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Abstract

Purpose: To compare the diagnostic performance of estimated energy loss
(EEL) calculated using a simplified Bernoulli formula at coronary computed
tomography (CT) and single photon emission computed tomography
(SPECT) to diagnose ischemia-causing stenosis by invasive fractional flow re-
serve (FFR). Methods: We retrospectively included 43 patients who under-
went coronary CT, SPECT, and FFR measurement by catheter within 3
months. When an intermediate stenosis (40% - 70%) was present at CT, EEL
was calculated using the following parameters: lesion length, diameter steno-
sis, minimal lumen area, and the myocardial volume. An EEL > 1.17 or di-
ameter stenosis > 70% was determined ischemic. Stress-induced ischemia by
SPECT was determined when a perfusion defect at stress was accompanied
with a fill-in at rest. An FFR < 0.80 or diameter stenosis >70 % was deter-
mined as ischemic by catheter. Results: A total of 26 vessels were determined
as ischemic by catheter exam. The per-vessel sensitivity and specificity of EEL
and SPECT were 81% vs 42% and 92% vs 91%, respectively. The accuracy of
EEL to diagnose stenosis causing ischemia was significantly higher than
SPECT (90% vs 81%, p = 0.04). The area under the curve of the receiver oper-
ating characteristics curve was also significantly higher for EEL than SPECT
(0.86 vs 0.67, p < 0.005). Conclusions: EEL showed higher accuracy than
SPECT to diagnose ischemia-causing stenosis by improving the sensitivity.
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1. Introduction

Growing evidence has shown that coronary artery disease treated based on func-
tional ischemia improves the patient outcome than anatomically-guided me-
thods [1]. Hence, functional assessment of coronary stenosis is important. Di-
agnosis of coronary ischemia by single photon emission computed tomography
(SPECT) has abundant evidence, but additional cost and stress agent is necessary
to perform this method. Fractional flow reserve (FFR) is another method to di-
agnose ischemia during catheter exam. Recently, computing the FFR using co-
ronary CT angiography data is available [2]. Although FFR derived from CT
could correctly predict ischemia by invasive FFR with an accuracy of 80% [2],
coronary CT data needs to be transferred to an external supercomputer and
turn-around time is necessary.

Simplified Bernoulli formula is frequently used at echocardiography to esti-
mate the pressure loss across a valvular stenosis. This method could also be used
to calculate estimated energy loss (EEL), which is an index to estimate the pres-
sure loss across a coronary stenosis. A previous study showed that EEL could
correctly predict ischemia assessed by FFR with an accuracy of 83% [3]. Howev-
er, the diagnostic performance of EEL has not been compared with SPECT
which is the current clinical standard to diagnose myocardial ischemia. Thus,
the purpose of this study was to compare the diagnostic performance of EEL and
SPECT to predict ischemia-causing stenosis by invasive FFR.

2. Materials and Methods
2.1. Patients

This retrospective study was approved by the local ethics committee, and the
requirement for informed consent to participate this study was waived. The
records of 55 patients who underwent FFR evaluation during coronary angio-
graphy and SPECT myocardial perfusion imaging because coronary artery dis-
ease was suspected by CT angiography from April 2014 to November 2018 were
retrospectively examined. The following patients were excluded: interval be-
tween SPECT and CT > 3 months (n = 5), interval between catheter exam and
CT > 3 months (n = 4), severe motion artifact at coronary CT angiography (n =
1), FFR only performed in a vessel with suspected in-stent restenosis (n = 1), and
caffeine intake before coronary angiography (n = 1). Thus, the final study group
included 43 patients. Of the assessable 129 vessels, the following two vessels were
excluded: FFR not performed despite intermediate stenosis and hypoplastic right
coronary artery due to left dominance. The pretest probability of coronary artery

disease was estimated by a previously described method [4].

2.2. Coronary CT Angiography Acquisition

All patients underwent CT angiography with a 64-row CT (Brilliance 64; Philips,
Eindhoven, Netherlands, or Somatom Definition AS+; Siemens Healthineers,

Forchheim, Germany).
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Patients with heart rate > 65 beats/min at the outpatient department were told
to take an oral B-blocker (20 mg of metoprolol) 1 h prior to CT angiography. If
the heart rate was over 65 beats/min on site, a maximum dose of 12.5 mg of lan-
diolol (Corebeta; Ono Pharmaceutical, Tokyo, Japan) was given intravenously
[5]. All patients received 0.3 mg sublingual nitroglycerin (Nitropen; Nippon
Kayaku, Tokyo, Japan) before imaging.

