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Aims To compare the diagnostic accuracy of stress computed tomography myocardial perfusion (CTP) for the detection
of significant coronary artery disease with visual approach vs. quantitative analysis with transmural perfusion ratio
(TPR) in consecutive symptomatic patients scheduled for invasive coronary angiography (ICA) plus invasive frac-
tional flow reserve (FFR).

Methods Eighty-eight consecutive symptomatic patients underwent rest coronary computed tomography angiography (cCTA)

and results followed by static stress-CTP. Diagnostic accuracy of cCTA —+ stress-CTP with visual evaluation and with TPR meas-
urement was calculated and compared with ICA and invasive FFR. Addition of stress-CTP with qualitative evaluation
to rest-cCTA showed sensitivity, specificity, negative and positive predictive values, and accuracy at a vessel and patient
level of 92%, 92%, 97%, 82%, 92% and 98%, 80%, 97%, 82%, 89%, respectively indicating a significant improvement of
specificity, positive predictive value, and accuracy values vs. rest-cCTA in both models. Similarly, addition of stress-CTP
with TPR evaluation to rest-cCTA showed sensitivity, specificity, negative and positive predictive values, and accuracy
at a vessel and patient level of 84%, 90%, 93%, 76%, 88% and 91%, 71%, 89%, 75%, 81%, respectively indicating a sig-
nificant improvement of specificity, positive predictive value values vs. rest-cCTA only in a vessel-based model and of
positive predictive value in a patient-based model. When cCTA + stress-CTP with qualitative evaluation was com-
pared with cCTA + stress-CTP with TPR estimation, no differences were found in terms of diagnostic performance.

Conclusion The addition of stress-CTP with visual evaluation to cCTA imaging has similar diagnostic performance when com-
pared with the quantitative analysis of myocardial perfusion based on TPR measurement.

Keywords coronary artery disease ® myocardial perfusion ® computed tomography e computed tomography perfu-
sion e accuracy e transmural perfusion ratio
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Introduction

Coronary computed tomography angiography (cCTA) is a reliable
imaging modality to rule out coronary artery disease (CAD)" with
low radiation exposure” and the capability of improving prognostic
assessment.> However, despite growing acceptance in clinical prac-
tice, data are still conflicting regarding coronary anatomy evaluation
with cCTA when compared with functional testing.*® This is mainly
due to the limited positive predictive value of cCTA, particularly in
the presence of calcified coronary lesions® and lack of functional in-
formation that are frequently responsible for CAD overestimation’
leading to further testing with repeated ionizing radiation exposure,
additional costs and CAD overtreatment.®

To improve the specificity and positive predictive value of cCTA,
static stress computed tomography myocardial perfusion (CTP) has
been recently introduced to combine anatomy and functional evalu-
ation by a single diagnostic step.”'®

To provide a quantitative evaluation of myocardial perfusion under
stress condition, several studies assessed and validated the trans-
mural perfusion ratio (TPR) defined as the ratio of mean subendocar-
dial attenuation to mean subepicardial attenuation,”"™"* and they
identified a TPR<0.9 as the best threshold to define a significant
myocardial perfusion defect."* However, they used an old scanner
technology (64-slice scanners), enrolled a small number of patients
and employed inadequate techniques as reference standard.
Recently, a last generation scanner that allows a single beat acquisi-
tion has been introduced. Therefore, in the era of new-generation
scanners, there is debate on which of the two approaches (qualitative
with visual evaluation or quantitative with TPR estimation) should be
recommended for static stress-CTP. Therefore, aim of this study was
to compare the diagnostic accuracy to detect functionally significant
CAD of stress-CTP with visual approach vs. TPR quantification with
a newer-generation whole-heart coverage CT scanner in consecutive
symptomatic patients at intermediate-to-high risk for CAD using in-
vasive coronary angiography (ICA) and fractional flow reserve (FFR)
as reference standard.

