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Non-invasive cardiac testing
Cardiac tests should help 
clinicians determine the right 
pathway for each patient.

Further Assessment , 
Intervention, or 

Surgery

Medical
Therapy

Suspected CAD

No CAD

A f inding of  No CAD does not  d iminish the  ro le  of  
in i t iat ing or  cont inuing pr imary prevent ion efforts
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Current reality of non-invasive cardiac testing

55% of patients sent for an elective 
ICA following a non-invasive test 

have no obstructive CAD1

1.  Patel, et al. N Engl J Med 2010.  Patel, et al. AHJ 2014.  Danad, et al. JAMA Cardiology 2017.
2. Arbab-Zadeh, Heart Int 2012. Yokota, et al. Neth Heart J 2018.  Nakanishi, et al. J Nucl Cardiol 2018.

No lesion-specific
information provided

High rate of
false positives

Stress Echo

SPECT

Treadmill

High rate of
false negatives

20-30% of patients will 
have a false negative result 
for obstructive CAD from a 

non-invasive test2
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Common scenarios with today’s non-invasive cardiac tests
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Case Study: A Common Clinical Occurrence

Patient Presentation
79 y/o female

History: Shortness of 
breath, diabetes, 
previous silent 
myocardial infarction

SPECT positive

Coronary CTA findings
Moderate-severe mid-
LAD stenosis (70-80%)

Courtesy of Dr. Daniel  Simon
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Case Study: A Common Clinical Occurrence

Courtesy of Dr. Daniel  Simon

FFRinvasive 0.86

No meaningful blockage :
Invasive FFR suggests no intervention is neededInvasive Angiogram
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Case Study: A Common Clinical Occurrence

Courtesy of Dr. Daniel  Simon

0.85

Had FFRCT been 
available…



73474022 v1

Current reality of non-invasive cardiac testing

55% of patients sent for an elective 
ICA following a non-invasive test 

have no obstructive CAD1

1.  Patel, et al. N Engl J Med 2010.  Patel, et al. AHJ 2014.  Danad, et al. JAMA Cardiology 2017.

No lesion-specific
information provided

High rate of
false positives

Stress Echo

SPECT

Treadmill
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Case Study: Under-diagnosing disease
87 y/o female
History: Persistent chest pain
Repeated negative SPECT tests over 13 years

2005: Negative SPECT

2011: Negative SPECT
2015: Negative SPECT

2016: Negative SPECT
2018: Negative SPECT

Courtesy of Dr. Michael Grantham
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Case Study: Under-diagnosing disease

Courtesy of Dr. Michael Grantham

FFRCT shows two coronary arteries with 
functionally-significant disease and low FFRCT

values (0.50-0.60 range) enabling invasive 
treatment and resolution of symptoms

CCTA shows narrowings of multiple 
coronary arteries

Invasive angiogram validates findings of 
narrowings in two coronary arteries
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Current reality of non-invasive cardiac testing

55% of patients sent for an elective 
ICA following a non-invasive test 

have no obstructive CAD1

1.  Patel, et al. N Engl J Med 2010.  Patel, et al. AHJ 2014.  Danad, et al. JAMA Cardiology 2017.
2. Arbab-Zadeh, Heart Int 2012. Yokota, et al. Neth Heart J 2018.  Nakanishi, et al. J Nucl Cardiol 2018.

No lesion-specific
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High rate of
false positives

Stress Echo

SPECT

Treadmill

High rate of
false negatives

20-30% of patients will 
have a false negative result 
for obstructive CAD from a 

non-invasive test2
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A better cardiac testing pathway starts with coronary CTA
Coronary CTA answers the clinically relevant questions for patients with suspected CAD

Patients with stable symptoms 
suggestive of CAD in whom a 
test is indicated

Coronary CTA
(moderate/severe disease)

HeartFlow
FFRCT Analysis

ICA;
invasive FFR as needed

Obstructive CAD and 
Revascularization

Optimal Medical 
Therapy

No CAD

Mild disease
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A better cardiac testing pathway starts with coronary CTA

1. Newby, et al. N Engl J Med 2018.     |     2.  Stocker, et al. Euro Heart J 2018.    |     3. Einstein, et al. Euro Heart J 2015.

