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Non-invasive Imaging

FFR.;: Present and Future
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Patient-specific non-invasive FFR using CT & CFD

Computational Model
based on CCTA

3-D anatomic model from CCTA

No additional imaging
No additional medications
- .
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Blood Flow Solution

Blood flow equations solved
on supercomouter
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Physiologic models
-Myocardial demand
-Morphometry-based boundary condition
-Effect of adenosine on microcirculation

CT-derived computed FFR

(FFRer)

FFRg; = 0.72

(can select any
point on model)
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LAD-Diagonal bifurcation lesions
(Case #58 from SNUH, Korea)

FFRcr0.79

_—

FFRer 0.57

Without invasive procedure
Without pressure wire, without adenosine

Seoul National University Hospital
SN U H o Cardiovascular Center



FFR.;: Present and Future

* Gate keeper to invasive angiography ?

Seoul National University Hospital
SN U H d Cardiovascular Center



Clinical Evidences on Diagnostic Performance

 DISCOVER-FLOW
5 center FIH clinical trial
Completed 2011
N=103 patients
Published in JACC
 DeFACTO
17 center clinical trial
Completed 2012
N=252 patients
Published in JAMA
 NXT
10 center clinical trial
Completed August, 2013
N=251 patients
Published in JACC
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Diagnosis of Ischemia-Causing Coronary Stenoses
by Noninvasive Fractional Flow Reserve Computed
From Coronary Computed Tomographic Angiograms

Results From the Prospective Multcenter DISCOVER-FLOW
w|>w,|j. nosts of Ischemin-Causing Stenoses Obtained Via
Nomnvasive Fruetional Flow Reserve) Study
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I ORICINAL CONTRIPUTHON

ONLINE FIRST

Diagnostic Accuracy of Fractional Flow
Reserve From Anatomic CT Angiography

Jusesthoms ot puoie-, WD
Mickawl J. Pancing, PR

Context Cowmary wographe (CT) sngograph:
ey,

Dsied =, Bermas. M1
Pown- K wons how, M}
Carkm van Miegher, MD

Asalrejs Lrglie. MDY

Fay Y. Lin, M)

Nl W, Dhmmirgz, V&
Patreia Aprussems, WS
Matthow J Badoll, M1}
Lonoms 1L Codee MDD

Fanse A Jallie, M)
Martin . Loos, MI}
Jevmitfer \h‘lv-u M

. 1 Jobin Mancini, MD

Robert S, Schowartz. MIP

Lowbew 1 Shaw, PRD
Latusrs Maweric M}




Diagnostic performance of FFR;

Do 93% 82% 85% 91% 87%
DeFACTO 252 90%  54%  67%  84% 73%
NXT 251 86%  79%  65% 9%  81%

o e0% 72% 72% 89% 80%

Seoul National University Hospital
SNUH ® Cardiovascular Center



Non-invasive tests/FFR.;/Angiography vs. FFR

100%

90%

80%

70%

FDA

News & Events
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FDA allows marketing of non-invasive device to Modia
help evaluate heart blood flow

For immediate
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November 26, 2014
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FFR.DiscoverFLOWS

igiography*

J B FFR -DeFACTO*

CTA%
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CCTAS
80% 90% 100%
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Clinical outcomes of FFRcr-guided decision

Stable CAD symptoms; Planned non-emergent NI test or catheterization
Age 2 18y; No prior CAD hx; Intermediate pretest probability of CAD

Planned NI test

Sequential cohorts

Standard NI test CTA + FFRct

Planned ICA

Sequential cohorts

Standard ICA CTA+ FFRet

+

Exercise ECG CTA
Stress nuclear
Stress echo
Stress MRI FFR
CTA T Bl FFRcr

CTA

No No

FFRer [ err.

Testing/cath performed and interpreted lo:ally; FFRct results w/in 24—48 hrs
All F/U testing and management decisions )y care team following best practices

1° — Cath w/o obstructive CAD ((1CA or FFR < 0.80) at 90 days
2° — MACE: death, MI, UA; Radiation (Costs; QOL)

SNUH® Seoul National University Hospital Douglas PS, et al. EHJ 2015
Cardiovascular Center




PLATFORM Trial

Invasive catheterization with NO obstructive disease

Usual Care CTA/FFR;; Guided

61%
No invasive
angiography
83% reduction
B Obstructive CAD B Non-obstructive CAD
Seoul National University Hospital Douglas PS, et al. EHJ 2015
SN UH v Cardiovascular Center



1-year Clinical and Safety Outcomes

Invasive
N=204 N=380

Usual care FFRcr Usual care
strategy strategy strategy
N=100 N=104 N=187

Major adverse cardiovascular events

Noninvasive

Number of patients 1
MACE components
Death, no. (%) 0 (0.0%)

0 (0.0%)

1(0.5%) 0(0.0%)
Nonfatal MI, no. (%) 1(1.0%) 0 (0.0%) 1(0.5%) 1(0.5%)

