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Lipid-rich plaque, positive remodeling, TFCA... 

FFR, CFR, IMR, Pd/Pa… 
% Diameter stenosis, MLA, plaque burden… 
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Why do we need “MORE” for ACS prediction? 

Kaul S & Narula J. JACC 2014 
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Positive remodeling, posterior attenuation, lipid, cap thickness, 

TcFA, calcium, napkin ring, low density,..….. 

Hemodynamics Plaque characteristics 

Hemodynamics for Vulnerability? 
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116 days later 
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Any better way to identify the risk for 

ACS/Sudden death? 
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FFRCT (-): 0.94 

∆FFR (-):  0.03 

WSS (-): 93.9 dyn/cm2 

APS (-): 850.5  dyn/cm2 

 

%DS = 33% 

Adverse 

plaque characteristics (+) 

FFRCT 

0.7 0 

FFRCT (-): 0.87 

∆FFR (+):  0.12 

WSS (+): 252.1 dyn/cm2 

APS (+): 3969.6 dyn/cm2 

 

FFRCT 

0.7 0 

%DS = 50% 

Adverse  

plaque characteristics (+) 

Time to event = 116 days 

5 

Any better way to identify the risk for 
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Patients with Acute Coronary Syndrome 
From 11 International Cardiovascular Centers  

(Korea, Japan, Belgium, Denmark, the Netherlands) 

Validation with clinical data, cCTA and coronary 

angiography (3 independent core labs) 

Patients who underwent Coronary CT angiography  

before ACS event  (1 month – 2 year before the event) 

(N=120) 

Final Enrollment for cCTA and CFD analysis 

(72 patients, 216 lesions) 

Exclusion (N=41) 
• No adequate CT image:  27 

• Unclear diagnosis or No definite culprit 

lesion on Angiography: 10  

• No definite lesion on cCTA: 4 

 

Exclusion by CFD core lab due 

to CT image quality (N=7) 

CASE 

Culprit for subsequent 

ACS (N=66) 

CONTROL 

Non- Culprit Lesion 

(N=150) 

Koo BK. EuroPCR 2016 

EMERALD study 
Exploring the MEchanism of the Plaque Rupture in Acute Coronary Syndrome using Coronary CT Angiography and 

ComputationaL Fluid Dynamics 
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Diameter Stenosis (%) 

FFRCT 

Delta FFRCT 

Axial Plaque Stress 

EMERALD study: Culprit vs. Non-culprit 

All P values: significant 

Remodeling Index 

Hounsfield Unit 

Lee JM & Choi GW, Koo BK….. JACC imaging 2019 

Stenosis severity Plaque characteristics Hemodynamic characteristics 
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Risk for ACS according to  

Adverse plaque characteristics (APC) and Adverse hemodynamic characteristics (AHC)  

APC(-) & AHC(-) 

APC(+) or AHC(+) 

APC(+) & AHC(+) 
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Prediction Model C-index 

Difference 

with Prev. 

Model 

P value NRI P value IDI P value 

Model 1 0.709             

Model 2 0.747 0.038 0.006 0.355 0.001 0.671 <0.001 

Model 3 0.789 0.025 0.014 0.287 0.047 0.368 <0.001 

Prediction of ACS risk 
                Model 1: % diameter stenosis (%DS)+Lesion length(LL) 

                Model 2: %DS/LL + adverse plaque characteristics (APC) 

                Model 3: %DS/LL + APC + adverse hemodynamic characteristics (AHC) 
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Relative importance of lesion characteristics in ACS risk 

 

Hall MA, IEEE Trans on Knowl and Data Eng 2013;15:1437-1447 

Information gain analysis 

• How much “information” a feature gives us about the class = reduction in entropy 

• Features that perfectly partition should give maximal information 

• Unrelated features should give no information 
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Information gain of each parameter 

△FFRCT %DS Lowest  

HU 

WSS Napkin-ring 

Sign 

Remodeling  

Index 

Spotty 

Calcification 

FFRCT Axial Plaque  

Stress 

Lesion 

Length 

0.144 

(0.125-0.169) 

0.112 

(0.093-0.137) 

0.088  

(0.073-0.108) 

0.107 

(0.090-0.128) 

0.066 

(0.052-0.086) 

0.092  

(0.077-0.113) 

0.038 

(0.028-0.052) 

0.048 

(0.038-0.061) 

0.066 

(0.054-0.083) 

0.075 

(0.065-0.088) 
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Distribution of information gain from bootstrapping analysis with 10,000 replicates 
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Non-obstructive lesions are not  innocent! 

