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ABSTRACT
ISS
OBJECTIVES The aims of the study were to test the diagnostic accuracy of integrated evaluation of dynamic myocardial

computed tomography perfusion (CTP) on top of coronary computed tomography angiography (cCTA) plus fractional

flow reserve computed tomography derived (FFRCT) by using a whole-heart coverage computed tomography (CT)

scanner as compared with clinically indicated invasive coronary angiography (ICA) and invasive fractional flow reserve

(FFR).

BACKGROUND Recently, new techniques such as dynamic stress computed tomography perfusion (stress-CTP)

emerged as potential strategies to combine anatomical and functional evaluation in a one-shot scan. However, previous

experiences with this technique were associated with high radiation exposure.

METHODS Eighty-five consecutive symptomatic patients scheduled for ICA were prospectively enrolled. All patients

underwent rest cCTA followed by stress dynamic CTP with a whole-heart coverage CT scanner (Revolution CT, GE

Healthcare, Milwaukee, Wisconsin). FFRCT was also measured by using the rest cCTA dataset. The diagnostic accuracy to

detect functionally significant coronary artery disease (CAD) in a vessel-based model of cCTA alone, cCTAþFFRCT,

cCTAþCTP, or cCTAþFFRCTþCTP were assessed and compared by using ICA and invasive FFR as reference. The overall

effective dose of dynamic CTP was also measured.

RESULTS The prevalence of obstructive CAD and functionally significant CAD was 77% and 57%, respectively. The

sensitivity and specificity of cCTA alone, cCTAþFFRCT, and cCTAþCTP were 83% and 66%, 86% and 75%, and 73% and

86%, respectively. Both the addition of FFRCT and CTP improves the area under the curve (AUC: 0.876 and 0.878,

respectively) as compared with cCTA alone (0.826; p < 0.05). The sequential strategy of cCTAþFFRCTþCTP showed the

highest AUC (0.919; p < 0.05) as compared with all other strategies. The mean effective radiation dose (ED) for cCTA and

stress CTP was 2.8 � 1.2 mSv and 5.3 � 0.7 mSv, respectively.

CONCLUSIONS The addition of dynamic stress CTP on top of cCTA and FFRCT provides additional diagnostic accuracy

with acceptable radiation exposure. (J Am Coll Cardiol Img 2019;12:2460–71) © 2019 by the American College of

Cardiology Foundation.
N 1936-878X/$36.00 https://doi.org/10.1016/j.jcmg.2019.02.015
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AB BR E V I A T I O N S

AND ACRONYM S

AIF = arterial input function

AUC = area under the curve

CAD = coronary artery disease

cCTA = coronary computed

tomography angiography

CT = computed tomography

CTP = computed tomography

perfusion

ED = effective radiation dose

FFR = fractional flow reserve

FFRCT = fractional flow reserve

computed tomography derived

HR = heart rate

ICA = invasive coronary

angiography

MBF = myocardial blood flow

PET = positron emission

tomography

SPECT = single-photon

emission computed

tomography
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C oronary computed tomography angiography
(cCTA) was introduced as an anatomic
imaging method to rule out the presence of

coronary artery disease (CAD) (1) and also for
improving prognostic assessment above baseline
risk factor evaluation and functional stress test find-
ings (2,3). However, despite its high negative predic-
tive value, several factors limit its specificity and
positive predictive value (4). To this regard, there is
an emerging literature testing the addition value of
traditional stress imaging test (5) or more recently of
stress myocardial perfusion using computed tomog-
raphy (CTP) and fractional flow reserve computed to-
mography derived (FFRCT) on top of cCTA (5). Initial
single-center studies with stress dynamic CTP testing
its diagnostic accuracy and the additional value to
cCTA and FFRCT were mainly performed (6–18) with
shuttle-mode approach. To the best of our knowl-
edge, previous studies performing stress dynamic
CTP with whole-heart coverage computed tomogra-
phy (CT) scanner are missing. The aim of our study
was to test the diagnostic accuracy of an integrated eval-
uation of dynamic CTP in addition to cCTA and FFRCT

compared with invasive coronary angiography (ICA)
plus clinically indicated invasive fractional flow reserve
(FFR) by using this new technology.
SEE PAGE 2472
METHODS

Patients scheduled for ICA between June 2017 and
June 2018 were prospectively screened. Exclusion
criteria included the following: 1) low to intermediate
pre-test likelihood of CAD (<50%) (19); 2) previous
history of revascularization or myocardial infarction;
3) acute presentation; 4) contraindication to contrast
agent or impaired renal function; 5) contraindication
to nitrates, beta-blockade, and/or adenosine; and 6)
atrial fibrillation.

