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I love “Images”, But, I hate “Hemodynamics” !
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• Clinical information: Symptom, risk 
factors, …..

• Functional study: SPECT, TMT, …..

• Coronary CT angiography

• Invasive coronary angiography

• Intravascular ultrasound

• Virtual histology

• Optical Coherance Tomography …..

Evaluation of coronary artery disease
Is there a room for more?

3



• Quality of FLOW: wall shear stress, OSI…..
• Quantity of FLOW: flow velocity, pressure…..
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Malek AM, JAMA 1999

Low or abnormal wall shear stress
 Proliferative, pro-inflammatory, pro-thrombotic stimulus
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Anatomy & Hemodynamics

Why “the plaque” is there?

Left main Left anterior descending 
coronary arter
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Plaque location: accordant to abnormal flow

G. Giannakoulas, 2007

Soulis et al. J of Biomechanics 2006;39:742 

Dr. R. Virmani
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Anatomy & Hemodynamics

Can anatomy predict the functional significance?

Normal 
Myocardium

Normal 
Myocardium

LA 3.5mm2 LA 3.5mm2

Normal 
Myocardium

Normal 
Myocardium

ScarLA 3.5mm2 LA 3.5mm2

LA: Lumen cross sectional area

LA 3.5mm2LA 3.5mm2
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Anatomy vs. Hemodynamics

Minimal lumen diameter: 1.8mm
Lumen area: 2.8mm2

CT angiography: significant
Angiography: significant
Intravascular ultrasound: significant

Pressure drop by LAD stenosis: 11%

Intracoronary pressure

9



• Quality of FLOW: wall shear stress, OSI…..
• Quantity of FLOW: flow velocity, pressure…..

Can CCTA provide hemodynamic information?
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Relation between Stenosis, Flow speed, and Density

Courtesy of Jin-Ho Choi, MD, Samsung Medical Center
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Flow = 43%

Flow = 10%

Flow = 100%
Flowmeter

Silicone occluder at LAD

CT time-density curve vs. Flow
Animal study

Courtesy of Jin-Ho Choi, MD, Samsung Medical Center
12



TAG = ΔHU / vessel axial length (mm)

Transluminal Attenuation Gradient (TAG)

Courtesy of Jin-Ho Choi, MD, Samsung Medical Center

TAG = -15.42 (HU/10mm)

TAG = 1.42 (HU/10mm)
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Courtesy of Jin-Ho Choi, MD, Samsung Medical Center

TAG = ΔHU / vessel axial length (mm)

Transluminal Attenuation Gradient (TAG)
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Variation of “Resting Flow (Velocity)”

10 cm.s-1

48 cm.s-1

20 cm.s-1

56 cm.s-1

CFR = 4.8 CFR = 2.8

Pitfalls of Coronary Flow Velocity
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Estimation of pressure changes from geometry

Courtesy of Professor Kassab, Purdue University
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Me

as
ur

ed
 p

re
ss

ur
e r

at
io

16



• Quality of FLOW: wall shear stress, OSI…..
• Quantity of FLOW: flow velocity, pressure…..

Can CCTA provide hemodynamic information?
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• Computational fluid dynamics (CFD) quantifies fluid pressure and velocity, based on
physical laws of mass conservation and momentum balance

• CFD is widely used in the aerospace and automotive industries for design and testing

Computational Fluid Dynamics (CFD)
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Application of CFD to coronary artery disease: Modeling

Courtesy of 
Gary Binyamin, TMI

Williams & Koo, J Appl Physiol 201019



Inflow waveforms and estimates of downstream coronary vascular resistance obtained 
from previous investigations
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LaDisa et al. J Appl Physiol 93: 1939–46, 2002.

Van Huis et al. AJP - Heart. 253 (22): H317-H324, 1987.

Systolic coronary impedance spectra
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Velocity Profiles

Williams & Koo, J Appl Physiol 201021



Shear stress distribution

Post MB stenting Post SB angioplasty

0
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45

Time Averaged Wall Shear Stress

% area of low WSS (< 4dyne/cm2)

Williams & Koo, J Appl Physiol 2010

Stent cross over & Distal MB over-expansion
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Post MB stenting Williams & Koo, J Appl Physiol 201023



Clinical relevance of “abnormal flow”?