Methods

Figure 1 shows the study protocol. Eighty-eight consecutive symptomatic
patients (mean age: 66 = 9 years, men: 63%) scheduled for ICA between
October 2015 and January 2017 were prospectively enrolled. Exclusion
criteria included: (i) low pre-test likelihood of CAD according to the
updated Diamond-Forrester risk model'; (ii) previous history of revas-
cularization or MiI; (iii) acute presentation; (iv) contraindication to cCTA,;
and (v) contraindication to nitrates, 3-blockade and/or adenosine. The in-
stitutional ethics committee approved the study protocol and all patients
signed informed consent.

Rest-cCTA and stress-cCTA

We performed rest-cCTA with a Revolution CT Scanner (GE
Healthcare, Milwaukee, WI, USA). This scanner combines 16-cm wide
coverage, 0.23-mm spatial resolution thanks to Gemstone detector,
faster gantry rotation time (0.28s), intra-cycle motion-correction algo-
rithm for temporal resolution improvement and last-generation iterative
reconstruction. The acquisition was performed according to the recom-
mendations of the Society of Cardiovascular Computed Tomography

« Patients symptomatic for chest pain and scheduled for ICA
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Figure | Study workflow. cCTA, coronary computed tomog-
raphy angiography; CTP, computed tomography perfusion; ICA,
invasive coronary angiography; TPR, transmural perfusion ratio.

(SCCT)'® as previously described'®. After 15min, vasodilatation was
induced with i.v. adenosine injection (0.14 mg/kg/min within 4 min). At
the end of the third minute of adenosine infusion, a single cCTA data sam-
ple was acquired during first-pass enhancement with the same protocol
described for rest-cCTA.

Evaluation of coronary arteries in rest

dataset

Rest dataset was transferred to an image-processing workstation
(Advantage Workstation Version 4.7, GE Healthcare, Milwaukee, WI,
USA\) for analysis. The reconstructed images were evaluated in a ran-
dom sequence by two cardiac imagers blinded to patient clinical his-
tory. A third cardiac imager adjudicated the scores in case of
disagreement. The analysis was performed according to the SCCT
guidelines for reporting.'® The coronary arteries were segmented as
suggested by the American Heart Association.'” In the presence of
artefacts, the best cardiac phase dataset was reconstructed using the
intra-cycle motion correction algorithm.'® In each coronary artery,
atherosclerosis was defined as the presence of any tissue structure
larger than 1 mm? either within the coronary artery lumen or adjacent
to it that was discriminated from the surrounding pericardial tissue,
epicardial fat, or vessel lumen itself. The severity of coronary lesions
was quantified in multi-planar curved reformatted images and catego-
rized as none (0% luminal stenosis), very mild (1-29% luminal sten-
osis), mild (30-50% luminal stenosis), moderate (51% to 70% luminal
stenosis), severe (71-90% luminal stenosis), sub-occluded (91-99%
luminal stenosis), occluded (100% luminal stenosis), or non-evaluable.
A stenosis >50% was considered obstructive from an anatomical
point of view. A further secondary analysis was performed consider-
ing a stenosis > 70% obstructive at CCTA level.

Stress-CTP qualitative evaluation

Stress-CTP dataset was transferred to an image processing workstation
(Advantage Workstation Version 4.7; GE Healthcare, Milwaukee, WI,
USA). Myocardial segments were correlated to epicardial coronary ar-
tery territories and evaluated on short-axis (apical, mid, and basal slices)
and long-axis views (2-, 3-, and 4-chamber projections) with 4-8 mm
thick average multi-planar reformatted images.'” Narrow window width
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Figure 2 TPR evaluation. Static perfusion images were manually and circumferentially divided in two layers of the same thickness to define suben-
docardium and subepicardium at basal (A), middle (B), and apical (C) myocardial level. TPR was calculated as the ratio of subendocardium mean dens-
ity to subepicardium mean density according to the ACC/AHA myocardial segmentation. TPR, transmural perfusion ratio.

