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Recent National Academies report on Digital Twins to “inform
clinical decisions regarding interventions including treatments and

clinical assessments ..”
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e = Biomedical Digital Twins (my synopsis)

Virtual model of biological system that ...
1. mimics the biological system
2. is fit for purpose
oA 3. is created & updated with data from its biological
Foundational e twin
Research Gaps and

Future Directions 4. has a predictive capability to inform decisions for
for Digital Twins , , .
the biological twin







Patient-specific Modeling of Blood Flow started at
Stanford University in 1995

1. C.A. Taylor, TJR. Hughes, and CK. Zarins, (1996) Computers in Physics, Vol. 10, No. 3, pp. 224-232.

2. C.A. Taylor, TJ.R. Hughes, and CK. Zarins, (1998) Finite Element Modeling of Blood Flow in Arteries. Computer Methods in Applied
Mechanics and Engineering. Vol. 158, Nos. 1-2, pp. 155-196.



Predictive Medicine circa 1998
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ASPIRE System Live Demo at 1998 Society for
Vascular Surgeons

Taylor et al., Predictive Medicine: Computational Techniques in Therapeutic
Decision-Making, Computer Aided Surgery, Vol. 4, No. 5, pp. 231-247, 1999.



Predictive Medicine paper published 25 years ago ...

Computer Aided Surgery 4:231-247 (1999)

Biomedical Paper

Predictive Medicine: Computational Techniques
in Therapeutic Decision-Making

The predictive medicine paradigm, whereby a
physician would use diagnostic data to reconstruct
a model of an individual’s anatomy and physiol-
ogy, and then use simulation techniques, imple-
mented in a simulation-based medical planning
software system, will have important applications

Charles A. Taylor, ph.n., Mary T. Draney, a.s., Joy P. Ku, m.s., David Parker, .s.,
Brooke N. Steele, m.s., Ken Wang, s.s., and Christopher K. Zarins, m.n.
Division of Vascular Surgery, Department of Swrgery (C.A.T., C.K.Z.), Department of Mechanical
Engmeermg (CAT., MT.D., D.P., S.), and Department of Electrical Engreering
(7-P.K., KW, Stanford University, Stanford, California, USA

ABSTRACT The current paradigm for surgery planning for the trearment of cardiovascular
disease relies exclusively on diagnostic imaging data to define the present state of the parient,
empirical data to evaluate the efficacy of prior treatments for similar patients, and the judgement of
the surgeon to decide on a preferred treatment. The individual variability and inherent complexity
of human biological systems is such that di. stic imaging and | data alone are insufficient
to predict the outcome of a given treatment for an individual padent. We propose a new paradigm
of predictive medicine in which the physician utilizes computational tools to construct and evaluate a
combined anatomic/physiologic model to predict the outcome of alternative treatment plans for an
individual patient. The predictive medicine paradigm is implemented in a software system developed
for Simulation-Based Medical Planning. This system provides an integrated set of tools to test
hypotheses regarding the effect of alternate treatment plans on blood flow in the cardiovascular
system of an individual patient. It combines an internet-based user interface developed using Java and
VRML, image segmentation, geometric solid modeling, automaric finite element mesh generation,
computational fluid dvnamics, and scientific visualization rechniques. This system is applied to the
evaluadon of alternate, patient-specific treatments for a case of lower extremity occlusive cardiovas-
cular disease. Comp Aid Surg 4:231-247 (1999). ©1999 Wiley-Liss, Inc.

INTRODUCTION

Significant advances have been made in the diag-
nosis and treatment of cardiovascular disease since
the introduction of modern medical imaging tech-
nology and surgical and pharmacologic therapeutic
options. In recent years, three-dimensional (3D)
cardiovascular imaging techniques and medical vi-
sualization software have enabled physicians to
interactively view the cardiovascular anatomy ex-
ternally and even to “fly through” blood vessels in
order to examine sites of disease.273037-%0 In addi-
tion to cbtaiming anatomic data, physicians can

obtain physiologic data from a variety of sources,

huding Doppler ul d and mag feso-
nance imaging. It is now possible to obtain time-
resolved 3D flow fields in the cardiovascular sys-
tem wusing magnetic resonance imaging (MRI)
techniques in a matter of minutes.™* In parallel with
these developments in diagnostic methods, thera-
peutic options including conventional surgical re-
pair. 1y invasive endel PP 3
and drug and gene therapy have emerged. Within
these different classes of therapeutic options lie
many more subclasses. The physician mmust choose

Received March 5, 1999; accepted August 20, 1999.