Acute fatal cardiovascular event may occur from non-

obstructive lesions. 
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Prognostic impact of lesion characteristics 
 Lesion Characteristics HR (95% CI) 95% CI P value 
Anatomical Characteristics       

% Diameter stenosis 1.54 0.78-3.02 0.214 

Minimal luminal diameter 0.95 0.43-2.11 0.897 

Lesion length 1.02 0.45-2.13 0.966 

Plaque volume 1.25 0.50-3.12 0.639 

Plaque burden 1.15 0.38-2.00 0.749 

Plaque Characteristics       

Low-attenuation plaque 2.60 1.36-4.95 0.004 

Positive remodeling 1.15 0.33-4.03 0.831 

Hemodynamic Characteristics       

FFRCT 0.54 0.27-1.09 0.101 

∆FFRCT 3.25 1.31-8.04 0.010 
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Relative importance of lesion characteristics in ACS risk 
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Best metric for ACS prediction in non-obstructive lesions 
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Machine Learning in Cardiovascular Disease 

Narula S, et al. J Am Coll Cardiol. 2016 29;68(21):2287-2295 

Discriminating Imaging Diagnosis 

Functional Significance of Coronary Stenosis 

Dey D, et al. Circ Cardiovasc Imaging. 2015;8:e003255 

Dey D, et al. European Radiology. 2018 28:2655–2664 
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Comparison of Prediction Performance between Conventional Model 

and Machine Learning model  
(5-fold Cross Validation with 5,000 Random Permutation) 

● Logistic Regression Model 
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● Machine Learning Model (Random Forest) 
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* P for difference < 0.001 

* 

Logistic Regression Machine Learning 
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Sensitivity Analysis for Improvement in ACS risk Prediction 

by Various Machine Learning Algorithms 

* P for difference < 0.001 

* 
* 

* 

A
U

C
 

0.8 

0.7 

0.6 

18 

Seoul National University Hospital 

Cardiovascular Center 



Relative Importance of Lesion Characteristics 

Support Vector Machine Random Forest Linear Discriminant Analysis 
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Lessons from EMERALD study 

• Non-invasive hemodynamic assessment can enhance the 

identification of vulnerable plaques that subsequently caused ACS.  

• This novel technology can improve the prediction of ACS risk and 

may help guide optimal treatment for high risk patients. 

• Machine learning can further improve the ACS risk prediction. 

• A larger study with an external control group is needed to validate 

this concept.  
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Patients with Acute Coronary Syndrome 

Clinical data, CCTA and Coronary angiogram 

(IVUS or OCT) 

Patients who underwent Coronary CT angiography  

before ACS event  (1 month – 3 years before the event) 

       N=1,578 

CCTA stenosis/plaque analysis and CFD analysis 

CASE 

Culprit Lesion 
CONTROL 

Non- Culprit Lesion 

EMERALD II study 
Exploring the MEchanism of Plaque Rupture in Acute Coronary Syndrome using 

Coronary CT Angiography and ComputationaL Fluid Dynamics II 

• PI: Bon-Kwon Koo, MD, PhD 

• Funding: HeartFlow, Inc 

Seoul National University Hospital 

Cardiovascular Center 

Derivation cohort: 500 

Validation cohort: 1078 

External Control 

ADVANCE registry 
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EMERALD II 

Belgium 
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More sites are joining for EMERALD II  

                                & You All are Very Welcome to Participate! 

CURRENT STATUS – Participating Centers 

Japan 

Aichi Medical University 

Ehime University Hospital 

Fukuoka Sanno Hospital 

Gifu Heart Center 

Iwate Medical University 

Kobe University Hospital 

Nagoya Heart Center 

National Cerebral and Cardiovascular Center 

Saiseikai Kumamoto Hospital 

Shin Koga Hospital 

St Luke's International Hospital 

Tokai University 

Tokyo Medical Dental Univeristy 

Tokyo Medical University Hachioji Medical Center 

Toyohashi Heart Center 

Tsuchiura Kyodo Hospital 

Wakayama Medical University 
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