Lower Radiation than SPECT: 
Coronary CTA

(PROTECTION VI2)
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Improved Long-term Outcomes: 
Coronary CTA + Standard Care

(SCOT-HEART1)
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CCTA + Standard Care

41% lower death & 
MI rate at 5 years
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A better cardiac testing pathway starts with coronary CTA
Coronary CTA’s high negative predictive value gives confidence when no disease is found

Finck, et al. JACC: Cardiovascular Imaging 2018.

Case 1 Case 2 Case 4Case 3

CADRADS 0 CADRADS 1-2 CADRADS 3 CADRADS ≥3

“Warranty Period” of a normal CCTA > 8 years
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CAD-RADS reporting for patients with stable chest pain
CAD-RADS 
Classification

Degree of Maximal 
Coronary Stenosis

Interpretation Further Cardiac 
Investigation

Management

CAD-RADS 0 0% (No plaque or 
stenosis)

Documented 
absence of CAD∗

None Reassurance. Consider non-atherosclerotic causes of chest pain

CAD-RADS 1 1-24% - Minimal 
stenosis or plaque with 
no stenosis∗∗

Minimal non-
obstructive CAD

None Consider non-atherosclerotic causes of chest pain
Consider preventive therapy and risk factor modification

CAD-RADS 2 25-49% - Mild stenosis Mild non-
obstructive CAD

None Consider non-atherosclerotic causes of chest pain
Consider preventive therapy and risk factor modification, particularly for 
patients with non-obstructive plaque in multiple segments.

CAD-RADS 3 50-69% stenosis Moderate 
stenosis

Consider functional 
assessment

Consider symptom-guided anti-ischemic and preventive pharmacotherapy 
as well as risk factor modification per guideline-directed care∗∗∗
Other treatments should be considered per guideline-directed care∗∗∗

CAD-RADS 4 A - 70-99% stenosis or
B - Left main >50% or 
3-vessel obstructive 
(≥70%) disease

Severe stenosis A: Consider ICA or 
functional 
assessment
B: ICA is 
recommended

Consider symptom-guided anti-ischemic and preventive pharmacotherapy 
as well as risk factor modification per guideline-directed care∗∗∗
Other treatments (including options of revascularization) should be 
considered per guideline-directed care∗∗∗

CAD-RADS 5 100% (total occlusion) Total coronary 
occlusion

Consider ICA and/or 
viability assessment

Consider symptom-guided anti-ischemic and preventive pharmacotherapy 
as well as risk factors modification per guideline-directed care∗∗∗
Other treatments (including options of revascularization) should be 
considered per guideline-directed care∗∗∗
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A better cardiac testing pathway starts with coronary CTA

Further Assessment , 
Intervention, or 

Surgery

Medical
Therapy

Suspected CAD

No CAD

Only coronary CTA
differentiates patients with 
moderate to severe CAD…

… from patients with 
mild to no CAD.

Coronary 
CTA
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cCTA is a high value test. 

cCTA alone provides enough information 
to completely diagnose 3 out of 4 
patients and, as appropriate, to enable 
initiation of medical treatment for early-
stage disease.

What happens to patients in this pathway?

Benton et al., J Thorac Imaging 2017. 

75% 
of patients 
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A better cardiac testing pathway starts with coronary CTA
Coronary CTA is the preferred pathway in the UK…

*See NICE Guidance for Chest Pain of Recent Onset (CG95)

Coronary CTA as a frontline test* for 
patients with:
• typical or atypical chest pain, or
• abnormal 12-lead resting EKG

… and is being called for globally
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P U B L I S H E D B Y E L S E V I E R

HEART Pathway, a modest 30-day cost savings of $216 per
patient (p¼0.04) was observed (6). However, the overall
reductions in hospital admission and length of stay
impacted population estimates for cost savings from 1 ED
registry of 30,769 patients presenting before and 23,699
patients presenting after implementation of an acceler-

ated diagnostic pathway and resulted in a total cost
reduction of $13.5 million (Australian) (7). Thus, improved
process efficiency and discharge of low-risk patients
largely results in overall cost reductions.

4.1.2. Intermediate-Risk Patients With Acute Chest Pain

Recommendations for Intermediate-Risk Patients With Acute Chest Pain
Referenced studies that support the recommendations are summarized in Online Data Supplements 12 and 13.