Address correspondence/reprint requests to: Charles A_ Taylor, Ph D., Division of Vaseular Surpery, Department of Surgery,
Stanford University, Stanford, CA 94305, U.SA. Telephone: (650) 723-3487, Fax. (650) 723-3521. E-mail

taylorcai@leland stanford edu.
©199% Wiley-Liss, Inc,

in medicine of the future. This approach could
allow physicians to ‘“design” improved, patient-
specific treatment plans.

Taylor et al., Predictive Medicine: Computational Techniques in Therapeutic
Decision-Making, Computer Aided Surgery, Vol. 4, No. 5, pp. 231-247, 1999.






HeartFlow Founded in 2070 to improve diagnosis of Heart
Disease

h@ HeartFlow Overview for Patients




Coronary Artery Disease (CAD) one of primary heart diseases

= Insufficient blood flow to the heart
. Ii " muscle from narrowing of coronary
' artery may cause chest pain

Can elicit symptoms - Angina
(chest pain)

» Atherosclerotic plaque build-up in artery
« Reduced blood flow — pain
« Typically first noticed during exertion

Can increase risk of a
myocardial infarction, e.g. heart

attack

« Plaque rupture results in embolization of
contents and/or triggers clot formation
which obstructs artery

« Reduced blood flow triggers tissue
necrosis and interferes with electrical

and/or contractile function
Source: Virmani, TCT 2003



Cardiac Testing Should Help Physicians Determine the Right
Treatment Pathway for Each Patient with Suspected Coronary

Artery Disease (CAD)

. Further Assessment,
" 7 —_— Intervention, or

Surgery
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Patients with suspected Heart Disease are often referred to
Non-invasive Functional Testing, but these tests are limited in
detecting Coronary Artery Disease (CAD)
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High rate of

unnecessary
downstream testing

More than 50% of
patients sent for an
invasive angiogram have
no obstructive CAD'

No direct information on

disease in the coronary
arteries

_

—
High rate of
e missing CAD
M [ 20-30% of patients are sent
gt home with their coronary
s disease undetected?
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Ischemic Cascade Explains Lower Sensitivity of Noninvasive
functional tests for identitying Obstructive CAD
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Due to Limitations in Noninvasive Cardiac Stress Testing,
many patients are referred for Invasive Diagnostic Tests

Normal right coronary artery

Courtesy of Paul Yock, M.D.



Invasive Coronary Physiology Tests are gold standard

Invasive coronary physiology measurements have emerged as the gold-standard
test to identify whether disease is limiting blood supply to the heart and
consequently whether a patient may benefit from Percutaneous Coronary
Intervention (PCI)

* Fractional Flow Reserve (FFR)
— Defines the functional significance of coronary lesions*

— Measured with pressure wire during coronary angiography
Angiography FFR

' -,ﬂ

Adenosine

Pd
FER = [W] at hyperemia
\.

-

FFR_.¢, “Grey Zone”

)

*Pijls NH et al. J Am Coll Cardiol. 2007 FER
Pijls NH et al. J. Am. Coll. Cardiol. 2010
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Robust clinical evidence has established FFR as the gold-
standard test to identify flow-limiting coronary artery disease

100
o
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& 95+
O
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o 90 FFR-guided PCI
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for Guiding Percutaneous Coronary Intervention g & 504
CONCLUSIONS i(; 754
D@ 7[ er /D C / 7[ or Routine measurement of FER in patients with multivessel coronary artery disease who &
i . are undergoing PCI with drug-eluting stents significantly reduces the rate of the com- 3 it
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FFR>0 8 Days since Randomization
Tonino et al. NEJM 2009, 360: 213
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number’ NCT01132495.) o é ‘4 ‘6 l; 1'0 l’Z II‘ l‘6 IIS 2‘0 2'2 2‘4
Months since Randomization