The scanning parameters for Brilliance 64 were as follows. Calcium scoring
scan was performed by a prospective electrocardiogram-gated axial scan with
120 kVp, 196 mA and 2.5 mm collimation. Images were acquired at 40% or 70%
of the R-R interval depending on the heart rate and were reconstructed with a
slice thickness of 2.5 mm and increment of 2.5 mm. Coronary CT angiography
was performed by electrocardiogram-gated helical scan with dose modulation
technique and the following parameters: Detector configuration, 64 x 0.625 mm;
tube potential, 120 kVp; tube current-time product, 800 - 1050 mAs, depending
on the body weight; gantry rotation time, 420 ms; and helical pitch, 0.2. The re-
constructed slice thickness was 0.67 mm, and the increment was 0.33 mm. Im-
ages were reconstructed using a cardiac sharp kernel. Iterative reconstruction
technique was not available with this scanner.

The scanning parameters for Definition AS+ were as follows. Calcium scoring
scan was performed by a prospective electrocardiogram-gated axial scan with
120 kVp and a reference mAs of 40 mAs. Coronary CT angiography was per-
formed by prospective electrocardiogram-gated axial scan. The tube potential
and the reference mAs were set as 120 kVp and 250 mAs. The acquisition win-
dow initiated at 60% - 75% of the R-R interval when the heart rate was below 65
beats/min, otherwise initiated at 30% - 75%. The reconstructed slice thickness
was 0.75 mm and the increment was 0.4 mm using a cardiac kernel (I36f) with
sinogram-affirmed iterative reconstruction strength 2.

For processing, images were transferred to a workstation (Synapse Vincent
Ver 5.1; Fyjifilm Medical, Tokyo, Japan).

2.3. Coronary CT Angiography Analysis

Calcified lesions with a minimum area of three pixels and a minimum CT num-
ber of 130 HU were scored by using the algorithm developed by Agatston et al
[6]. Lesion scores from the left main, left anterior descending, left circumflex,
and right coronary arteries were summed to determine a total calcium score.
Calcium score was not calculated in patients with stents.

When an intermediate stenosis (40% - 70%) was present, EEL was calculated
by a previously described method [3]. Briefly, the energy loss across a coronary
stenosis was calculated using the following parameters: Lesion length (LL), di-
ameter stenosis (DS), minimal lumen area (MLA), and the myocardial volume of
the stenosis-related territory. Lesion length, diameter stenosis, and minimal lu-
men area were automatically obtained using the stenosis analysis software of the
workstation (Figure 1(a)). The left ventricular volume of the stenosis-related

territory was estimated using the Voronoi method (Figure 1(b)). The coronary
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DS 60 % (c) Stress

’

Figure 1. Curved planar reconstruction image and stenosis analysis performed by the
software of an 81-year-old male with chest discomfort on effort (a); Diffuse calcification
was present at the proximal left anterior descending (a, arrow) with 60% stenosis, MLA of
0.87 mm?, and LL of 18.8 mm. The myocardial volume of the stenosis-related territory
was 38.2 ml (b); EEL was calculated as 1.84, above the threshold for ischemia (>1.17).
SPECT also showed stress-induced ischemia at the anteroseptal wall ((c), arrow). Angio-
graphy of the left anterior descending showed an intermediate stenosis ((d), arrow) and
FER value of 0.75 was positive for ischemia (<0.80) (d). DS, diameter stenosis; EEL, esti-
mated energy loss; FFR, fractional flow reserve; LL, lesion length; MLA, minimal lumen
area; SPECT, single photon emission computed tomography.

flow at maximal hyperemia was estimated at 4.0 ml-min'-g™". Using a simplified

Bernoulli formula, pressure loss across a stenosis can be estimated as follows [7].