Limitations of current CFD analyses
• Simple models, not patient-specific
• Not completely reflects human coronary circulation 
• No established clinical relevance 
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Patient-specific modeling using CCTA

Computational Model 
based on CCTA

No additional imaging
No additional medications

3-D anatomic model from CCTA
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Patient-specific non-invasive coronary hemodynamic assessment

Computational Model 
based on CCTA

No additional imaging
No additional medications

3-D anatomic model from CCTA

Blood flow equations solved on 
supercomputer

Blood Flow Solution

Physiologic models
-Myocardial demand
-Morphometry-based boundary condition
-Effect of adenosine on microcirculation
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How is FFR computed from static coronary CT?

A novel example: Flow through the coronary arteries
Input data:
• Geometry – extracted from CCTA anatomic data
• Boundary conditions

‐ Resting coronary blood flow (calculated from myocardial mass)
‐ Mean blood pressure (estimated from brachial artery pressure)
‐ Coronary microcirculatory resistance (derived from morphometry data)

• Fluid properties – viscosity and density of blood
Calculated data:
• Velocity and pressure of blood in coronary arteries 
• FFR, CFR, etc…

coronary microcirculatory resistance

aortic pressure

myocardial blood flow
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Patient-specific CFD analysis

Koo BK, European Bifurcation Club 201028



Estimation of flow by pressure: Fractional flow reserve (FFR)

Distal Pressure (Pd) = 100mmHg

Proximal Pressure (Pa) = 100mmHg

FFR=100/100=1.0 FFR=60/100=0.6

Distal Pressure (Pd) = 60mmHg

Proximal Pressure (Pa) = 100mmHg
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Not significant Significant stenosis

1.0 0.80 0.75 0FFR



FAME study

Tonino, et al. NEJM 2009; Pijls, et al. JACC 2010

PCI: percutaneous coronary intervention
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FFR is good for the patients and (relatively) simple……….

But, requires invasive procedure and expensive…… cannot provide 3D anatomical 
information….

LAD FFR
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Patient-specific non-invasive FFR using CT & CFD

FFRCT = 0.72
(can select any point on model)

Computational Model 
based on CCTA

No additional imaging
No additional medications

3-D anatomic model from CCTA

Blood flow equations solved on 
supercomputer

Blood Flow Solution

Physiologic models
-Myocardial demand
-Morphometry-based boundary condition
-Effect of adenosine on microcirculation

CT-derived computed FFR 
(FFRCT)
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Case Examples
CCTA Invasive angiographyFFRCT FFR

>50% diameter stenosis >50% diameter stenosisFFRCT 0.74  ischemia FFR 0.74  ischemia

0.74

0.85

FFR

>50% diameter stenosis FFRCT 0.85  no ischemia FFR 0.84  no ischemia>50% diameter stenosis

FFR
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First-in-Human study: DISCOVER-FLOW
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Patients and lesions

Variable
Age 63 ± 9 yrs
Male 72 %
Hypertension 65 %
Diabetes 26 %
Current smoker 36 %
BMI 26 ± 4
Prior MI 17 %
Prior PCI 16 %
LV ejection fraction 62 ± 6 %

• Oct 2009 – Jan 2011
• 159 vessels in 103 patients

RCA
n=31 (19.5%)

LAD
n=87 (54.7%)LCX

n=41 (25.8%)

DISCOVER-FLOW: Koo BK, et al, J Am Coll Cardiol, 2011 35



Invasive FFR vs. Non-invasive FFRCT

R = 0.72, p<0.001

FF
R C

T

Invasive FFR

FFR      0.82 ± 0.13

FFRCT 0.80 ± 0.14

0.02 ± 0.12

DISCOVER-FLOW: Koo BK, et al, J Am Coll Cardiol, 2011 36



Reduction of false positives: 70%

FFR vs. CT and FFRCT

0.3

0.8

FF
R

CT<50%            CT ≥50%
0.3

0.8

FF
R

FFRCT> 0.80    FFRCT≤ 0.80          
(N=69, 43%)(N=90)(N=114, 71%)(N=45)

False +
61 (38%)

False +
18 (11%)

True +
53 (33%)

False -
5 (3%)

True -
40 (25%)

True +
51 (32%)

False -
7 (4%)

True -
83 (52%)