De Bruyne et al. NEJM 2012, 367: 991



Diagnosing Anatomic and Functionally-Significant CAD Invasively

ANATOMY FUNCTION
Identify obstructive CAD Identify lesion-specific
ischemia that may benefit
from PC/

FFR-= [E} at hyperemia

Pa

/nvasive

* Angiography and FFR require invasive cardiac catheterization
* =40% of patients that enter the cath lab have obstructive CAD?
o =40% of patients with obstructive CAD on angiography have +ve FFR?

— Only 16% of patients in cath lab have both obstructive CAD and +'ve FFR
Can we identity obstructive CAD and quantify FFR before cardiac cath?

1. Patel et al, NEJM 2010, 2. Tonino et. al., NEJM 20009.



Diagnosing Anatomic and Functionally-Significant CAD

ANATOMY FUNCTION
Identify obstructive CAD Identify lesion-specific
ischemia that may benefit
from PC/

P

FFR-= [P—j at hyperemia

Invasive o : \'\\\

L
Faaron 2011

Noninvasive




HeartFlow's Cloud-based Al-Enabled Clinical Service
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FFR-t Analysis Process

CT data submitted

Physiologic
model

Functional assessment with
Computational Fluid Dynamics

HeartFlow Analysis delivered



Accurate Image Analysis in Complex CAD is Challenging




Image segmentation methods developed and validated
using invasive imaging data

Green: CT
Red: OCT
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Uzu et.al. Eurolntervention. 2019;14:¢1609-e1618.



HeartFlow built a Human-in-the-loop Al Foundation for
FFRT

@l Deep learning-based @l Deep learning-based @ Deep learning-based
large structure centerline extraction lumen segmentation

segmentation

Physiological model ﬁ r!’M l

and FFRet computed

CCTA image Aorta and left Coronary tree Lumen boundary !
ventricle centerlines 7
myocardium /!

Analyst review and Analyst review and Analyst review and i
@ correction of large @ correction of @ correction of lumen s
“  structures “  centerlines *  boundary &7

v 1 ' P
"
. ; ; Sar Physician review
. &!:!
"~ \ P s and feedback

Human annotations enable deep learning algorithms to
improve future versions of the HeartFlow Analysis

Taylor et. al. Computer Methods in Applied Mechanics
and Engineering, 2023




HeartFlow routinely processes cases with high calcium
score

FFRer

CORONARY SYSTEMS 0.00 4 060 070 ,{EI'-BD _ 0.0 1.00 NOTES
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Customer-reported False Negative, False Positive Rates

2018 - Present
FN & FP Complaint Rates

Customer Reported False Negative
g Rate < 0.4%

1.10%
1.00%

FN Complaint Rate

0.50%

0.23%

0.26% } 0.29% 0.30% 0.24% - —() 19%

0.00%

2.50%

Customer Reported False Positive
Rate < 0.5%

2.00%

1.85%

1.50%

FP Complaint Rate

1.00%

R Y e e e B B e e e o e T A_ ............ s sananent

b g Y. d
0.43% 36e 0.39% 045%  038% 30
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FFR-t Analysis Process

CT data submitted

Physiologic
model/

Functional assessment with
Computational Fluid Dynamics

HeartFlow Analysis delivered



Physiologic Model of FFR.; — 3" Generation (Released 2021)