87wLL+Q2p(1—(1—DS/100)2)

AP =
© MLA? 2 MLA?

where APis the pressure drop, Qis the blood flow, p is the blood viscosity (0.004
kg'm™s") and p is the blood density (1000 kg-m™). The first term accounts
energy loss due to viscous friction between laminar layers of fluid and the
second term reflects energy loss when normal arterial flow is transformed first to
high-velocity flow in the stenosis and then to the turbulent nonlaminar distal
flow eddies at the exit from the stenosis. We defined EEL as log AP and deter-
mined EEL > 1.17 as ischemic [3].

2.4. FFR Evaluation

FFR was performed using a pressure wire (PressureWire Cetrus; St Jude Medical
Systems, St. Paul, MN) when the stenosis was between 40% - 70% at invasive

coronary angiography. The pressure wire was positioned distal to the stenosis of
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interest under intravenous infusion of adenosine triphosphate (Adetphos; Kowa
Company, Tokyo, Japan) at 140 pg-kg™'-min~" for 3 min. FFR was derived as the
ratio of the mean coronary pressure distal to the stenosis over the mean aortic
pressure at maximal hyperemia. An FFR value of <0.80 was determined as he-
modynamically significant. The cardiologists performing angiography had total
access to the coronary CT data. However, they were not aware of EEL because
this value was calculated for research use and not mentioned in the radiology

report.

2.5. SPECT Myocardial Perfusion Imaging Acquisition and
Analysis

SPECT was performed using *™Tc-tetrofosmin (Myoview; Nihon Medi-Physics,
Tokyo, Japan) with 296 MBq used for stress and 740 MBq used for rest studies.
Pharmacologic stress was performed using intravenous infusion of adenosine
(Adenoscan; Daiichi Sankyo Healthcare, Tokyo, Japan) at 120 pg-kg™"-min™" for 6
min. Electrocardiographic gating on a dual-headed SPECT system was per-
formed with 8 frames per cardiac cycle (Infinia Hawkeye 4; GE Healthcare, Mil-
waukee, WI). Two independent observers visually interpreted the images and
joint consensus reading was performed when discrepancy was present.
Stress-induced ischemia was determined when a perfusion defect at stress was

accompanied with a fill-in at rest (Figure 1(c)).

2.6. Statistical Analysis

Continuous variables were shown as mean + standard deviation and categorical
variables as number (%) unless otherwise described. The Student £test was used
to compare continuous variables. The Chi square (y’) test and the Fisher exact
test were used to compare categorical and skewed variables. Interobserver
agreement for diagnosis of perfusion defect at SPECT was calculated using the
Cohen « statistic [8], which was interpreted as poor (x < 0.20), fair (x = 0.21 -
0.40), moderate (x = 0.41 - 0.60), good (x = 0.61 - 0.80), very good (x = 0.81 -
0.90), or excellent (x> 0.91). The McNemar test was used to assess the difference
in the diagnostic accuracy. Receiver operating characteristics (ROC) curve anal-
ysis was performed to compare the diagnostic performance of EEL and SPECT
to predict ischemia-causing stenosis by FFR. The difference in area under the
curve (AUC) was assessed by the DeLong method [9] using R (The R Founda-
tion for Statistical Computing). The remaining statistical analyses were per-
formed using JMP software (version 12.2.0; SAS, Cary, NC). A p-value < 0.05

was deemed to indicate significance.

3. Results
3.1. Patient Demographics

The majority of patients (74%) were male and the coronary risk was moderate

(Table 1). The median (interquartile range) calcium score was high with a value
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Table 1. Patient demographics.

Number of patients 43
Male 32 (74)
Age (») 73.6 £ 6.6
Body weight (kg) 60.6 £ 11.1
Body mass index (kg/m?) 23126

Coronary risk factors

Diabetes mellitus 12 (28)
Hypertension 36 (84)
Dyslipidemia 29 (67)

Smoking 31(72)
Family history 11 (26)
Risk score* 12.5+2.8
Post PCI 3(7)
Calcium scoret 468.7 (142.5 - 848.7)

Disease severity}

1 vessel disease 11 (26)
2 vessel disease 6 (14)
3 vessel disease 1(2)

Disease location

Right coronary artery 3(7)
Left anterior descending artery 14 (33)
Left circumflex artery 9(21)