The institutional ethics committee approved the
study protocol.

The study flow diagram is shown in Figure 1 ac-
cording to the STARD criteria (20).

PATIENT PREPARATION. For detailed description of
patients, preparation, rest cCTA, and stress dynamic
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CTP scan protocol see the Supplemental Ap-
pendix. Patients were asked to refrain from
smoking and caffeine for 24 h and fast for 6 h
before the scan. All patients received sublin-
gual nitroglycerine (2 puffs of 0.3 mg each).
In patients with a resting heart rate (HR)
>65 beats/min before the scan, metoprolol
was administered intravenously with a titra-
tion dose up to 15 mg to achieve a target
HR <65 beats/min. However, all patients
were studied even if the target HR was not
reached.

REST cCTA PERFORMANCE AND INTERPRE-

TATION. We performed rest cCTA with a
Revolution CT scanner (GE Healthcare, Mil-
waukee, Wisconsin) as previously described
(21). All patients received a 70-ml bolus of
iodixanol 320 (Visipaque 320 mg/ml, GE
Healthcare, Oslo, Norway) at an infusion rate
of 6.2 ml/s followed by 50 ml of saline solution
at the same rate of infusion. Datasets of each
cCTA examination were transferred to an
image-processing workstation (Advantage

Workstation 4.7, GE Healthcare, Milwaukee, Wiscon-
sin) and independently analyzed according to the
Society of Cardiovascular Computed Tomography
guidelines for reporting (22) by 2 cardiac radiologists
(M.G. and G.M.) who were blinded to the clinical his-
tory of the patients. Coronary arteries were segmented
as suggested by the American Heart Association (23).
Impaired image quality was classified according to the
Likert score as previously described (4). The overall
evaluability of cCTA was measured and the severity of
the coronary lesions was categorized according to
Society of Cardiovascular Computed Tomography
guidelines for reporting (22). All non-evaluable coro-
nary artery segments were censored as positive.
Obstructive CAD was defined as the presence of ste-
nosis >50%. A third cardiac radiologist with more than
5 years of experience in cCTA adjudicated the scores in
cases of disagreement.

STRESS DYNAMIC cCTA PERFORMANCE AND

INTERPRETATION. Twenty minutes after the cCTA,
the stress acquisition was performed. Vasodilatation
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FIGURE 1 The STARD Diagram

Consecutive symptomatic patients for
suspected CAD and scheduled for ICA

(n = 245)
Reason for exclusions:
• Low to intermediate risk for CAD: 34
• Previous history of revascularization or MI: 87
• Acute presentation: 12
• Contraindication to cCTA: 13
• Contraindication to nitrates, β-blockade, adenosine: 14
• Atrial fibrillation: 0

Informed consent withdrawn: 0

Stress CTP interrupted for technical reason: 1

Eligible participants
(n = 85)

Index test: cCTA+CTP
(n = 85)

Reference Test: ICA
(n = 85)

Diagram reporting the flow of participants through the study. CAD ¼ coronary artery disease; cCTA ¼ coronary computed tomography

angiography; CTP ¼ computed tomography perfusion; ICA ¼ invasive coronary angiography.
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was induced with an intravenous adenosine injection
(0.14 mg/kg/min over 4 min). At the end of the third
minute of the adenosine infusion, 0.7 ml/kg of iodix-
anol 320 (Visipaque 320 mg/ml, GE Healthcare, Oslo,
Norway) at an infusion rate of 5 ml/s followed by 0.5
ml/kg of saline solution at an infusion rate of 5 ml/s
was injected and at the same time the stress CTP
acquisition was performed in free breathing. Three
2 Dynamic Stress CTP Acquisition Protocol

• Tube Voltage: 100 K
• Tube Current: 100 m
• Detector Coverage: 
• ECG gated (70% car
• Number of passes: 1
• Interval between pa
• Total scan time: 9 se

• Tube Voltage: 100 KVp
• Tube Current: 100 mA
• Detector Coverage: 140 mm
• ECG gated (70% cardiac cycle)
• Number of passes: 9
• Interval between passes: 1.8 sec
• Total scan time: 17 sec
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ation as in Figure 1.
consecutive series of datasets were acquired covering
the base of heart to the apex as shown in Figure 2.