/ Principle #1

The demand: resting coronary blo

flow is proportional to myocardial
mass

h

Normalized Arierial Flow

Normalized Myocardial M

S~ oo

-0.01

Choy et. al., Scaling of myocardial mass to flow and

ass
morphometry of coronary arteries. J Appl Physiol, 2008. /

/ Principle #2 \
The supply: local flow is related to

vessel size

scaling relations anatomical data

V, oc DX 3.38 + 0.63
Q. oc IX 0.94 + 0.28 5
D, o< LX 0.37 + 0.08 §
Q. oc DX 262 + 0.65 3
Qs oc VX 0.79 + 0.055 g

g

<

Huo and Kassab. Intraspecific scaling laws of

190:200

/ Principle #3 \
Maximal hyperemia: predictable

response to adenosine

1.25
1
0.75 -
05
0.25 -
o ]
35 70 100 140

Intravenous Adenosine (pg/kg/min)

vascular trees. J R Soc Interface (2012) 9/ \\

Adapted from Wilson, et. al. Effect of Adenosine on
human coronary arterial circulation. Circulation 1990

S —— .Rslisease(l
Dilation to maintain rest
perfusion at rest
Lower
"""""""""""" . Rhyp

Normal microvascular
tone

Adapted from Wilson, R.F.,

Principle #4 Resting flow demand is maintained in the presence of epicardial disease by using dilatory reserve
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constriction T fremmmmeaians
3 LY
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Parcent diameter narrowing

Assessing the Severity of Coronary Artery Stenoses, NEJM 1996

Adapted from Gould et al. Physiologic basis for
assessing critical coronary stenosis... Am J

Cardiol. 1974.




FFR-r Analysis Process

CT data submitted

Physiologic
model

Functional assessment with

Qompu'raﬁonal Fluid Dynaw

HeartFlow Analysis delivered




Computational fluid dynamic analysis used to quantity
blood flow and pressure

3D Modeling of Blood Flow Requires Solving the
Governing Partial Differential Equations

Mass Conservation (1 equation):

ov. Ov, oy

B P T This law states that
Ox Oy Oz blood is an
Momentum Balance (3 equations): e e L
2 2 2
ov ov ov ov 0 vy, o
p—tp| vy vy v, :—aﬁJr,u Ve, Z ¥, 0%
ot T ox oy oz ox ot ot &t

avy 6vy 6v}_. avy op 621; 521?5- azvz These equations come
—+plv +v,, +v : e e
r o *ox Vo e 6y2 o2 from the application of
Newton’s 2" [aw,

2 = j
o o, 52, &%v., azsz F=ma to a fluid

p%w(vx %-ﬁ-vy EZWZ 5, ]: Z‘j-i-ﬂ[ axz-" 1 6y23 + —
where p is the fluid density, and w is the fluid viscosity (both assumed known).
We solve these for v (x, y,z,7), vy (x,y,2,0),v,(x,y,2.1), p(x,y,2,t)
for every point in the 3D model and over whatever time interval we are interested in. .







FFR- data available for entire coronary tree

of the HeartFlow Analy:

O HeartFlow DX 12 ABCD i

& Warnings

D Hesrthow
FFRect Overview
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HeartFlow FFR;

L] i &
600+ >400,000 1000
Published Available Adopted Approved
in 600+ in over in >95% by more for 99%
peer-reviewed 400,000 of the top 50 than U.S. payer
journals patients U.S. heart 1500 centers coverage
hospitals*

*As designated by US News & World Report. Jan 2022



FFRq7 diagnostic accuracy evaluated in multiple studies
involving more than 1000 patients

Discriminative ability for the detection of per-vessel FFR-defined ischemia

Angiography + FFR

FFRcr

AUC0.94

CTA

AUC0.83 |

Sensitivity (per vessel)

SPECT

AUCO0.70

100-Specificity (per vessel)

JOURNAL OF THE AMERICAN COLLEGE OF CARDIOLOGY VOL. 73, NO. 2, 2019

© 2019 BY THE AMERICAN COLLEGE OF CARDIOLOGY FOUNDATION
EEEEEEEEEEEEEEEEEEE

Comparison of Coronary Computed )
Tomography Angiography,

Fractional Flow Reserve, and

Perfusion Imaging for Ischemia Diagnosis

Roel S. Driessen, MD,? Ibrahim Danad, MD,* Wijnand J. Stuijfzand, MD,? Pieter G. Raijmakers, MD, PuD,”
Stefan P. Schumacher, MD,? Pepijn A. van Diemen, MD,* Jonathon A. Leipsic, MD,¢ Juhani Knuuti, MD, PuD,¢
S. Richard Underwood, MD, PuD,® Peter M. van de Ven, PuD,’ Albert C. van Rossum, MD, PuD,*

Charles A. Taylor, PuD,#" Paul Knaapen, MD, PuD?