Numbers are reported as average + standard deviation or N (%), unless otherwise described. *The risk score
was determined by the criteria by Tomizawa et al. [4]. Median (interquartile range). An FFR value < 0.80 or
diameter stenosis > 70% was determined hemodynamically significant. FER, fractional flow reserve; PCI,
percutaneous coronary intervention.

of 468.7 (142.5 - 848.7). Eighteen patients (42%) had at least one vessel with
ischemia proven by FFR (<0.80) or severe stenosis (diameter stenosis > 70%).
FFR was measured in 49 vessels and the average value was 0.83 £ 0.10. The
ischemic vessel was most frequent at the left anterior descending (14 vessels
(33%)), followed by the left circumflex (9 vessels (21%)), and the right coronary
artery (3 vessels (7%)).

3.2. Per-Vessel Analysis

CT angiography showed severe stenosis (diameter stenosis > 70%) in 8 vessels
and the calculated EEL was significant (>1.17) in 21 vessels. Hence, 29 (23%) out
of 127 assessable vessels were determined as ischemic by CT. A total of 20 vessels
(16%) were determined as ischemic by SPECT. The inter-observer agreement

was good (x = 0.67).
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The AUC of the ROC curve of EEL was significantly higher than that of
SPECT to predict ischemia-causing stenosis (0.86 (95% confidence interval (CI),
0.78 - 0.95) vs 0.67 (95% CI, 0.57 - 0.77), p < 0.005) (Figure 2(a)). The sensitivity
(81% vs 42%, p = 0.009) and negative predictive value (95% vs 86%, p = 0.04) of
EEL was significantly higher than SPECT (Figure 3), while the specificity (92%
vs 91%, p = 1.0) and positive predictive value (72% vs 55%, p = 0.24) did not
show significant difference (Table 2). The diagnostic accuracy of EEL was sig-
nificantly higher than SPECT to diagnose ischemia-causing stenosis (90% vs
81%, p = 0.04). The accuracy of EEL and SPECT was similar for the left anterior
descending (74% vs 72%, p = 0.81), while it was marginally higher in the right
coronary artery (98% vs 85%, p = 0.06) and significantly higher in the left cir-
cumflex artery (98% vs 86%, p = 0.03) (Table 2).

Table 2. Per-vessel diagnostic performance of EEL and SPECT to detect significant ste-
nosis by FFR.

EEL SPECT P

All vessels

Accuracy 90 (83 - 94) 81 (73 - 88) 0.04*

Sensitivity 81 (61 - 93) 42 (23 - 63) 0.009*

Specificity 92 (85 - 97) 91 (84 - 96) 1.0
Positive predictive value 72 (53 - 87) 55 (32 -77) 0.24
Negative predictive value 95 (89 - 98) 86 (78 - 92) 0.04*

Right coronary artery

Accuracy 98 (87 - 100) 85 (71 - 94) 0.06

Sensitivity 100 (19 - 100) 67 (9 - 99) 1.0

Specificity 97 (86 - 100) 87 (72 - 96) 0.20
Positive predictive value 75 (19 - 99) 29 (4-71) 0.24
Negative predictive value 100 (86 - 100) 97 (85 - 100) 0.48
Left anterior descending

Accuracy 74 (59 - 87) 72 (56 - 85) 0.81

Sensitivity 71 (42 - 92) 36 (13 - 65) 0.13

Specificity 76 (57 - 90) 90 (73 - 98) 0.30
Positive predictive value 59 (33 - 82) 63 (25 -92) 1.0
Negative predictive value 85 (65 - 96) 74 (57 - 88) 0.37

Left circumflex

Accuracy 98 (88 - 100) 86 (72 - 95) 0.03*

Sensitivity 89 (52 - 100) 44 (14 - 79) 0.13

Specificity 100 (85 - 100) 97 (85 - 100) 1.0
Positive predictive value 100 (52 - 100) 80 (28 - 99) 0.38
Negative predictive value 97 (85 - 100) 87 (72 - 96) 0.20

Numbers in parenthesis represent 95% confidence interval. * Statistically significant, p < 0.05. EEL, esti-
mated energy loss; LAD, left anterior descending; LCX, left circumflex; FFR, fractional flow reserve; RCA,
right coronary artery; SPECT, single photon emission computed tomography.
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Figure 2. Receiver operating characteristics curves to predict ischemia-causing stenosis
by fractional flow reserve on a per-vessel (a) and a per-patient (b) basis. The area under
the curve of EEL was significantly higher than SPECT (p < 0.005). EEL, estimated energy
loss; SPECT, single photon emission computed tomography.