Consecutive symptomatic patients for
suspected CAD and scheduled for ICA
(n=746)

Reason for exclusions:
Low risk for CAD: 70
Previous history of revascularization or MI: 387
Acute presentation: 38
Contraindication to cCTA: 123
Contraindication to nitrates, B-blockade, adenosine: 37

Informed consent withdra:

Eligible partecipants (n=91)

Index test (n=88)

Index test negative
Rest cCTA+stress CTP visual: 37

Index test positive
Rest cCTA+stress CTP visual: 51

Index test inconclusive
Rest cCTA+stress CTP visual: 0

Rest cCTA+stress CTP quantitative: 36

Reference Standard
37 negative Rest cCTA#stress CTP visual -> ICA (37)
36 negative Rest cCTA+stress CTP quantitative = ICA (36)

[Target disease absent in negative Rest cCTA+stress CTP
visual: 36

Rest cCTA+stress CTP quantitative: 52

Reference Standard
51 positive Rest cCTAtstress CTP visual > ICA (51)
52 positive Rest cCTAt+stress CTP quantitative -> ICA (52)

Target disease present in positive Rest cCTA+stress CTP
visual: 42

Rest cCTA+stress CTP quantitative: 0

Reference standard (n=0)

[Target disease absent in negative Rest cCTA+stress CTP

quantitative: 32 quantitative: 39

Target disease (n=0)

Target disease present in positive Rest cCTA+stress CTP

Figure 3 STARD diagram. Diagram reporting the flow of participants through the study. CAD, coronary artery disease; cCTA, coronary com-
puted tomography angiography; CTP, computed tomography perfusion; ICA, invasive coronary angiography.

and level (350 W and 150L, respectively) were used for perfusion defect
evaluation.” True perfusion defects were defined as subendocardial
hypoenhancements encompassing >25% of the transmural myocardial
thickness within a specific coronary territory.'

Stress-CTP quantitative evaluation

A quantitative analysis was performed to measure the TPR as previously
described™ (Figure 2). All perfusion images were divided manually and cir-
cumferentially in two layers of same thickness to define subendocardium
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Table I Characteristics of the study population

Baseline characteristics

Number (n) 88
Age (years), mean = SD 66+9
Men, n (%) 55 (62)
BMI (kg/m?), mean + SD 27 £4
Risk factors, n (%)
Hypertension 68 (77)
Smoking 24 (27)
Hyperlipidaemia 59 (67)
Diabetes 15 (17)
Family history 52 (88)
Symptoms, n (%)
Typical angina 57 (65)
Atypical angina 31(35)
Pre-test likelihood of CAD, mean +SD 68+ 11
Reasons for invasive coronary angiography, n (%)
Symptoms 25 (28)
Positive exercise-EKG 32 (36)
Positive stress echocardiography 5(6)
Positive single photon emission tomography 23 (26)
Positive stress cardiac magnetic resonance 3(3)
cCTA scan protocol, REST
HR before scanning (bpm), mean + SD 6812
B-Blocker, n (%) 44 (50)
f-Blocker dosage (mg), mean + SD 54+6.6
HR during scanning (bpm), mean + SD 639
Dose length product (mGy - cm), mean £ SD 203.4+105.2
Effective dose (mSv), mean £ SD 29+15
cCTA scan protocol, STRESS
HR during scanning (bpm), mean £ SD 76414
Dose length product (mGy - cm), mean + SD 1835777
Effective dose (mSv), mean £ SD 2611
Prevalence of obstructive CAD (>50%) at ICA, n (%)
No disease 26 (29)
One-vessel disease 33 (38)
Two-vessel disease 14 (16)
Three-vessel disease 15 (17)
Prevalence of functionally significant CAD?, n (%) 43 (48)

CAD, coronary artery disease; cCTA, coronary computed tomography angiog-
raphy; Ex-ECG, exercise ECG stress test; HR, heart rate; ICA, invasive coronary
angiography.