Urgent revasc, no. (%) BRRER{EReLA) 0 (0.0%) 0 (0.0%) 1 (0.5%)

MACE or vascular complications

1

Number of patients 1
Cumulative radiation exposure p<0.001
Mean (SD), mSv 6.42 (7.47) 9.55(10.56) 10.36 (6.69) 10.72 (9.62)

Douglas P, et al. JACC in press

Seoul National University Hospital
SN U H d Cardiovascular Center



FFRCT in daily clinical practice

Coronary CTA" _
+ Contrast
ne=1173
T OMT*
n =868
High r.i‘sk anatomyt I I Intermediate risk amitomy~1 Low risk anatomy* High ”?k Inconfusive Intermedllate
e, pbibimaty s _ o stenosis CTA stenosis
ICA | ’ MPI | ’ FFR
n =82 ’ ne=4a4 ne= 1&
FFR

ICA [ owmr |

| 3-months follow-up

+ Symptoms - Symptoms

Norgaard BL, et al. JACC Imaging 2016

Seoul National University Hospital
SN U H o Cardiovascular Center



FFR.;: Present and Future

 Gate keeper to invasive angiography ? YES

 Replacing invasive FFR ?

Seoul National University Hospital
SN U H d Cardiovascular Center



How this novel technology can change our daily practice?

Novel (fast, risk-free, non-invasive, cost-saving) pathway

CCTA FFRer Invasive angiography

>50% diameter stenosis ~ FFR¢70.74 > Invasive procedures >50% diameter stenosis

>50% diameter stenosis >50% diameter stenosis FFR 0.84 = no ischemia

Seoul National University Hospital
SN U H o Cardiovascular Center



Computing FFR from CT images
Have all conditions validated in patient-specific level?

Input data:

» Geometry — extracted from CCTA data

« Boundary conditions

- Resting coronary blood flow (calculated from myocardial mass)

- Hyperemic coronary blood flow (estimated from previous clinical data)

#%7XLCX:107.1 ml/min

\ "

RI; 47.3 ml/min

LAD : 84.5 ml/min

Seoul National University Hospital
3
SN U H d Cardiovascular Center

Table 2-1. Comparison of coronary flow reserve measurements using different methods in
groups considered as reference (control) groups.

Number of patients Method CFR Reference
17 (HTX) D.L 50403 (119)

26 (HTX) D.L. 52%13 (30)

18 (young subjects) PET 4,110,9 (41)

22 (elderly subjects) PET 3,040,7 (41)

28 PET 3,241,2 (110)

3l PET 3.84£2,1 (82)

56 PET 34t 4 (181)

19 D.TTE 3,740.7 (69)

26 (athletes) D.TTE 5.9+1,0 (69)
Subjects with chest pain despite angiographically normal coronary arteries (patients with
hypercholesterolemia, hypertension, diabetes mellitus, smoking were included)

85 D.L 2,840,6 (93)




n=75
oMT
n=10
I ICA MPI
n=33 n=32

High risk

stenosi : stenosis
| ICA MPI FFR
n=82 ne=4a4 ne= 1&

Per patient agreement 73%

Per-vessel agreement 70%

Norgaard BL, et al. JACC Imaging 2016

0.6 —
0.6 0.7 0.8 0.9 1.0
FFRCT
Seoul National University Hospital
SN U H o Cardiovascular Center



FFR.;: Present and Future

» Gate keeper to invasive angiography ? YES
* Replacing invasive FFR ? NO

* Treatment planning before angiography ?

Seoul National University Hospital
SN U H d Cardiovascular Center



Image-based computerised modelling of coronary
circulation: Future direction

Planning the treatment strategy using
Virtual revascularization & CT-derived computed FFR

e
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Planning the treatment strategy using
Virtual revascularization & CT-derived computed FFR

CT-derived computed FFR
Stent proximal (FFRcy)
= | lesion only
=
[=
2
o
S FFR,.. 0.72
(@] cT V-
@ T &
m Stent distal AFFR;70.02
lesion only Myocardial iscljemia +
(@]
=
k=
3
[77) Stent both
8
<
0.86
SNUH® Seoul National University Hospital Kim KH, Koo BK, et al. JACC interv 2014
Cardiovascular Center



Before Stenting

Planning the treatment strategy using
Virtual revascularization & CT-derived computed FFR

Angiography Invasive FFR CT-derived computed FFR

4178

. . e
Myocardial ischemia+

After Stenting

SNUH

" FFRg; 0.86
Pe

No residual ischemfa: No residual ischemia

Seoul National University Hospital Kim KH, Koo BK, et al. JACC interv 2014
Cardiovascular Center



Invasive FFR vs FFRcr: Post - PCI

1.0-
FFR  0.90 + 0.05 e
5 II= =I .= -
= 0.8 = ——
FFR,; 0.88 + 0.05 & _
& 0.02+ 0.05 R=0.55, p<0.01
0.6 .
0.6 0.8 1.0

Invasive FFR

Seoul National University Hospital
3
SN U H d Cardiovascular Center



FFR.;: Present and Future

 Gate keeper to invasive angiography ? YES

* Replacing invasive FFR ? NO

* Treatment planning before angiography ? Not YET
* New researches using CT and CFD ?