MLA1.51 mm?

EEL 1.39

Figure 3. Curved planar reconstruction image and stenosis analysis performed by the
software of a 70-year-old male suspected of angina (a); Calcified plaque at the proximal
left anterior descending (a, arrow) showed 56% stenosis with an MLA of 1.51 mm* and
LL of 19.9 mm. The myocardial volume of the stenosis-related territory was 39.6 ml (b);
EEL was calculated as 1.39, above the threshold for ischemia (>1.17); SPECT showed no
stress-induced ischemia (c); Intermediate stenosis was present at proximal left anterior
descending artery on angiography (d, arrow) and the FFR was 0.70, positive for ischemia
(<0.80) (d). DS, diameter stenosis; EEL, estimated energy loss; FFR, fractional flow re-
serve; LL, lesion length; MLA, minimal lumen area; SPECT, single photon emission

computed tomography.
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There were 5 false-negatives for EEL (Figure 4) with an average value of 0.93.
CT underestimated the stenosis severity in 1 vessel and the average FFR of the
remaining 4 vessels were 0.77 (range, 0.71 - 0.80). Conversely, EEL resulted as
false-positive in 8 vessels and the average FFR was 0.86 (range, 0.82 - 0.90). The
average MLA and EEL were 1.04 mm”® (range, 0.73 mm’ - 1.76 mm?) and 1.47
(range, 1.21 - 2.02), respectively.

3.3. Per-Patient Analysis

A total of 21 patients were determined to have ischemia by EEL while 15 patients
had ischemia by SPECT. The AUC of the ROC curve significantly improved
from 0.58 (95% CI, 0.43 - 0.73) to 0.84 (95% CI, 0.74 - 0.95) (p < 0.005, Figure
2(b)). The sensitivity (89% vs 44%, p = 0.01) and negative predictive value (91%
vs 64%, p = 0.04) of EEL was higher than SPECT (Table 3). The diagnostic ac-
curacy of EEL was significantly higher than SPECT to diagnose ischemic patients
(84% vs 61%, p = 0.01).

DS 52 % (c)

,/\—/\/—\'\/

MLA 3.02 mm?

=

Figure 4. Curved planar reconstruction image and stenosis analysis performed by the
software of an 81-year old male with chest discomfort (a); Diffuse plaque at the left ante-
rior descending showed 52% stenosis with an MLA of 3.02 mm? and LL of 33.1 mm. The
myocardial volume of the stenosis-related territory was 33.1 ml (b); EEL was calculated as
0.81, below the threshold for ischemia (>1.17). SPECT showed stress-induced ischemia at
the septum (c); FFR of 0.71 was positive for ischemia (<0.80) (d). DS, diameter stenosis;
EEL, estimated energy loss; FFR, fractional flow reserve; LL, lesion length; MLA, minimal
lumen area; SPECT, single photon emission computed tomography.
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Table 3. Per-patient diagnostic performance of EEL and SPECT to detect significant ste-
nosis by FFR.

EEL SPECT P
Accuracy 84 (69 - 93) 61 (44 - 75) 0.01*
Sensitivity 89 (65 - 99) 44 (22 - 69) 0.01*
Specificity 80 (59 - 93) 72 (51 - 88) 0.74
Positive predictive value 76 (53 - 92) 53 (27 -79) 0.18
Negative predictive value 91 (71 - 99) 64 (44 - 81) 0.04*

Numbers in parenthesis represent 95% confidence interval. EEL, estimated energy loss; FFR, fractional flow
reserve; SPECT, single photon emission computed tomography. *Statistically significant, p < 0.05.

3.4. Discrepancy between EEL and SPECT

There were 2 vessels which SPECT correctly detected ischemia but missed by
EEL. The lesion length was very short (3.2 mm) in one lesion and the minimal
lumen area was large (3.02 mm?) (Figure 4), in the other lesion. Conversely, EEL
overdiagnosed 7 vessels which SPECT correctly ruled out ischemia. The minimal
lumen area was small (<1 mm?) or either lesion length was long (>15 mm).