“Stenosis >80% or FFR <0.8 in intermediate stenosis 30-80%.

and subepicardium. For all TPR measurements, endocardial and epicardial
contours were traced, excluding papillary muscles. Then, AHA myocar-
dial segmentation was done and mean myocardial density in Hounsfield
units (HU) was measured in both layers to calculate TPR in each segment
(TPR = subendocardium mean density/subepicardium mean density).
Mean TPR was measured at rest and stress phase. The segmental TPR val-
ues were assigned to the respective coronary territories. Each patient
was defined positive for myocardial ischaemia when TPR was <0.9 on
stress-CTP and worsened when compared with rest-CTP in more than
one myocardial segment."*

Adjudication selection algorithm to
associate coronary arteries with myocardial

segment

Blinded adjudication was performed as previously described.”® Briefly,
the entry criterion for the algorithm was the presence of both at least
one coronary arterial lesion of >50% diameter stenosis and at least one
myocardial perfusion defect. For each vessel, the following territories
were identified: (i) primary territory—myocardial territories in which
blood flow is supplied by the coronary vessel in the most common right
dominant anatomic coronary pattern; (i) secondary territories—myocar-
dial territories for which blood flow may be supplied by the coronary ves-
sel under some normal anatomic variations that need confirmation; and
(iii) tertiary territories—myocardial territories where blood flow is usual-
ly not supplied by the coronary vessel.

Evaluation of coronary artery imaging
combined with stress-CTP

Coronary artery imaging dataset was combined with stress-CTP accord-
ing to the following interpretation: (i) non-obstructive CAD was consid-
ered negative regardless of stress-CTP findings; (i) obstructive CAD with
negative matched stress-CTP was considered negative; and (iii) obstruct-
ive CAD with positive matched stress-CTP was deemed positive.

ICA and invasive FFR performance and

interpretation

Certified interventional cardiologists performed all diagnostic ICA follow-
ing clinical indications and imaging standards acquisition. The coronary
arteries were reported using the American Heart Association
Classification system."” Coronary angiograms were analysed with quanti-
tative coronary angiography (QCA) (QantCor QCA; Pie Medical
Imaging, Maastricht, the Netherlands) by an interventional cardiologist
with more than 20years of clinical experience in ICA performance and
analysis who was blinded to the clinical history of patients and cCTA and
CTP findings. All stenoses ranging between 30% and 80% were evaluated
by invasive FFR.° For FFR, the pressure wire (Certus Pressure Wire, St.
Jude Medical Systems, St. Paul, MI, USA) was calibrated and electronically
equalized with the aortic pressure before being placed distal to the sten-
osis in the distal third of the coronary artery being interrogated. Glycery!
trinitrate (100mg) was injected intracoronary to prevent vasospasm.
Intravenous adenosine (140 mg/kg/min) was administered and, when
steady-state hyperaemia was achieved, FFR was assessed with the
RadiAnalyzer Xpress (Radi Medical Systems, Uppsala, Sweden) and calcu-
lated dividing the mean coronary pressure, measured with the pressure
sensor placed distal to the stenosis, by the mean aortic pressure meas-
ured through the guide catheter. All stenosis >50% were considered sig-
nificant from an anatomical point of view. All stenoses >80% or total
occlusion or stenosis <80% but with invasive FFR <0.8 were considered
significant from a functional point of view.

Radiation exposure

For each patient undergoing cCTA, the effective radiation dose (ED) was
calculated as the product between dose length product and a conversion
coefficient for the chest (K= 0.014 mSv/mGy - cm)?’

Statistical analysis

Statistical analysis was performed with a dedicated software SPSS version
22.0 (SPSS, Chicago, IL, USA). Results were reported in accordance with
the STARD criteria.”? Continuous variables were expressed as mean-
+ standard deviation, and discrete variables were expressed as absolute
numbers and percentages. The first step assessed overall evaluability
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Table2 Comparison of diagnostic accuracy between cCTA (threshold >50% coronary stenoses), cCTA + stress-CTP
with visual evaluation and cCTA + stress-CTP with TPR evaluation for detecting functionally significant CAD?