Multiple short-axis views of the left ventricle from
the base to the apex corrected for breathing-related
displacement were generated and endocardial and
epicardial borders were selected. Accordingly, the
change of attenuation in the myocardium over time
was computed. For quantification of myocardial blood
• Tube Voltage: 100 KVp
• Tube Current: 100 mA
• Detector Coverage: 140 mm
• ECG gated (70% cardiac cycle)
• Number of passes: 6
• Interval between passes: 2.8 sec
• Total scan time 17 sec
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A
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flow (MBF), the arterial input function (AIF) was
sampled in the ascending aorta and the myocardial
time/attenuation curves were coupled with the AIF
using a hybrid deconvolution model (Supplemental
Appendix). Finally, MBF was computed by dividing
the convoluted maximal slope of the myocardial time-
attenuation curve by the maximum AIF as previously
described (24). MBF maps were reconstructed as a
stack of color-coded images with a slice thickness
of 3.0 mm. Measurements of MBF were obtained
from regions of interest of at least 1,000 pixels (i.e., at
least 0.5 cm2) positioned in a representative area
of each myocardial segment according to a standard
16-segment model. Blinded adjudication was per-
formed to verify co-registration of CTP-defined
perfusion defects with culprit vessels as defined
using cCTA by 2 cardiac radiologists (A.B. and G.P.)
who had more than 5 years of experience, as previ-
ously described (21).

FFRCT PERFORMANCE AND INTERPRETATION.

All cCTA datasets were sent to HeartFlow (Redwood
City, California) for FFRCT analysis. An FFRCT <0.80
was considered significant.

EVALUATION OF cCTA COMBINED WITH FFRCT OR

DYNAMIC STRESS CTP. All coronary artery imaging
datasets were combined with stress CTP according to
the following interpretation: 1) non-obstructive CAD
was considered negative regardless of functional test
findings; 2) obstructive CAD with negative functional
test findings was considered negative; and 3)
obstructive CAD with positive matched functional
test findings was deemed positive.

EVALUATION OF cCTA COMBINED WITH FFRCT AND

DYNAMIC STRESS CTP. A stepwise diagnostic work-
up based on the sequential strategy of
cCTAþFFRCTþCTP was developed as follows: 1) non-
obstructive CAD was considered negative regardless
of functional test findings; 2) obstructive CAD with
FFRCT >0.8 was considered negative regardless of
CTP findings; 3) obstructive CAD with FFRCT <0.7 was
considered positive regardless of CTP findings; and 4)
obstructive CAD with FFRCT between 0.7 and 0.8 was
considered positive only in case of pathological CTP.

ICA AND INVASIVE FFR PERFORMANCE AND

INTERPRETATION. In all patients, certified inter-
ventional cardiologists performed ICA within 60 days
after the cCTA examination (25). Coronary angio-
grams were analyzed at the clinical site by an inter-
ventional cardiologist who was blinded to cCTA and
stress CTP findings.

The severity of coronary stenosis was quantified in
two orthogonal planes by identifying the minimum
diameter and reference diameter for all stenosis, and
the percentage of stenosis was derived. The func-
tionally significant CAD was considered as reference
according to the following definition: presence of
coronary artery stenoses $80% or totally occluded
vessels or intermediate stenoses with invasive
FFR #0.8 (26,27).

RADIATION EXPOSURE. The effective radiation dose
(ED) was calculated as the product between dose–
length product and a conversion coefficient for the
chest (K ¼ 0.014 mSv/mGy � cm). For ICA, ED was
calculated by multiplying the dose area product by a
conversion factor (K ¼ 0.21 mSv/mGy � cm2) for
lateral and posterior-anterior radiation exposure in
the chest.