SPECT misdiagnosed 11 vessels as non-ischemic which were ischemic by EEL
and FFR. Five of these vessels were from multiple-vessel disease patients. The
average FFR of the remaining vessels was 0.77 (range, 0.70 - 0.80). Overdiagnosis
of SPECT occurred in 8 vessels which were actually non-ischemic by FFR and
correctly diagnosed by EEL. Five of these vessels were in the RCA territory, fol-
lowed by LAD (2 vessels) and LCX (1 vessel).

4. Discussions

The present study showed that EEL improved the diagnostic accuracy from 81%
to 90% to detect ischemia-causing stenosis by FFR compared with SPECT. This
was achieved by increasing the sensitivity from 42% to 81% while preserving the
high specificity of over 90%. The major strengths of EEL are that supercomputer
is unnecessary due to its simple calculation and that ischemia analysis could be
performed without additional stress agent or radionuclide.

A meta-analysis investigating the diagnostic performance of SPECT to detect
ischemia-causing stenosis by FFR showed that in spite of the high specificity of
84%, the sensitivity was as low as 61% [10]. The low sensitivity of SPECT to
detect FFR-positive stenosis was shown in other studies which ranged from 35%
to 68% [11] [12] [13]. The sensitivity of SPECT in the present study was 42%
which was similar to the previous reports. The large spatial resolution of SPECT
of about 10 mm might lower the sensitivity because it could be too large to
detect small sub-endocardial ischemia. In addition, patients with extremely se-
vere stenosis were not included in this study because additional test to prove
ischemia is clinically unnecessary. Therefore, the proportion of moderate steno-
sis was high which might have decreased the sensitivity. This was in line with the
Dan-NICAD study which showed a sensitivity of 36% using SPECT in a popula-
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tion of coronary artery disease suspected by coronary CT [14]. EEL would be
superior to SPECT to diagnose ischemia in vessels with moderate stenosis.

The diagnosis of ischemia at the inferior wall is a challenge using SPECT be-
cause the diaphragm occasionally causes attenuation artifacts [13] [15]. This
might have caused the low sensitivity of SPECT to detect ischemia at the right
coronary artery in the present study. Prone imaging [13] [15] or CT attenuation
correction [13] [16] could be used to improve the diagnostic accuracy of the in-
ferior wall. Also, Cadmium-Zinc-Telluride detector SPECT would be superior to
the conventional anger SPECT because of its higher count sensitivity [17]. The
present study showed that EEL would be superior to SPECT to diagnose ische-
mia, especially at the inferior wall.

FFR.; (HeartFlow; Redwood, CA) is a widely used method to predict ische-
mia-causing stenosis using coronary CT angiography data. It is calculated by a
supercomputer using a sophisticated computed-flow dynamics model. A recent
NXT trial showed that the sensitivity, specificity, and accuracy of FFR. to detect
ischemia by invasive FFR were 84%, 86%, and 86%, respectively [2]. CT-FFR
(Canon Medical Systems; Tochigi, Japan) is another approach to estimate
ischemia-causing stenosis using coronary CT angiography data. A study using
CT-FFR showed that the sensitivity, specificity, and accuracy of CT-FFR to pre-
dict ischemia by FFR were 78%, 87%, and 84%, respectively. Although we did
not compare the diagnostic accuracy of EEL with these methods, the diagnostic
performance of EEL was similar even though we used a very simple calcula-
tion.

We acknowledge the following limitations. Since this was a retrospective
study, selection bias might exist. Secondly, this was a single-center study with
limited amount of cohort and needs to be validated by a large multi-center
study. Thirdly, the coronary flow at maximal hyperemia was estimated at the
same value in all patients. Because the microvascular function differs in each pa-

tient, this estimation might not be true.

5. Conclusion

In conclusion, EEL diagnosed ischemia-causing stenosis proven by invasive FFR
better than SPECT by improving the sensitivity. Because EEL could be calculated
easily using the coronary CT data, this would help clinicians to diagnose

ischemic lesions on site without additional medication.
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