Rest Rest-cCTA + Rest-cCTA +
cCTA stress-CTP stress-CTP
visual quantitative
Vessel-based analysis
True positive 72 67 61
True negative 144 176 172
False positive 47 15 19
False negative 1 6 12
Sensitivity 99 (96-100) 92 (86-98) 84 (74-93)
Specificity 75 (69-82) 92 (88-96) 90 (85-95)
Negative predictive value 99 (98-100) 97 (94-99) 93 (89-98)
Positive predictive value 61 (50-71) 82 (72-91) 76 (65-88)
Accuracy 82 (77-87) 92 (89-96) 88 (84-93)
Patient-based analysis

True positive EY) 42 39
True negative 23 36 32
False positive 22 9 13
False negative 1 1 4
Sensitivity 98 (93-100) 98 (93-100) 91 (82-99)
Specificity 51 (37-66) 80 (68-92) 71 (58-84)
Negative predictive value 96 (88-100) 97 (92-100) 89 (79-99)
Positive predictive value 66 (54-77) 82 (72-93) 75 (63-87)
Accuracy 74 (65-83) 89 (82-95) 81 (72-89)

P-value Rest-cCTA P-value Rest-cCTA P-value Rest-cCTA +
+ stress-CTP + stress-CTP stress-CTP visual vs.

visual vs. quantitative Rest-cCTA +
Rest-cCTA vs. Rest-cCTA stress-CTP
quantitative
0.004 0.062 1.000
<0.001 <0.001 1.000
0.317 0.021 0.461
0.004 0.062 1.000
0.001 0.114 0.432
1.000 0.501 0.501
0.012 0.155 0.980
1.000 1.000 0.465
<0.001 0.009 0.501
0.036 0.841 0.429

All data are expressed as absolute numbers and (%) (95% Cl).

cCTA, coronary computed tomography angiography; Cl, confidence interval; CTP, computed tomography perfusion; FFR, fractional flow reserve; TPR, transmural perfusion

ratio.

“Stenosis >80% diameter reduction or FFR <0.8 in intermediate stenosis (30-80% diameter reduction).

Red P-values indicate statistical significance.

(number of coronary segments evaluable divided by the total number of
coronary segments) and sensitivity, specificity, negative and positive pre-
dictive values, and accuracy of rest-cCTA in a vessel-based and patient-
based analysis. The coronary artery segments classified as non-evaluable
were censored as positive. The second step assessed the diagnostic ac-
curacy of the combined evaluation of rest-cCTA + stress-CTP with quali-
tative evaluation and TPR evaluation to detect functionally significant
CAD in a vessel-based and patient-based model. The outcome was the
presence of functionally significant CAD as detected by the combination
of ICA plus invasive FFR. A true positive patient was considered in the
presence of myocardial perfusion defect with matched obstructive CAD
at cCTA and corresponding functionally significant CAD at invasive evalu-
ation in agreement with pre-specified definition. A true negative patients
was considered in the presence of non-obstructive CAD regardless the
presence of perfusion defect and absence of functionally significant CAD
at invasive evaluation in agreement with pre-specified definition.

McNemar test for dependent proportions with Bonferroni correction
for multiple comparison was performed to assess differences in sensitiv-
ity, specificity, negative predictive value, positive predictive value, and ac-
curacy. In the vessel-level analysis to account for clustered data in the
same patient, the ratio estimator was used to adjust the 95% confidence
interval. A P-value <0.05 was considered statistically significant.

Results

The baseline characteristics of the study population are listed in
Table 1 and the study flow diagram of patients is described in Figure 3
according to STARD criteria’® The mean pre-test likelihood of ob-
structive CAD was 68 + 11%. All patients underwent ICA showing
no CAD or negligible CAD and obstructive CAD in 158 vessels and
106 vessels, respectively. Among vessels with obstructive CAD, 32
vessels showed stenosis >80% or total occlusion and 74 out of 106
vessels showed moderate stenosis, and therefore, were further eval-
uated by invasive FFR with the evidence of 56 vessels with no patho-
logic value (median 0.9, range 0.81-1.0) and 18 vessels with
pathological value (median 0.71, range 0.42-0.79).