STATISTICAL ANALYSIS. Statistical analysis was
performed with dedicated software SPSS version
22.0 (IBM SPSS Statistics, IBM Corporation, Armonk,
New York) and R version 2.15.2. Continuous vari-
ables are expressed as mean � SD, and discrete
variables are expressed as absolute numbers and
percentages. The diagnostic performance of rest
cCTA alone and the combination of rest cCTA plus
functional tests were measured. Regarding stress
CTP, the best cut-off of MBF was identified by using
maximum Youden test. The overall evaluability,
sensitivity, specificity, negative predictive value,
and positive predictive value were calculated versus
ICA and invasive FFR. To account for repeated and
potentially correlated measurements in multiple
perfusion territories in a patient, generalized esti-
mating equations were used with an exchangeable
working correlation matrix for comparisons of pos-
itive and negative outcomes. The area under the
curve (AUC) was measured for each strategy and
compared by using DeLong test. A p value <0.05
was considered significant.

RESULTS

The study population consisted of 85 patients and
the patient clinical characteristics are summarized in
Table 1. The prevalence of obstructive CAD at ICA
was 77% (65 of 85 patients) and the prevalence of
functionally significant CAD was 57% (48 of 85
patients).

Rest cCTA was successfully performed in all pa-
tients. Fifty (59%) patients received metoprolol before
the scan, with an average dose of 5.8 � 6.5 mg, and
reached a HR during the scan of 60.2 � 8.1 beats/min
(Table 1). The mean Likert score was 3.9 � 0.5 corre-
sponding to an overall evaluability of native coronary
arteries of 98% (1,241 of 1,264 coronary artery
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TABLE 1 Characteristics of the Study Population

Baseline characteristics

N 85

Age, yrs 64.6 � 8.2

Male 67 (79)

BMI, kg/m2 26.7 � 4.8

Risk factors

Hypertension 65 (77)

Smoker 39 (46)

Hyperlipidemia 59 (69)

Diabetes 16 (19)

Family history of coronary artery disease 51 (60)

Reasons for invasive coronary angiography

Symptoms and/or equivocal stress test 51 (60)

Positive exercise-ECG stress test 19 (22)

Positive stress echocardiography 2 (2)

Positive single-photon emission tomography 10 (12)

Positive stress cardiac magnetic resonance 3 (4)

MDCT scan protocol, rest

HR before scanning (beats/min) 67.6 � 10.8

b-blocker 50 (59)

b-blocker dosage (mg) 5.82 � 6.5

HR during scanning (beats/min) 60.2 � 8.1

Dose length product (mGy-cm) 202.1 � 88.6

Effective dose (mSv) 2.8 � 1.2

MDCT scan protocol, stress

HR during scanning (beats/min) 86.5 � 13.1

Dose length product (mGy/cm) 384.3 � 53.1

Effective dose (mSv) 5.3 � 0.7

Prevalence of obstructive CAD ($50%) at ICA

No disease 20 (23)

1-vessel disease 35 (41)

2-vessel disease 16 (19)

3-vessel disease 14 (17)

Patients 63 (74)

Prevalence of functionally significant CAD*

No disease 37 (43)

1-vessel disease 24 (28)

2-vessel disease 14 (16)

3-vessel disease 10 (12)

Patients 48 (56)

Values are mean � SD or n (%). *Stenosis >80% or FFR <0.8 in intermediate stenosis 30% to
80%.

BMI ¼ body mass index; CAD ¼ coronary artery disease; ECG ¼ electrocardiogram; HR ¼ heart
rate; ICA ¼ invasive coronary angiography; MDCT ¼ multidetector computed tomography.
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segments). Seventy-one of 85 patients (83%) showed
obstructive CAD at cCTA. The diagnostic performance
of rest cCTA is presented in Table 2. cCTA alone
demonstrated a per-vessel sensitivity, specificity,
negative predictive value, positive predictive value,
and accuracy of 83%, 66%, 89%, 54%, and 71%,
respectively.

The FFRCT was successfully performed in 95% of
patients (81 of 85 patients). The diagnostic perfor-
mance of rest cCTAþFFRCT is presented in Table 2,
showing a per-vessel sensitivity, specificity,
negative predictive value, positive predictive value,
and accuracy of 86%, 75%, 93%, 60%, and 78%,
respectively. Among patients with obstructive CAD
at cCTA, the FFRCT fell in the gray zone ranging
between 0.7 to 0.8 in 25 left anterior descending
coronary arteries, in 8 left circumflex coronary ar-
teries, and in 8 right coronary arteries.