“FFRct has highest accuracy among noninvasive tests to predict FFR”

Driessen et. al. JACC 2019



FFRq7 diagnostic accuracy evaluated in multiple studies
involving more than 1000 patients

Comparison of Diagnostic Performance of Fractional
Flow Reserve Derived from Coronary Computed
Tomographic Angiography Versus Single-Photon

Emission Computed Tomographic Myocardial

Qverall Patients (n=146)

Perfusion Imaging (%)
Taichi Okonogi, Tomohiro Kawasaki*, Hisashi Koga, Yoshiya Orita, Kyoko Umeji, Ryota Fukuoka, 100
e roshige Yamabe, and Novuhko Koga o 90
80
70
60
50
40
30
20
10
0
Sensitivity PPV
SPECT 52 82
= FFRCT 91 82
FFR O.Té
- /
FFR 0.76
Asymptomatic male of 60s with diabetes, hypertension, and past smoking. CCTA showed
intermediate calcified lesion in the mid RCA and proximal LAD (arrow, A). Adenosine stress SPECT
showed no ischemia in both area (B), while FFR-; showed the FFR; values 1-2cm distal to the _ _
lesions were 0.77 in RCA and 0.74 in LAD, indicating positive ischemia of both lesions (C). Invasive Okonpgl, Kawasaki et. al.
coronary angiography confirmed intermediate lesions at the corresponding site with CCTA, and American Journal of
invasive FFR was 0.76 in RCA and 0.76 in LAD (D). In this case, elective PCI was performed on both Cardiology 2021

lesions later.



B PRECISE

PRECISE Randomized Control Trial

CLINICAL OVERVIEW

Research

Study Design

JAMA Cardiology | Original Investigation

Comparison of an Initial Risk-Based Testing Strategy vs Usual Testing N=2103 Patients
in Stable Symptomatic Patients With Suspected Coronary Artery Disease i Composite at 1 Year

The PRECISE Randomized Clinical Trial Precision Sitategy + MACE (death/ non-fatal M)
Pamela S. Douglas, MD; Michael G. Nanna, MD, MHS; Michelle D. Kelsey, MD; Eric Yow, MS; Daniel B. Mark, MD, MPH; Manesh R. Patel, MD;

+ Cath finding no obstructive CAD

Campbell Rogers, MD; James E. Udelson, MD; Christopher B. Fordyce, MD, MHS, MSc; Nick Curzen, BM(Hons), PhD; Gianluca Pontone, MD, PhD; SPECT Stress Echo Low-Risk: Defer Testing
Pal Maurovich-Horvat, MD, PhD, MPH; Bernard De Bruyne, MD, PhD; John P. Greenwood, MBChB, PhD; Victor Marinescu, MD, PhD, MHCAM; A ;
Jonathon Leipsic, MD; Gregg W. Stone, MD; Ori Ben-Yehuda, MD; Colin Berry, MBChB, PhD; Shea E. Hogan, MD; Bjorn Redfors, MD, PhD; DIreCt'to'Cath- etc All others: CT +/- FFRCT

Ziad A. Ali, MD, DPhil; Robert A. Byrne, MBBCh, PhD; Christopher M. Kramer, MD; Robert W. Yeh, MD, MSc; Beth Martinez, BS, PMP; Sarah Mullen, MBT;
Whitney Huey, CCRP; Kevin J. Anstrom, PhD; Hussein R. Al-Khalidi, PhD; Sreekanth Vemulapalli, MD; for the PRECISE Investigators

70% Reduction in > 2X Increase in Cath Lab Efficiency
unnecessary procedures

Usual Care Precision Strategy

97
(~72%)

Usual Care

P<0.001 5 4
Precision Strategy Total

Revascularizations

(% of ICA) (~3 T %)

Proportion with an Event %

0 3 6 9

Months Since Randomization

33

Douglas, et al. The PRECISE Trial. Presented at AHA Scientific Sessions 2022.