The prevalence of obstructive CAD and functionally significant
CAD were 71% and 48%, respectively.

Rest-cCTA and stress-CTP were successfully performed in all
patients with no side effects related to adenosine injection. Forty-
four (50%) patients received metoprolol before the rest scan with an
average dose of 5.4 + 6.6 mg reaching a HR during the scan of 63+ 9
bpm, while the mean HR during the stress scan was 76 £ 14 bpm.
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Table 3 Comparison of diagnostic accuracy between cCTA (threshold >70% coronary stenoses), cCTA + stress-CTP
with visual evaluation and cCTA + stress-CTP with TPR evaluation for detecting functionally significant CAD?

Rest Rest-cCTA + Rest-cCTA
cCTA stress-CTP + stress-CTP
visual quantitative
Vessel-based analysis
True positive 60 58 54
True negative 172 185 184
False positive 19 6 7
False negative 13 15 19
Sensitivity 82 (74-91) 79 (71-88) 74 (64-84)
Specificity 90 (85-95) 97 (94-99) 96 (94-99)
Negative predictive value 93 (89-97) 93 (89-96) 91 (86-95)
Positive predictive value 76 (65-87) 91 (83-98) 89 (80-97)
Accuracy 88 (84-92) 92 (89-95) 90 (86-94)
Patient-based analysis

True positive 38 37 36
True negative 37 42 40
False positive 8 3 5
False negative 5 6 7
Sensitivity 88 (79-98) 86 (76-96) 84 (73-95)
Specificity 82 (71-93) 93 (86-100) 89 (80-98)
Negative predictive value 88 (78-98) 88 (78-97) 85 (75-95)
Positive predictive value 83 (72-94) 93 (84-100) 88 (78-98)
Accuracy 85 (78-93) 90 (83-9¢) 86 (79-94)

P-value Rest-cCTA P-value Rest-cCTA
+ stress-CTP + stress-CTP visual

P-value Rest-
cCTA + stress-CTP

visual vs. quantitative vs. vs. Rest-cCTA
Rest-cCTA Rest-cCTA + stress-CTP
quantitative

0.730 0.230 0.433

0.007 0.014 0.777

0.858 0.404 0.501

0.021 0.050 0.701

0.111 0.403 0.445

0.746 0.533 0.763

0.179 0.368 0.458

0.931 0.680 0.734

0.170 0.497 0.478

0.361 0.829 0.485

All data are expressed as absolute numbers and (%) (95% Cl).

cCTA, coronary computed tomography angiography; Cl, confidence interval; CTP, computed tomography perfusion; FFR, fractional flow reserve; TPR, transmural perfusion

ratio.

?Stenosis >80% diameter reduction or FFR <0.8 in intermediate stenosis (30-80% diameter reduction).

Red P-values indicate statistical significance.

The vessel-level sensitivity, specificity, negative and positive pre-
dictive values, and accuracy of rest-cCTA when compared with ICA
and invasive FFR are listed in Table 2.

The addition of stress-CTP with qualitative evaluation to rest-
cCTA provided a significant improvement of specificity, positive pre-
dictive value, and accuracy values vs. cCTA alone (Table 2) in both
vessel and patient-based models.

The addition of stress-CTP with TPR evaluation to rest-cCTA
showed only a significant enhancement of specificity and positive pre-
dictive value in a vessel and patient-based model, respectively, while
no significant difference was found in terms of diagnostic accuracy
(Table 2). Finally, when cCTA + stress CTP with qualitative evalu-
ation was compared with cCTA + stress-CTP with TPR estimation
for detecting functionally significant CAD, no differences were found
in terms of diagnostic performance (Table 2). Also when a higher
threshold (>70% coronary artery stenosis) was used to define a
cCTA positive, the addition of stress CTP still provide significant im-
provement of specificity and positive predictive value in a vessel-
based model (Table 3).