Stress CTP was successfully performed in all
patients with a mean HR during the stress scan of
86.5 � 13.1 beats/min (Table 1). One stress CTP
was not included in our quantitative analysis of
MBF due to a post-processing software error in
the co-registration of the dataset. Among the
remaining 84 patients, the mean absolute MBF
values for ischemic territories was significantly
lower as compared with normal territories (96 � 32 ml/
100 g/min vs. 130 � 46 ml/100 g/min; p ¼ 0.0001).
The optimal threshold for absolute MBF to identify
functionally significant CAD using the maximum
Youden test was 101 ml/100 g/min. Using this
threshold of MBF and based on the pre-specified
diagnostic algorithm, the addition of dynamic
stress CTP on top of rest cCTA demonstrated a per-
vessel sensitivity, specificity, negative predictive
value, positive predictive value, and accuracy of
73%, 86%, 87%, 72%, and 82%, respectively
(Table 3).

Finally, the integrated model of cCTAþFFRCTþ-
stress CTP according to the pre-defined model
showed a per-vessel sensitivity, specificity, negative
predictive value, positive predictive value, and
accuracy of 79%, 90%, 91%, 78%, and 87%,
respectively.

Both the addition of FFRCT and CTP improves the
AUC (0.876 and 0.878, respectively) as compared
with cCTA alone (0.826; p < 0.05). The sequential
strategy of cCTAþFFRCTþCTP showed the highest
AUC (0.919; p < 0.05) as compared with all other
strategies (Figure 3). The mean ED for cCTA and stress
CTP was 2.8 � 1.2 and 5.3 � 0.7, respectively (Table 1).
Representative case examples are illustrated in
Figures 4 to 6.

DISCUSSION

The main finding of our study is that the addition of
quantitative stress dynamic CTP significantly im-
proves diagnostic performance of cCTA to detect
functionally significant CAD and it is comparable to
the addition of FFRCT. Moreover, a sequential strategy
based on cCTA followed by FFRCT and stress dynamic
CTP is associated with the highest performance with
the aim to provide both anatomic and functional in-
formation (Central Illustration) (28). Of note, the ED for



TABLE 2 Comparison of Diagnostic Accuracy of cCTA, cCTAþFFRCT, and cCTAþCTP in Detecting Functionally Significant CAD

Vessel-Based Analysis cCTA cCTAþFFRCT cCTAþCTP cCTAþFFRCTþCTP

True-positive 68 62 59 56

True-negative 114 126 142 145

False-positive 59 42 23 16

False-negative 14 10 22 15

Sensitivity 83 (75–91) 86 (78–94) 73 (63–83) 79 (69–88)

Specificity 66 (59–73) 75 (68–82) 86 (81–91) 90 (85–95)

Negative predictive value 89 (84–94) 93 (88–97) 87 (81–92) 91 (86–95)

Positive predictive value 54 (45–62) 60 (50–69) 72 (62–82) 78 (68–87)

Accuracy 71 (66–77) 78 (68–82) 82 (77–87) 87 (82–91)

Values are n or % (95% confidence interval).

CAD ¼ coronary artery disease; cCTA ¼ coronary computed tomography angiography; CI ¼ confidence interval; CTP ¼ computed tomography perfusion; FFRCT ¼ fractional
flow reserve computed tomography derived.

FIGURE 3 Receiver-Operating Characteristic Curve

cCTA vs. cCTA+FFRCT p: 0.05
cCTA vs. cCTA+CTP p: 0.04
cCTA+CTP vs. cCTA+FFRCT 0.40
cCTA+FFRCT+CTP vs cCTA p < 0.001
cCTA+FFRCT+CTP vs cCTA+FFRCT p: 0.03
cCTA+FFRCT+CTP vs cCTA+CTP p: 0.016

cCTA, AUC = 0.826 (95%CI: 0.772-0.879)
cCTA+CTP, AUC = 0.876 (95%CI: 0.832-0.919)
cCTA+FFRCT, AUC = 0.878 (95%CI: 0.833-0.923)
cCTA+FFRCT+CTP, AUC = 0.919 (95%CI: 0.883-0.954)

ROC
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Vessel Based model

Analysis of diagnostic accuracy per vessel of cCTA alone or integrated evaluation of

cCTAþFFRCT, cCTAþCTP, or cCTAþFFRCTþCTP to detect functionally significant CAD vs.

invasive evaluation as reference standard. AUC ¼ area under the curve; CI ¼ confidence

interval; FFRCT ¼ fractional flow reserve CT derived; ROC ¼ receiver operating charac-

teristics; other abbreviations as in Figure 1.
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dynamic stress CTP was 5.3 mSv, which is approxi-
mately 50% less than the ED reported in the literature.