COR LOE RECOMMENDATIONS

1 C-EO
1. For intermediate-risk patients with acute chest pain, TTE is recommended as a rapid, bedside test to

establish baseline ventricular and valvular function, evaluate for wall motion abnormalities, and to assess
for pericardial effusion.

2a A
2. For intermediate-risk patients with acute chest pain, management in an observation unit is reasonable to

shorten length of stay and lower cost relative to an inpatient admission (1-7).

Synopsis
Patients in the ED without high-risk features and not

classified as low risk by a CDP fall into an intermediate-
risk group. Intermediate-risk patients do not have evi-
dence of acute myocardial injury by troponin but remain
candidates for additional cardiac testing. Some may have
chronic or minor troponin elevations. This testing often
requires more time than is appropriate for an ED visit.
These patients may be placed in an inpatient bed or
managed in a dedicated observation unit using a chest
pain protocol.

Recommendation-Specific Supportive Text

1. Prompt use of TTE allows for an evaluation of cardiac
cause for symptoms and evaluation of alternative pathol-
ogies for acute chest pain (8-13). Rapid echocardiographic

assessment may facilitate imaging of patients while they
are symptomatic. Point-of-care echocardiograms per-
formed at the bedside by properly trained clinicians and
technicians may be particularly useful.

2. The additional testing needed for intermediate-risk patients
often requires more time than is appropriate for an ED visit
and is often performed under “observation” outpatient sta-
tus. These patients may be placed in an inpatient bed or
managed in a dedicated observation unit. Relative to care in
an inpatient bed, dedicated observation units have been
shown to decrease hospital admissions, length of stay, and
cost while improving inpatient bed availability and chest
pain patient satisfaction (1-7).

4.1.2.1. Intermediate-Risk Patients With Acute Chest Pain and
No Known (CAD)

Recommendations for Intermediate-Risk Patients With No Known CAD
Referenced studies that support the recommendations are summarized in Online Data Supplements 14 and 15.

COR LOE RECOMMENDATIONS

Index Diagnostic Testing

Anatomic Testing

1 A
1. For intermediate-risk patients with acute chest pain and no known CAD eligible for diagnostic testing

after a negative or inconclusive evaluation for ACS, CCTA is useful for exclusion of atherosclerotic plaque
and obstructive CAD (1-11).

1 C-EO
2. For intermediate-risk patients with acute chest pain, moderate-severe ischemia on current or prior (£1

year) stress testing, and no known CAD established by prior anatomic testing, ICA is recommended.

2a C-LD
3. For intermediate-risk patients with acute chest pain with evidence of previous mildly abnormal stress test

results (£1 year), CCTA is reasonable for diagnosing obstructive CAD (12,13).

J A C C V O L . - , N O . - , 2 0 2 1 Gulati et al.
- , 2 0 2 1 :- –- 2021 Chest Pain Guideline

e31
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DISCOVER-FLOW
Completed 2011

N=103 patients

Accuracy of FFRCT Compared to Gold Standard

DeFACTO
• Completed 2012 
• N=252 patients NXT

• Completed 2013
• N=254 patients

NXT Per-Vessel
Performance
• Specificity: 86%
• Sensitivity: 84%
• Accuracy: 86%

Data supported 2014 
FDA Clearance

Koo et al., JACC 2011.
Min et al., JAMA 2012.
Norgaard et al., JACC 2014.
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The Need for Physiology:
When does a 70% LAD stenosis by CCTA impact flow?

CTA 70% LAD Stenosis

Patient A

Patient B

Angio 70% LAD Stenosis

CTA 70% LAD Stenosis Angio 70% LAD Stenosis

0.870.86

FFRCT
Values

0.70 0.71

FFR 
Findings

FFRCT
Values

FFR 
Findings
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A better cardiac testing pathway starts with coronary CTA

Further Assessment, 
Intervention, or 

Surgery

Medical
Therapy

Suspected CAD

No CAD

Coronary 
CTA

?

CCTA + FFRCT

clarifies the pathway
for patients with CAD… 

… by improving the
accuracy and performance

of non-invasive cardiac testing.
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Diagnostic performance of common cardiac tests

Driessen, et al. J Am Coll Cardiol 2019.    |     Nørgaard, et al. J Am Coll Cardiol 2014.