The mean dose-length product and ED of rest-cCTA and stress-
CTP were 20340+£10514 mGy-cm and 2815 mSv and
183.5+£77.7 mGy-cm and 2.6+ 1.1 mSy, respectively. The mean

time for performing the quantitative analysis was significantly longer
as compared with the qualitative analysis (35 6 min vs. 5+ 2min,
P<0.01). Representative case example of combined rest-cCTA and
stress-cCTP with the two approaches is showed in Figure 4.

Discussion

Our main findings are that cCTA + CTP with either qualitative or
quantitative evaluation has good accuracy for detecting functionally
significant CAD. Moreover, both protocols improve the diagnostic
performance of cCTA alone. However, TPR evaluation is associated
with a trend towards lower specificity, positive predictive, and diag-
nostic accuracy when compared with cCTA + CTP with qualitative
evaluation and is more time consuming. Thus, a protocol integrating
anatomy and functional assessment using the latest-generation scan-
ner is feasible, and provides fast and simple qualitative evaluation of
myocardial perfusion allowing reliable detection of functionally signifi-
cant CAD.

Previous studies validated the diagnostic accuracy of TPR in static
stress-CTP."™* George et al. showed sensitivity, specificity, positive
predictive and negative predictive values of the combination of cCTA
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Figure 4 Comparison between qualitative and quantitative evaluation of stress-CTP. The case example demonstrates that TPR underestimates the
presence of a perfusion defect due to transmural ischaemia causing pseudonormalization of mean TPR value. A 67-year-old patient with typical chest
pain scheduled for ICA due to positive exercise ECG-test was evaluated with cCTA plus stress CTP. (A) Multiple short-axis views from the basis to
the apex of the left ventricle. Quantitative evaluation starts with segmentation of the left ventricle (blue lines) followed by TPR measurement in each
segment. (B) Blow-up image of the anterior septum basal segment. TPR is calculated as the ratio of HU measured in subendocardium to HU measured
in subepicardium included in a ROL. In this case, TPR was normal (0.96). The quantitative analysis required 34 min for the entire evaluation. (C)
Automatic qualitative evaluation of myocardium during stress. A software creates a map of average attenuation values of the myocardium signal.
Hypoperfused segments are highlighted in blue (arrows) and are easily recognized. (D) cCTA showed a long calcified stenosis of the proximal LAD.
(E) ICA confirmed severe tandem stenoses of the proximal LAD with positive FFR. BMI, body mass index; cCTA, coronary computed tomography
angiography; CTP, computed tomography perfusion; FFR, fractional flow reserve; HU, Hounsfield Unit; ICA, invasive coronary angiography; LAD, left
anterior descending artery; LCX, left circumflex artery; ROI, region of interest; TPR, transluminal perfusion ratio.

and CTP with TPR for the detection of obstructive coronary lesions
causing perfusion abnormalities of 86%, 92%, 92%, and 85% in a per-
patient analysis and of 79%, 91%, 75%, and 92% in a per-vessel/
territory analysis, respectively. Similarly, Cury et al."* showed a good
correlation (r=0.74, P <0.001) between TPR and the combination of
ICA plus single-photon emission computed tomography (SPECT) for
detecting significant coronary disease but found a lower TPR in the is-
chaemic myocardium when compared with remote myocardium
(0.71£0.13 vs. 1.01£0.09, P<0.001). Furthermore, Hosokawa
et al"® demonstrated a significant correlation between a modified
version of TPR normalized for left ventricular thickness and a myo-
cardial perfusion stress score assessed by SPECT. However, it is
noteworthy that in all these studies the sample size was small, the
imaging technology most frequently used was a 64-slice scanner and
the reference standard was the combination of ICA + SPECT rather
than the combination of ICA + FFR. More recently, George et al."*
showed an excellent area under the curve (AUC = 0.92) of TPR
measurement to detect ischaemia using a 320-slice scanner.
However, also in this study the reference standard was SPECT.