Despite several traditional stress imaging test
showed an excellent diagnostic accuracy (29), in the
Dan-NICAD (Diagnosing coronary artery disease after
a positive coronary computed tomography angiog-
raphy study) study, 392 patients with obstructive CAD
on cCTA were randomized to cardiac magnetic reso-
nance or a nuclear stress test and further evaluated
with ICA and invasive FFR when clinically indicated
showing a very low sensitivity of 41% and 36%,
respectively (5). One of the potential explanations is
that, once a patient is identified with obstructive CAD
using cCTA, we select a population having less diffuse
disease, which may cause smaller areas of ischemia
and increase the risk of underdiagnosis.

A recent meta-analysis on hybrid cardiac imaging
combining cCTA and myocardial perfusion (30)
showed improved discrimination for hybrid imaging
beyond cCTA alone, on a per-vessel basis (AUC: 0.97
vs. 0.93; p ¼ 0.047).

On the contrary, the PACIFIC trial (31) showed that
positron emission tomography (PET) perfusion imag-
ing had the best agreement with FFR-defined stenosis
(sensitivity 87% and specificity 84%) and the hybrid
diagnostic approach did not add incremental diag-
nostic value beyond stand-alone imaging. This
discrepancy could be explained by the varying diag-
nostic performance to detect ischemia, which is higher
for PET and lower for single-photon emission
computed tomography (SPECT) imaging (32). Howev-
er, PET is expensive and less available than CT.

Some single-center studies have tested the
diagnostic performance of dynamic CTP alone or on
top of cCTA.



FIGURE 4 Clinical Case #1
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A 63-year-old man with family history of CAD, hypertension, dyslipidemia, former smoker, symptomatic for atypical angina. (A to C) Rest cCTA showing moderate

stenosis of mid LAD (A), and absence of relevant stenoses in LCx (B) and RCA (C). (D) FFRCT showed normal values. (E to G) Dynamic Stress CTP long axes view,

showing absence of inducible ischemia. (H to J) ICA showing moderate mid-LAD stenosis with negative invasive FFR and normal LCx and RCA. LAD ¼ left anterior

descending artery; LCx ¼ left circumflex artery; RCA ¼ right coronary artery; FFR ¼ fractional flow reserve; other abbreviations as in Figures 1 and 3.
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Ho et al. (6) demonstrated that stress and rest dy-
namic perfusion imaging can detect myocardial
perfusion defects with good diagnostic accuracy
when compared with SPECT (per segment sensitivity,
specificity, positive predictive value, and negative
predictive value of 83%, 78%, 79%, and 82%,
respectively) and with ICA (per-segment sensitivity,
specificity, positive predictive value, and negative
predictive value of 95%, 65%, 78%, and 79%, respec-
tively). However, it should be noted that the radiation
dose for this protocol was about 20 mSv.

Bastarrika et al. (7) compared dynamic CT perfu-
sion with cardiac magnetic resonance imaging in 10
patients. Sensitivity, specificity, positive predictive
value, and negative predictive value for detection of
perfusion defects at CT were 86%, 98%, 94%, and
96%, respectively.

Rossi et al. (13) performed CT coronary angiog-
raphy and dynamic CT perfusion imaging in 80
patients who had stable chest pain and they found
that the optimal cutoff value for detection of hemo-
dynamically significant coronary stenosis was 78 mL/
100 mL/min. In addition, the authors demonstrated
that, in the group of patients with intermediate cor-
onary stenosis (30% to 70% lumen narrowing as
defined at CT coronary angiography), the subsequent
use of dynamic CT perfusion imaging significantly
improved the specificity of visual and quantitative CT
coronary angiography compared with FFR.

Bamberg et al. (33) showed good diagnostic perfor-
mance using a MBF threshold of 88 ml/100 g/min on
dynamic CTP for the detection of any perfusion
defect), reporting a sensitivity of 77.8% and a negative
predictive value of 91.3% with moderate positive
predictive value and specificity of 51% and 75%,
respectively.