CCTA FFRCT

DISCOVER-FLOW: Koo BK, et al, J Am Coll Cardiol, 2011 37



Diagnostic performance of FFRCT and CCTA
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FFRCT ≤0.80 CCTA ≥50%

PPV: positive predictive value, NPV: negative predictive value

Per-vessel analysis (n=159)
25%

38DISCOVER-FLOW: Koo BK, et al, J Am Coll Cardiol, 2011



Diagnostic performance of CCTA and FFRCT
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FFR-CT

CT alone

ROC curve analysis

Area Under the Curve
FFRCT = 0.90
CCTA = 0.75

Area Under the Curve
FFRCT = 0.92
CCTA = 0.70

P=0.001 P=0.0001

39DISCOVER-FLOW: Koo BK, et al, J Am Coll Cardiol, 2011
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Overall vessels (N = 82) Area under the curve 

FFRCT
0.94 

(95% CI: 0.86-0.98)

TAG 0.63 
(95% CI: 0.52-0.74)

P<0.001

FFR vs. TAG and FFRCT

Yoon YY, Choi JH, Koo BK, ACC 201240



FFR vs. TAG and FFRCT

TAG

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

FFR ≤ 0.8
(n=32)

FFR > 0.8
(n=50)

False + 
6 (7.3%)

False -
20 (24.4%)

-0.654

FFR ≤ 0.8
(n=32)

FFRCT

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

FFR > 0.8
(n=50)

False -
6 (7.3%)

False + 
3 (3.7%)

0.77

Yoon YY, Choi JH, Koo BK, ACC 201241



Treatment planning prior to invasive procedures

Virtual PCI and post-PCI FFRCT
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What is the best treatment option for the patient?

Which lesions are flow limiting?

How many stents are needed?

What will be the effect of a stent on the flow to other lesions?

?

?

? ?

?
?

? ?
?

Koo BK, EuroPCR 201143



After Left main and LAD os PCI

cF
FR

Treatment planning prior to invasive procedures

Post stent 
FFR<0.80

After LAD os PCI

Stent

Virtual PCI and post-PCI FFRCT

Koo BK, EuroPCR 2011

Stent
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Post stent 
FFR>0.80



Original

Treatment planning prior to invasive procedures
- Virtual PCI and post-PCI flow rates-

After Left main PCI

LCX: 107.1 ml/min

LCX: 116.7 ml/min

RI: 47.3 ml/min

RI: 48.0 ml/min

LAD : 84.5 ml/min

LAD: 92.1 ml/min

After LAD os PCI

After all PCI

LCX: 107.2 ml/min

LCX: 121.6 ml/min

RI: 48.0 ml/min

RI: 49.4 ml/min

LAD: 87.5 ml/min

LAD: 99.5 ml/min
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CT-derived computed FFR 
(FFRCT)

FFRCT 0.72

FFRCT 0.86

*

*

Be
fo

re
 S

te
nt

in
g 

Af
te

r S
te

nt
in

g

Invasive FFR
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FFR 0.68

FFR 0.90

Angiography
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FFR vs. FFRCT after Stenting



FFR      0.68 ± 0.13

FFRCT 0.69 ± 0.13

0.01 ± 0.12

FFR      0.88 ± 0.05

FFRCT 0.86 ± 0.05

0.02 ± 0.12

Pre-PCI 

Post-PCI 

Invasive FFR vs FFRCT

47 Koo BK, Kim KH, et al. EuroPCR 2012



• Diagnostic accuracy  95%

• Sensitivity 100%

• Specificity 94% 

Invasive FFR vs FFRCT after stenting

Diagnostic performance of FFRCT

48 Koo BK, Kim KH, et al. EuroPCR 2012



CABG Planner 
CABG before the surgery, with your computer

FFRCT after LIMA + 2SVGs

0.92

0.89 0.94
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• Assessment of coronary hemodynamic parameters using CCTA is feasible with 
various novel technologies.

• Application of computational fluid dynamics to static CT images can provide 
quantitative and qualitative flow information.

• FFRCT can predict the functional significance of stenoses and can be helpful in 
planning the treatment strategy before the invasive procedures.

• Further studies are needed to evaluate the efficacy and to overcome the pitfalls 
of novel technologies.

Conclusion
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