Indeed, ICA + FFR is currently considered the gold standard ap-
proach for detecting haemodynamically significant lesions, while
SPECT cannot be considered the ideal tool, particularly in patients
with multi-vessel ischaemia.

A potential explanation for the similar performance between quali-
tative versus quantitative evaluation could be related to some tips
typically used in qualitative evaluation to distinguish between arte-
facts and true perfusion defect that are not applicable for TPR ana-
lysis. First, improved coverage in the z-axis that allows the scanner to
acquire images in a single beat avoiding the different contrast attenu-
ation from the base to apex of the myocardium, a phenomenon that
usually occurs with previous generation scanners and may mimic a
perfusion defect.® Second, the increased spatial resolution due to
the integrated use of the Gemston detector and last-generation itera-
tive reconstruction algorithm enables the cardiac imager to detect
small differences in myocardial density between normal and hypoper-
fused myocardium that usually are about 50 HU.>*"° Finally, the high
temporal resolution of the last-generation scanners limits the risk of
misregistration caused by the usual HR increase occurring after
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adenosine injection. Despite all these improvements, beam hardening
is still a problem particularly with lower-energy X-rays that are used,
as in our study, to reduce the overall radiation exposure.”” The phe-
nomenon is responsible for local inhomogeneity that may mimic a
perfusion defect. This may affect TPR measurement by reducing its
mean value and may cause false positive results. On the contrary,
qualitative evaluation with a visual approach allows the cardiac imager
to use several tactics for differentiating true from false perfusion
defects. Indeed, the hypoenhanced region usually has a triangular
shape, originates from the region of high attenuation next to it and
does not conform to vascular territories.”” In addition, the typical lo-
cation of hypoenhancement is the basal inferolateral wall due to its
proximity to the contrast-filled descending aorta and high-density
vertebral bodies.?” Finally, with multi-phase acquisition the true per-
fusion defect persists, while the artefact disappears or more com-
monly changes its location.”” Use of these strategies is possible with
the visual approach only and may overcome the difficulty of clearly
differentiating an artefacts from a true defects, thus reducing false
positive findings and achieving a better performance when compared
with the TPR technique.

To have a quantitative analysis with static CTP, we will have to
wait for the integration of dual-energy computed tomography
(DECT) in the scanner.”® Ko et al*® used DECT with adenosine
stress and perfusion magnetic resonance as the reference standard
and found a sensitivity, specificity, and accuracy of 89%, 78%, and
82%, respectively for the detection of myocardial segments with per-
fusion defects. However, as in the previous studies, the scanner they
used did not have wide coverage and the reference standard was not
ICA and FFR.

Some limitations of our study should be acknowledged. First, the
study population of our article is at intermediate to high risk for CAD
and this is not the typical target of CCTA in real clinical word.*
However, CCTA alone is an already established tool to rule out sig-
nificant CAD in this setting, while the true additional diagnostic value
of CTP was proved in a higher risk population.’® Similarly, patients
with previous history of revascularization were not included but in
this setting cCTA is not still indicated for routine use. Second, inva-
sive FFR was not performed in all vessels but only in those with inter-
mediate stenoses. Third, when invasive FFR is used as the reference
standard for detecting ischaemia, we should take in account the pos-
sibility that microvascular disease is associated with normal FFR and
pathologic CTP. Third, the sample size of the study was small and
therefore this study should be considered a pilot experience only.
Finally, we used a rest-stress protocol that may be limited by the con-
tamination, throughout the entire stress phase, of the contrast agent
administered during the rest acquisition.

Conclusions

In conclusions, our results suggest that the addition of stress-CTP
with visual evaluation in patients at intermediate-to-high risk for
CAD is a feasible and more effective strategy to improve the diagnos-
tic accuracy of cCTA imaging when compared with the quantitative
analysis of myocardial perfusion based on TPR measurement.
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