Using a mean MBF of 79 ml/100 ml/min, Coenen
et al. (18) demonstrated a diagnostic accuracy and



FIGURE 5 Clinical Case #2
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A 63-year-old man with family history of CAD, hypertension, diabetes, former smoker, atypical angina, and recent exercise electrocardiogram and SPECT both

inconclusive for inducible ischemia. (A to C) Rest cCTA showing severe stenosis of mid-LAD (A), absence of relevant stenoses of LCx (B), and severe stenoses of

proximal and distal RCA (C). (D) FFRCT showed positive values for LAD and RCA. (E to G) Dynamic Stress CTP long-axes views showing diffuse ischemia. (H to J) ICA

showing severe stenosis of mid-LAD with positive FFR, normal LCX, and severe stenoses of proximal and distal RCA with positive FFR value. Abbreviations as in

Figures 1, 3, and 4.
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AUC for stress dynamic CTP of 68% and 0.75,
respectively. When MBF was integrated to cCTA,
the diagnostic accuracy significantly improved
to 77%. Of note, the mean radiation dose was 9.3 �
1.8 mSv.

More recently, Lu et al. (34) published a meta-
analysis on dynamic CTP showing pooled sensitivity
and specificity of 85% and 81% at the vessel level,
respectively, and 93% and 82% at the patient level,
respectively.

Some preliminary studies testing the accuracy of
dynamic CTP with whole-heart CT coverage scanner
were also performed versus PET (15). Kikuchi et al.
(15) showed a strong correlation between MBF as
detected using cCTA and PET (r ¼ 0.67; p ¼ 0.0126) in
healthy volunteers.

STUDY STRENGTHS AND LIMITATIONS. Our study
shows some strengths. It was prospective in nature
where the stress dynamic CTP was performed per
protocol and all patients underwent invasive eval-
uation avoiding any referral bias. The combination
of ICA plus invasive FFR when appropriate was
used, overcoming the limitation of the majority of
previous studies where mainly ICA alone was used.
Importantly, compared with previous studies, we
found a higher diagnostic accuracy with an
approximate 50% reduction of ED. To this regard,
Enjilela et al. (35) reported a compressed sensing
technique to reduce the overall effective dose in
dynamic CTP in a pig model reaching an effective
dose around 2.7 mSv but the main limitation of this
technique is the computationally intensive image
reconstruction compared with the standard dynamic
CTP approach.

Of note, according to the previous experiences
with dynamic CTP, the MBF value measured in our
study is different as compared with the values
measured using PET that are 3 to 4 times higher
(36). The potential explanation is that the myocar-
dial extraction of iodine contrast agent is partial
and influenced by flow rate (36). Indeed, MBF
measured with dynamic CTP reflects the transfer
constant from the blood compartment to the tissue



FIGURE 6 Clinical Case #3
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A 56-year-old man with family history positive for CAD, hypertension, smoking, ex-electrocardiogram positive for inducible ischemia. (A to D) Rest cCTA showing

subocclusive stenosis of RI (A and B), moderate stenosis of proximal LAD (C), and severe stenoses of proximal and mid-RCA (D). (E and F) Dynamic Stress CTP short

axis, showing inducible ischemia of basal to mid-inferolateral wall, basal inferior wall, mid to apical inferoseptal wall, mid to apical anterolateral wall. (G) Dynamic Stress

CTP long axis showed ischemia of basal inferior wall. (H) FFR plot of mid-LAD with negative value. (I) FFRCT positive value of RCA and distal LAD. (J to L) ICA showing

subocclusion of RI (J), moderate stenosis of mid-LAD with negative FFR (K), severe stenoses of proximal and mid-RCA with positive FFR value (L). Abbreviations as in

Figures 1, 3, and 4.
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compartment rather than the absolute value of
myocardial flow. As a result, the relationship be-
tween myocardial perfusion and iodine contrast
extraction is not linear, resulting in underestima-
tion of MBF (36). Therefore, the cut-off value of
stress MBF for detection of significant CAD deter-
mined using PET is not applicable to MBF calcu-
lated with dynamic CTP.

Moreover, when we tested the performance of an
integrated model of cCTA plus FFRCT plus stress
dynamic CTP, we have considered functionally
significant CAD with FFRCT between 0.7 and 0.8
only in case of matched perfusion defect as detec-
ted by CTP. Indeed, despite a good correlation
between FFRCT with invasive FFR, slight un-
derestimations were reported. This means that in
the intermediate range, however, a substantially
lower diagnostic accuracy of 46% has been shown
(37). Accordingly, the concept of borderline or
‘gray-zone’ FFRct results has been introduced,
emphasizing that particularly in these cases of
values further management should be performed.
As shown in our model, integrating dynamic CTP in
this setting, the diagnostic accuracy is significantly
improved.