FFRct identifies Coronary Artery Disease and improves survival

76%

8,87 53%

Survival

Control
0,47

-FFRcT
-IControl

Log rank P<0.001

6/ year old man with no cardiac history or symptoms admitted to the

hospital for treatment of ischemic rest pain of the left foot with an ! ; ! ! ; I
ankle-brachial index of 0.44.

Years

Use of HeartFlow FFR-; Analysis to inform cardiac treatment improved survival in patients with no CAD
history or symptoms that were treated for chronic limb threatening ischemia

0,07

Krievens et. al. Journal of Vascular Surgery, 2021., Zellens et. al. J. Critical Limb Ischemia, 2021,
L atkovskis et. al. EJVES, 2024.



NHS mandates Al-powered analysis to
treat coronary heart disease

1 FEBRUARY 2021 08:49
HeartFlow has announced that the National Health Service England (NHSE) and NHS
Improvement have mandated that English hospitals adopt the Al-powered HeartFlow FFRct

Analysis to fight coronary heart disease (CHD).

35



FISH&Chips study in NHS hospitals reveals FFRct significantly

reduces all-cause death and death due to cardiovascular causes

FISH&CHIPS is a real world, multi-center, retrospective study including more than 90,000 patients
assessing at a national level the incremental impact of adding FFR. to a CCTA-first diagnostic paradigm

for evaluating and managing coronary artery disease (CAD).

Primary Endpoints*

8% relative reduction 14% relative reduction . o
in all-cause mortality at 2 years in ci:diavasculnr mortality at 2 years Afte r 2 yea rs Of fOI IOW u p’ F F Rct avai Ia bl I Ity
was associated with:
8% relative reduction in all-cause

mortality
e . 14% relative reduction in CV mortality

S100E 53,680

§1.251

Secondary Endpoints

Impact on downstream testing*
200 Cath Lab Impact

Increase in cath lab efficiency, driven by a

A 14% relative reduction in additional cardiac

testing following CCTA.
An increase in cath lab efficiency, driven by a

5% relative reduction in ICA

Rate per 1,000 patients

High Prognostic Value

Patients with severely abnormal FFRcr values (=0.50) had

2X e Xt DK

514% o

211022996 V1
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American
Heart
Association.

2021 AHA/ACC/ASE/CHEST/SAEM/SCCT/SCMR
Guideline for the Evaluation and Diagnosis of Chest
Pain

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Endorsed by the American Society of Echocardiography, American College of
Chest Physicians, Society for Academic Emergency Medicine, Society of
Cardiovascular Computed Tomography, and Society for Cardiovascular Magnetic
Resonance




Stable Chest Pain + No Known CAD

AMERICAN
COLLEGE s
CARDIOLOGY
FOUNDATION
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HeartFlow has become standard for software as a medical device

FDA

Guidance on Reporting of | &

Computational Madeling

Studies

} frontiers
in Medicine

Advancing Regulatory Science With
Computational Modeling for Medical
Devices at the FDA'’s Office of
Science and Engineering
Laboratories

Tina M. Morrison*, Pras Pathmanathan, Mariam Adwan and Edward Margerrison

Office of Science and Engineering Laboratories, Genter for Devices and Radiological Heaith, U.S. Food and Drug
Administration, Silver Spring, MD, United States
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HeartFlow among mostly widely adopted Clinical A.l.

