
Cardiac Digital Twins: From the 
Academy to the Clinic

Charles A. Taylor, Ph.D.
W.A. “Tex” Moncrief, Jr., Chair in Computational Medicine
Professor, Department of Internal Medicine and the Oden 
Institute for Computational Engineering and Sciences
Director of the Center for Computational Medicine
University of Texas at Austin



Disclosures

• Founder, Board Member, and Shareholder, 
HeartFlow, Inc., Mountain View, California, 
U.S.A.



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

Biomedical Digital Twins (my synopsis)

Virtual model of biological system that … 
1. mimics the biological system
2. is fit for purpose
3. is created & updated with data from its biological 

twin
4. has a predictive capability to inform decisions for 

the biological twin



Chapter 1 – The Academy
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AAA model 
constructed from 
Spiral CT data. 

Velocity magnitude 
contours. 

1. C.A. Taylor, T.J.R. Hughes, and C.K. Zarins, (1996) Computers in Physics, Vol. 10, No. 3, pp. 224-232.

2. C.A. Taylor, T.J.R. Hughes, and C.K. 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.

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



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

Predictive Medicine circa 1998

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 …



Chapter 2 – The Clinic



HeartFlow Founded in 2010 to improve diagnosis of Heart 
Disease



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

Scar tissue

Coronary Artery Disease (CAD) one of primary heart diseases



Cardiac Testing Should Help Physicians Determine the Right 
Treatment Pathway for Each Patient with Suspected Coronary 
Artery Disease (CAD)

Further Assessment, 
Intervention, or 

Surgery

Suspected CAD

No CAD



More than 50% of 
patients sent for an 

invasive angiogram have 
no obstructive CAD1 

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

1.  Patel ,  et  a l .  N Engl J Med 2010.  Patel ,  et  a l .  AHJ 2014.  Danad, et  a l .  JAMA Cardio logy 2017.
2.  Arbab-Zadeh, Heart  Int  2012. Yokota,  et  a l .  Neth Heart  J 2018.  Nakanishi ,  et  a l .  J Nucl  Cardio l  
2018.

No direct information on 
disease in the coronary 

arteries

High rate of
unnecessary 

downstream testing 

SPECT

Stress Echo

Treadmill

High rate of
missing CAD

20-30% of patients are sent 
home with their coronary 

disease undetected2

?



Ischemic Cascade Explains Lower Sensitivity of Noninvasive 
functional tests for identifying Obstructive  CAD

Progression of Atherosclerosis
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Perfusion Deficits 
– PET, SPECT, CTP, 
MRMPI

Wall Motion 
abnormalities – 
Stress Echo, MR

EKG changes

Higher riskLower risk

CAD Not Detectable 
with traditional 

noninvasive 
functional tests



Diseased left coronary artery

Normal right coronary artery

%DS > 
50%

Due to Limitations in Noninvasive Cardiac Stress Testing, 
many patients are referred for Invasive Diagnostic Tests

Courtesy of Paul Yock, M.D.



• Fractional Flow Reserve (FFR) 
– Defines the functional significance of coronary lesions*
– Measured with pressure wire during coronary angiography

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)

*Pijls NH et al. J Am Coll Cardiol. 2007
Pijls NH et al. J. Am. Coll. Cardiol. 2010

Angiography FFR

Invasive Coronary Physiology Tests are gold standard



FAME

FAME-2

Tonino et al. NEJM 2009, 360: 213

De Bruyne et al. NEJM 2012, 367: 991

Defer PCI for 
lesions with 
FFR>0.8

Perform PCI 
for lesions with 
FFR≤0.8

Robust clinical evidence has established FFR as the gold-
standard test to identify flow-limiting coronary artery disease



ANATOMY
Identify obstructive CAD

FUNCTION
Identify lesion-specific 

ischemia that may benefit 
from PCI

Invasive

Diagnosing Anatomic and Functionally-Significant CAD Invasively

• Angiography and FFR require invasive cardiac catheterization
• ≈40% of patients that enter the cath lab have obstructive CAD1

• ≈40% of patients with obstructive CAD on angiography have +’ve FFR2

     → Only 16% of patients in cath lab have both obstructive CAD and +’ve FFR
Can we identify obstructive CAD and quantify FFR before cardiac cath?

1. Patel et al, NEJM 2010, 2. Tonino et. al., NEJM 2009.



ANATOMY
Identify obstructive CAD

FUNCTION
Identify lesion-specific 

ischemia that may benefit 
from PCI

Invasive

Noninvasive ?

Diagnosing Anatomic and Functionally-Significant CAD



HeartFlow’s Cloud-based AI-Enabled Clinical Service
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CT data submitted Anatomic model

Physiologic
model

Functional assessment with
Computational Fluid Dynamics

HeartFlow Analysis delivered

FFRCT Analysis Process



Accurate Image Analysis in Complex CAD is Challenging



Image segmentation methods developed and validated 
using invasive imaging data

Uzu et.al. EuroIntervention. 2019;14:e1609-e1618. 