Despite stress dynamic CTP and FFRCT showed
similar diagnostic performance, their applicability
could be different based on the advantages of each
technique. For example, CTP is based on on-site
interpretation, it is independent of coronary artery
interpretability, it can be applied to patients with
previous revascularization, and finally it is useful
also in case of microcirculatory disease. Different
from CTP, FFRCT needs only single rest scan and
stress agent is not required. Therefore, it is useful
for patients with contraindication to stressor or



CENTRAL ILLUSTRATION Potential Diagnostic Algorithm to Select Patients With Suspected CAD Who May Derive
Benefit by ICA and Consequent Revascularization
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CAD ¼ coronary artery disease; cCTA ¼ coronary computed tomography angiography; FFRCT ¼ fractional flow reserve computed tomography derived; ICA ¼ invasive

coronary angiography; CTP ¼ stress myocardial computed tomography perfusion.
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young patients in whom the radiation exposure
needs to be held as low as possible.

Some limitations are present in this study. First,
we have included patients scheduled for ICA and
this could be responsible for a potential inclusion
bias and invasive FFR was not performed in all
vessels but only in intermediate lesions. However,
this method is in agreement with accepted clinical
standards. Second, despite ED being lower as
compared with previous studies, the cumulative ED
for coronary artery imaging and MBF estimation is
not negligible. Moreover, our study protocol for
coronary artery imaging was not focused on radia-
tion exposure reduction, and a further decrease of
ED can be achieved by using a single cardiac phase
acquisition rather than a multiphase acquisition
during rest acquisition. Third, our results can be
applied only in patients with the same prevalence
of functionally significant CAD. Finally, the MBF
cut-off used in our study to define the presence of
functionally significant CAD was derived and it was
slightly higher as compared with previous studies.
However, in general, the absolute value of MBF as
detected using stress dynamic CTP should be taken
with caution because it could be partly related to
differences in patient characteristics, technical fac-
tors related to image quality, modeling of contrast
agent kinetics, temporal resolution of acquisition,
and flow rate of contrast injection. Therefore, a
definitive cut-off value of stress MBF for detection
of significant CAD is not still determined and large
databases of normal perfusion values incorporating
different scan protocols are highly desirable.

CONCLUSIONS

In patients with suspected CAD at intermediate to
high risk, the addition of quantitative dynamic stress
CTP is associated with a high diagnostic accuracy
and low radiation exposure. Further studies to test
the cost-effectiveness of this strategy as compared
with a pure anatomical or functional approach are
warranted.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: There is

an emerging literature on the added value of FFRCT and

stress CTP on top of cCTA in patients with obstructive

CAD. The rationale behind this approach is that both

FFRCT and myocardial CTP can provide functional data

when the cCTA images reveal borderline lesions or when

coronary segments are difficult to interpret because of

dense calcium. On the other hand, cCTA images can be

useful to determine false-positive FFRCT value or false-

positive perfusion defects. Initial single-center studies

with stress dynamic CTP were performed with shuttle-

mode approach. However, this approach is associated

with high radiation exposure and few comparative data

exist between dynamic CTP and FFRCT. The aim of our

study was to test the diagnostic accuracy of an integrated

evaluation of cCTA plus FFRCT plus dynamic CTP using a

whole-heart coverage CT scanner compared with ICA plus

invasive FFR to detect the functional relevance of CAD.

TRANSLATIONAL OUTLOOK: The main finding of our

study is that the addition of quantitative stress dynamic

CTP to integrated evaluation of cCTAþFFRCT significantly

improves diagnostic performance to detect functionally

significant CAD as compared with cCTA alone. Of note,

the ED for dynamic stress CTP requires just 5.3 mSv that is

approximately 50% less than the ED reported in the

literature for dynamic CTP. To the best of our knowledge,

this is the first study that prospectively tested the incre-

mental value of this dynamic CTP protocol. A sequential

strategy based on cCTA followed by FFRCT and myocar-

dial perfusion imaging has the ability to provide a full

overview of anatomical and functional aspects of CAD.
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