Seoul National University Hospital
SN U H d Cardiovascular Center



Patient-specific non-invasive coronary hemodynamic

Non-invasive, Pt-specific

SNUH

B Seoul National University Hospital
Cardiovascular Center

assessment
Hemodynamics
* Pressure
» Pressure difference
» Pressure gradient « Static
» Pressure recovery e Pulsatile
« FFR * Resting
*  Flow velocity * Hyperemic
« Flow rate  Exercise — mild,
. Shear rate moderate, peak

» Shear stress — average, peak, gradient
 Traction

 Oscillatory shear index

* Particle residence time

 Turbulent kinetic energy

22



SNUH

Non-invasive hemodynamic parameter measurement
using CFD and cCTA

Pressure Velocity

Hyperemia

Pressure (mmHg) Velocity (cm/s)

60 80 100 25 50 75
, _— , ' S e
B Seoul National University Hospital 50 110 0 100

Cardiovascular Center

23



SNUH

Image-based computerised modelling of coronary

circulation: Potentials

Pulsatile flow - rest

Static flow - hyperemic

WSS [dynefcm?]

Traction [dynedcr2] GradP [mmHgiem]

Seoul National University Hospital
Cardiovascular Center

Pulsatile flow - Hyperemia
B LA b e

Pulsatile flow - Exercise
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Total plaque force analysis

& / ROI
0.005| WS¢ \ FFR

: | ]
) . !
\ ¢ \ 0.8
0.6
0.5

0.0005| FractionForce|



“Axial plague stress”

2011 04 CT, Asymptomatic
' . —— 2

-
<~ RG APS
2012-06 Acute MI Upstream  0.14 9960 dyne/cm?
' Downstream 0.05 1740 dyne/cm? @

Coronary Artery Axial Plaque Stress and Its
Relationship With Lesion Geometry

Application of Computational Fluid Dynamics to Coronary CT
Angiography
oo Oy LY oo My g Les, MO, MU My S Xan, Pl Jus Saa Pk, MD

Sl wones Sepdk coes, ), * Himsson Otdos, MIL, Pt} Jooofl ey Dok, MIL ML | Chasmg - Wook Nzt MIL PeLY
s Seok Shas, MEL DD Chades A Ty e, B " Son-Kwver Koo, MIL M ff
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Comparison of Radius Gradient and
Rupture Locations

Upstream Rupture Downstream Rupture
P<0.001 P<0.001
0.133 0.132
(0.070-0.172) (0.102-0.173)
0.094 T
(0.057-0.136) T
0.063
0.1 (0.030-0.005)
T
N
0.0 | |
Upstream Downstream Upstream  Downstream
RG RG RG RG

Seoul National Uni ity Hospital . . .
SNUHY o o canter Manuscript in Revision 7



Association with Adverse plaque characteristics
. % diameter stenosis vs. WSS

Napkin ring sign Positive remodeling
80 8oL
Z 60 — :-;“ 60 -
g I -
% 40 - & 40
' PS - — DS
20 —— DS WSSR
20 . $
» - : DS wssH
I — DS WSSRH ; — DS_WSSRH
oH . ... . ] — T : O v .| P el

0 20 40 60 80 100
100-Specificity

0 20 40 60 80 100
100-Specificity

DS: % diameter stenosis, WSSR: resting wall shear stress, WSSH: hyperemic wall shear stress

Seoul National Uni ity Hospital . . . .
SNUH® 2 vsatarconter o Manuscript in Revision



Non-invasive hemodynamic assessment to predict future risk of
ACS: EMERALD Stl.ldy 2012-06 Acute MI

Patients with Acute Coronary Syndrome

2011-04 CT, Asymptomatic

From 11 International Cardiovascular Centers
(Korea, Japan, Belgium, Denmark, the Netherlands)

Confirmed culprit lesion with coronary
angiography (IVUS, OCT)
\4

—— g

Patients who underwent Coronary CI angiography
before ACS event (1 month — 2 year before the event)

CONTROL (Group B) CASE (Group A)

cCTA analysis CFD analysis
adverse plaque characteristics + Non-invasive hemodynamics
(Core Lab — SNU Bundang Hospital) (Core Lab - HeartFlow Inc.)

Adverse plaque characteristics assessment

Comprehensive non-invasive hemodynamic assessment using cCTA and CFD

B0 TR MPR, T

EuroPCR 2016 Innovative pipeline session

29



FFR.;: Present and Future

 Gate keeper to invasive angiography ? YES
* Replacing invasive FFR ? NO
* Treatment planning before angiography ? Not YET

* New researches using CT and CFD ? YES

Seoul National University Hospital
SN U H d Cardiovascular Center