(NEJM

I DOI: 10.1056/Al0a2300030

3 Service/Procedure

ORIGINAL ARTICLE

Capturing Medical Al Usage in Claims Data

A Repnrtmg Pipeline for Medical Device CPT Codes

@ + .—»@—»E

Medical device 3

Billing record

Claims database

All CPT Codes

B Top Medical Al Procedures and Adoption

Coronary Atherosclerosis
0623T-0626T

H Liver MR
H 0648T, 0649T

2

Characterizing the Clinical Adoption of Medical Al . =
Devices through U.S. Insurance Claims LT NGRS
Kevin Wu @, M.S.,! Eric Wu @®, M.S.,2

Brandon Theodorou @®,® Weixin Liang ®, M.S.,* Christina Mack ®, Ph.D.,°
Lucas Glass ®, Ph.D.’ Jimeng Sun ®, Ph.D.*® and James Zou ®, Ph.D.**

Example product:
HeartFlow Analysis

\ Example product:
i LuminetricsCore

i Cleerly
H
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Example product:

| Example product:
| Perspectum LiverMultiScan

Table 1. Summary of Al CPT Codes.*

Total Claims

Condition or Medical Al Procedure CPT Code(s) Example Product Name Effective Date
67,306 Coronary artery disease 0501T7-0504T HeartFlow Analysis*® June 1, 2018
15,097 Diabetic retinopathy 92229 LumineticsCore™” January 1, 2021
4,459 Coronary atherosclerosis 0623T-0626T Cleerly™® January 1, 2021
2,428 Liver MR 0648T-0649T Perspectum LiverMultiScan™ January 1, 2021
591 Multiorgan MRI 0697T-0698T Perspectum CoverScan™ January 1, 2022
552 Breast ultrasound 0689T-0690T Koios DS

January 1, 2022

Figure 1. Canturing Medical Al Usage in Claims Data.

40



Methods to assess coronary anatomy, physiology and

plaque
ANATOMY PHYSIOLOGY PLAQUE
|dentify obstructive CAD |dentify lesion-specific ischemia Characterize and Quantify
that may benefit from PCl atherosclerosis
FFR = [::J at hyperemia
Invasive

S

L
Fearon 2011

Noninvasive




HeartFlow Planner for CT-guided Coronary Stenting

Noninvasive interactive tool that leverages the
information within the HeartFlow Analysis

Ve N

Explore different clinical scenarios by virtually
modifying the vessel and assess the FFR;
value(s) resulting from each scenario

Open Access
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Post-PCl FFR can be predicted using HeartFlow Planner

JACC: CARDIOVASCULAR IMAGING

© 2022 THE AUTHORS. PUBLISHED BY ELSEVIER ON BEHALF OF THE AMERICAN
COLLEGE OF CARDIOLOGY FOUNDATION. THIS IS AN OPEN ACCESS ARTICLE UNDER
THE CC BY LICENSE (http://creativecommons.org/licenses/by/4.0/)

NEW RESEARCH PAPER

Nagumo et. al., Clinical Cardiology, 2021.

‘HeartFlow technology is accurate and
precise for predicting FFR after PCI”

Clinical Validation of a Virtual Planner for
Coronary Interventions Based on
Coronary CT Angiography

Jeroen Sonck, MD,*" Sakura Nagumo, MD, PuD,** Bjarne L. Norgaard, MD, PuD,? Hiromasa Otake, MD, PuD,*
Brian Ko, MD, PuD,’ Jinlong Zhang, MD,* Takuya Mizukami, MD, PuD,™" Michael Maeng, MD, PuD,?

Daniele Andreini, MD, PuD," Yu Takahashi, MD, PuD,* Jesper Mgller Jensen, MD, PuD," Abdul Ihdayhid, MD, PuD,’
Ward Heggermont, MD, PuD,” Emanuele Barbato, MD, PuD,*" Niya Mileva, MD,* Daniel Munhoz, MD,*"*

Jozef Bartunek, MD, PuD,* Adam Updegrove, PuD,' Amy Collinsworth, MS,' Martin Penicka, MD, PuD,*

Lieven Van Hoe, MD,™ Jonathon Leipsic, MD, PuD,"” Bwon-Kon Koo, MD, PuD,® Bernard De Bruyne, MD, PuD,*°
Carlos Collet, MD, PuD*

Mean Difference between FFRCT Planner and
Invasive Post-PCl FFR Pullback Curves

04 -
03 - N = 97,402 matched FFR values

0.2 1

HeartFlow Predicted Post-PCl
FFR

Post-PCI Invasive

0.1 1
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Mean Difference 0.01%+0.05
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Sonck et. al., JACC Imaging, 2023.



