mean ± SD or medians with the range between first and third quartile. Groups will be
compared by independent sample Student t-test or Mann-Whitney U test for continuous
variables and by chi-square or Fisher exact test for categorical variables. The event free sur-
vival probabilitywill be estimated byKaplan-Meier survival analysis and log-rank statistic.
A Cox proportional hazards model will be employed to estimate the relative hazard of
events by the different test strategies, thus deriving hazard ratios and 95% confidence in-
tervals. A 2-sided p value of b0.05 was considered statistically significant.

3. Discussion

CCTA has proven itself as a robust technique in terms of diagnosis
[28] and prognostic stratification [8,29] with low radiation exposure
[30]. Some studies comparing the cost-effectiveness of an anatomical
strategy versus standard of care in these settings have shown a superi-
ority of usual practice. Hlatky et al. [26] in an observational prospective
registry of 1703 patients with suspected CAD showed that functional
strategy with SPECT was associated with a 15% and 22% lower cost as
compared with CCTA (p b 0.01) or positron emission tomography (p b

0.0001), respectively, with a comparable number of major adverse car-
diac events (1.6% versus 0.7% versus 5.5%, respectively). Douglas et al.
[31] showed that CCTA, as compared with a functional strategy ap-
proach, is associated with a lower rate of non-obstructive CAD at ICA
evaluation (3.4% versus 4.3%; p 0.02) at the cost of a trend of higher
number of patients referred to catheterization (12.2% versus 8.0%) and
revascularization procedures (6.2% versus 3.2%), and higher cumulative
ED (12 mSv versus 10.1 mSv; p b 0.001) without any improvement in
the clinical outcomes.Mudrick et al. [32] showed a higher rate of further
non-invasive testing (10% versus 3%), catheterization (26% versus 15%),
and revascularization procedures (13% versus 8%) within 90 days from
CCTA. Further, in a setting of revascularized patients, Pontone et al. [9]
showed that compared with a functional strategy based on stress car-
diac magnetic resonance (CMR), CCTA was associated with a higher
rate of subsequent non-invasive tests (28% versus 17%; p 0.0009), ICA
(31% versus 20%; p 0.0009), and revascularization procedures (24% ver-
sus 16%; p 0.007). Moreover, patients undergoing stress-CMR showed a
lower rate of MACE (5% versus 10%; p b 0.010) and cost-effectiveness
ratio (119.98 ± 250.92 versus 218.12 ± 298.45 Euro/y; p b 0.001).

More recently, the addition of stress-CTP to CCTA was shown to sig-
nificantly improve overall diagnostic accuracy of CCTAalonewhen com-
pared to ICA plus FFR in the setting of intermediate to high risk patients
[13,14]. However, comparative data of cost-effectiveness of a combined
anatomical plus functional strategywith CCTAplus CTP versus the usual
care pathway or CCTA alone strategy are unknown.

In conclusion, the CTP-PRO study will provide information about
which strategy could be more effective in the diagnosis of suspected
CAD in intermediate to high risk patients or in the symptomatic patients
with known CAD and previous history of revascularization.

3.1. Status of the study

The study is registered at ClinicalTrials.gov with the Protocol Num-
ber NCT03976921.

Initially, 4 coordinating sites will contribute data. Data collection ac-
tivities will begin with the aim to collect data on approximately 2000
patients. Participating sites represent academic university-based medi-
cal centers. The anticipated duration of the study will be approximately
12 months for enrollment, 24 months for follow-up, and 4 months for
data analysis. Total studyduration including follow-up anddata analysis
is expected to be approximately 40 months. The first enrollment is
planned for June 2019.
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