HeartFlow built a Human-in-the-loop AI Foundation for 
FFRCT

22 22

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



HeartFlow routinely processes cases with high calcium 
score

23 23



Customer-reported False Negative, False Positive Rates
2018 - Present

Customer Reported False Negative 
Rate < 0.4%

Customer Reported False Positive 
Rate < 0.5%



CT data submitted Anatomic model

Physiologic
model

Functional assessment with
Computational Fluid Dynamics

HeartFlow Analysis delivered

FFRCT Analysis Process



Physiologic Model of FFRCT – 3rd Generation (Released 2021)
Principle #3

Maximal hyperemia: predictable 
response to adenosine

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

Principle #2
The supply: local flow is related to 

vessel size

Huo and Kassab.  Intraspecific scaling laws of 
vascular trees.  J R Soc Interface (2012) 9 
190:200

Principle #1
The demand: resting coronary blood 

flow is proportional to myocardial 
mass

Choy et. al., Scaling of myocardial mass to flow and 
morphometry of coronary arteries. J Appl Physiol, 2008.

Principle #4   Resting flow demand is maintained in the presence of epicardial disease by using dilatory reserve

Adapted from Gould et al. Physiologic basis for 
assessing critical coronary stenosis... Am J 
Cardiol. 1974. 

Adapted from Wilson, R.F., Assessing the Severity of Coronary Artery Stenoses, NEJM 1996



CT data submitted Anatomic model

Physiologic
model

Functional assessment with
Computational Fluid Dynamics

HeartFlow Analysis delivered

FFRCT Analysis Process



Computational fluid dynamic analysis used to quantify 
blood flow and pressure






FFRCT data available for entire coronary tree



HeartFlow FFRCT

600+ >400,000 >95% 99%1000

ApprovedAdoptedAvailableUsedPublished

in 600+                   
peer-reviewed 

journals

in over             
400,000          
patients

in >95%                       
of the top 50         

U.S. heart        
hospitals*

by more              
than                     

1500 centers

for 99%                            
U.S. payer                     
coverage

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



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

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

Driessen et. al. JACC 2019



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

Okonogi, Kawasaki et. al. 
American Journal of 
Cardiology 2021

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 FFRCT showed the FFRCT 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 
coronary angiography confirmed intermediate lesions at the corresponding site with CCTA, and 
invasive FFR was 0.76 in RCA and 0.76 in LAD (D). In this case, elective PCI was performed on both 
lesions later.



PRECISE Randomized Control Trial

70% Reduction in 
unnecessary procedures

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

Results

CLINICAL OVERVIEW

> 2X Increase in Cath Lab Efficiency
Usual Care Precision Strategy

Total 
Revascularizations 

(% of ICA)

54 
(~31%)

97 
(~72%)

Precision Strategy

Usual Care
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FFRct identifies Coronary Artery Disease and improves survival

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

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

FFRCT - guided

Control

67 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 
ankle-brachial index of 0.44. 
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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 FFRCT to a CCTA-first diagnostic paradigm 
for evaluating and managing coronary artery disease (CAD). 

After 2 years of follow up, FFRct availability 
was associated with:
• 8% relative reduction in all-cause 

mortality
• 14% relative reduction in CV mortality 

*p<0.01
†Cardiac testing AFTER the initial CCTA.
‡Includes cardiac MRI, echo, nuclear medicine, repeat CCTA, and invasive physiology or imaging

Secondary  Endpoints

Primary  Endpoints*

• A 14% relative reduction in additional cardiac 
testing following CCTA.

• An increase in cath lab efficiency, driven by a 
5% relative reduction in ICA

Impact on downstream  testing†

211022996 V1



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 

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

Pain



38

Figure 12. Clinical 
Decision Pathway for 
Patients With Stable 

Chest Pain and No 
Known CAD

Colors correspond to 
the Class of 
Recommendation in 
Table 1.



HeartFlow has become standard for software as a medical device

39
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HeartFlow among mostly widely adopted Clinical A.I.



Methods to assess coronary anatomy, physiology and 
plaque

ANATOMY
Identify obstructive CAD

PHYSIOLOGY
Identify lesion-specific ischemia 

that may benefit from PCI

PLAQUE
Characterize and Quantify 

atherosclerosis

Invasive

Noninvasive ?



2

• Noninvasive interactive tool that leverages the 
information within the HeartFlow Analysis

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

HeartFlow Planner for CT-guided Coronary Stenting



3
Document IDA Complete Picture of CAD: Planning PCI






Post-PCI FFR can be predicted using HeartFlow Planner

Nagumo et. al., Clinical Cardiology, 2021. Sonck et. al., JACC Imaging, 2023. 

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

Post-PCI Invasive 
FFR

HeartFlow Predicted Post-PCI 
FFR

N = 97,402 matched FFR values

Mean Difference 0.01±0.05

Mean Difference between FFRCT Planner and 
Invasive Post-PCI FFR Pullback Curves
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Precise Procedural and PCI Planning Using Coronary CT 
Angiography (P4)

Study Design:
• Randomized Controlled Trial
• 14 sites, 1000 patients (Stable 

CAD patients with stenosis >70% 
and FFRCT ≤0.80)

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

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

CURRENTLY ENROLLING

Ohashi et al. JACC 2023.



FAST-TRACK CABG showed that cCTA and FFRCT can be 
used to plan CABG Procedures

Serruys et. al., Coronary bypass surgery guided by computed tomography in a 
low-risk population. European Heart Journal 2024.

“CABG guided by CCTA is feasible 
and has an acceptable safety 
profile in a selected population of 
complex coronary artery disease.” 



Concluding Remarks
• Patient-specific models (Digital Twins) of 

blood flow have now moved from the 
academy to the clinic

• ACC/AHA Guidelines recommend FFRCT for 
patients with at least one stenosis in the 40-
90% range

• FFRCT 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 
PCI prior to entering the cardiac 
catheterization lab and by cardiac surgeons 
to plan bypass surgery
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