Precise Procedural and PCIl Planning Using Coronary CT

Angiography (P4)

Ohashi et al. JACC 2023.

Objective: Test the hypothesis that a
CT-guided PCI strategy (including
HeartFlow Planner) is non-inferior to
IVUS guided PCI with respect to MACE

Study Design:

- Randomized Controlled Trial

- 14 sites, 1000 patients (Stable
CAD patients with stenosis >70%
and FFR.; <0.80)

- Endpoint: Death, MI, Ischemia-
driven TVR at 1 Year

CURRENTLY ENROLLING
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FAST-TRACK CABG showed that cCTA and FFR; can be
used to plan CABG Procedures

FASTTRACK - CLINICAL RESEARCH
Cardiac and vascular surgery

@ E S C European Heart Journal (2024) 00, 1-12

Eurapean Society hrtps:/doi.org/10.1093/eurhearti/ehae199
of Cardiology

Coronary bypass surgery guided by computed
tomography in a low-risk population

Patrick W. Serruys © ', Shigetaka Kageyama ® ', Giulio Pompilio ® >?,

Daniele Andreini ® **, Gianluca Pontone © 2, Saima Mushtaq?, Mark La Meir © ¢,
Johan De Mey 4197, Kaoru Tanaka @ 8, Torsten Doenst @ 9, UIf Teichgriber ® 1°,
Ulrich Schneider’, John D. Puskas ® '*, Jagat Narula © '%, Himanshu Gupta'?,
Vikram Agarwal". Jonathon Leipsic"’, Shinichiro Masuda ® 1, Nozomi Kotoku ©® 1,
Tsung-Ying Tsai', Scot Garg ® '°, Marie-Angele Morel', and Yoshinobu Onuma © "

‘CABG guided by CCTA is feasible
and has an acceptable safety

profile in a selected population of
complex coronary artery disease.”

Conventional
heart team
with ICA

114

Feasibility Safety
assessment assessment

patency rate

92.6% patency

111 102

v

— CCTA operating
heart team

82.9% agreement
between
ICA and CCTA

Serruys et. al.,, Coronary bypass surgery guided by computed tomography in a

low-risk population. European Heart Journal 2024.

Surgery 30-day CCTA




Concluding Remarks

« Patient-specific models (Digital Twins) of
blood flow have now moved from the
academy to the clinic

- ACC/AHA Guidelines recommend FFR.; for
patients with at least one stenosis in the 40-
90% range

* FFR.; can be used to explain chest pain,
safely defer cardiac catheterization when
negative and when positive can identify
patients most likely to benefit from stenting

« Patient-specific models of blood flow can be
used by interventional cardiologists to plan
PCIl prior to entering the cardiac
catheterization lab and by cardiac surgeons
to plan bypass surgery
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THE PRESENT AND FUTURE

JACC STATE-OF-THE-ART REVIEW

Coronary Computed Tomographic
Angiography for Complete O

Assessment of Coronary Artery Disease
JACC State-of-the-Art Review

Patrick W. Serruys, MD, PuD,*>* Hironori Hara, MD,*“* Scot Garg, MD, PuD," Hideyuki Kawashima, MD,*
Bjarne L. Nergaard, MD, PuD,® Marc R. Dweck, MD, PuD,’ Jeroen J. Bax, MD, PuD,? Juhani Knuuti, MD, PuD,"
Koen Nieman, MD, PuD,' Jonathon A. Leipsic, MD,’ Saima Mushtag, MD,* Daniele Andreini, MD, PuD,"!
Yoshinobu Onuma, MD, PuD*

CENTRAL ILLUSTRATION The Pyramid of Coronary Artery Disease and the Diagnostic Role of Multislice
Computed Tomography

Pyramid of Coronary Artery Disease (CAD)

Functional assessmen t Treatment planning and execution
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