HeartFlow FFRCT

0.94

Coronary CTA
0.83 (p < 0.001)

SPECT
0.70 (p < 0.001)

PET
0.87 (p < 0.001)

P-values reflect comparison to the 
HeartFlow FFRCT Analysis

Diagnostic accuracy:
• 87% (PACIFIC ,  JACC 2019)

• 86% (NXT,  JACC 2014)
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A better cardiac testing pathway: Coronary CTA + HeartFlow FFRCT

1. Douglas, et al. Eur Heart J 2015.  |  2. Patel, et al. JACC CV Imaging 2019.  |  3. Douglas, et al. JACC 2016.  |  4. Nørgaard, et al. JACC 2018.
*At 1 year, 3 of 1592 (0.19%) patients who had an FFRCT >0.80 also had an MI.  Zero of these 1592 patients experienced cardiovascular death.

Safe to defer ICA
for patients with FFRCT >0.80

Low adverse cl inical event rates in patients whose 
ICA was canceled based on the findings from an 
FFRCT-guided strategy

• Deferred patients had significantly lower CV 
death & MI through 1 year* (n=1592)
(ADVANCE ,  JACC CV Imaging 2019)2

• All deferred patients were event free through 1 
year (n=117)
(PLATFORM, JACC 2016)3

• Deferred patients had an event rate not 
different from patients with 0-30% stenoses
by CT through 2 years (n=410 deferred)
(Aarhus ,  JACC 2018)4

Usual Care FFRCT Guided

Reduce Overutil ization of Invasive Testing1

by reducing false positives

73%

12%

0%

50%

100%

Rate of Negative ICAs

83%
reduction

NOTE: No Change in the revascularization rate1
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A better cardiac testing pathway: Coronary CTA + HeartFlow FFRCT

1.  Douglas, et al. Eur Heart J 2015.   |   2. Nørgaard, et al. Euro J Radiol 2015.  Incl. Jung, et al. Euro Heart J 2008.  Melikian, et al. JACC Cardiovasc Interv
2010. Koo, et al. JACC 2011.  Min, et al. J Am Med Assoc 2012. Nørgaard, et al. JACC 2014.  Danad, et al. JAMA Cardiol 2017.  Driessen, et al. JACC 2019.

Usual Care FFRCT Guided

Reduce Overutil ization of Invasive Testing1

by reducing false positives

73%

12%

0%

50%

100%

Rate of Negative ICAs

83%
reduction

NOTE: No Change in the revascularization rate1

SPECT FFRCT

Identify Functional Disease Other Tests Miss2

by reducing false negatives

45% 48%

0%

50%

100%

Sensitivity vs Invasive FFR
(per  vesse l)

~2x
the sensitivity 
of other tests

Stress Echo

86%
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ORIGINAL INVESTIGATIONS

1-Year Outcomes of FFRCT-Guided Care in
Patients With Suspected Coronary Disease
The PLATFORM Study

Pamela S. Douglas, MD,a Bernard De Bruyne, MD,b Gianluca Pontone, MD,c Manesh R. Patel, MD,a

Bjarne L. Norgaard, MD,d Robert A. Byrne, MB BCH,e Nick Curzen, BM,f Ian Purcell, MD,g Matthias Gutberlet, MD,h

Gilles Rioufol, MD,i Ulrich Hink, MD,j Herwig Walter Schuchlenz, MD,k Gudrun Feuchtner, MD,l Martine Gilard, MD,m

Daniele Andreini, MD,c Jesper M. Jensen, MD,d Martin Hadamitzky, MD,e Karen Chiswell, PHD,a

Derek Cyr, PHD,a Alan Wilk, BS,n Furong Wang, MD,n Campbell Rogers, MD,n Mark A. Hlatky, MD,o

on behalf of the PLATFORM Investigators

ABSTRACT

BACKGROUND Coronary computed tomographic angiography (CTA) plus estimation of fractional flow reserve using

CTA (FFRCT) safely and effectively guides initial care over 90 days in patients with stable chest pain. Longer-term out-

comes are unknown.

OBJECTIVES The study sought to determine the 1-year clinical, economic, and quality-of-life (QOL) outcomes of using

FFRCT instead of usual care.

METHODS Consecutive patients with stable, new onset chest pain were managed by either usual testing (n ¼ 287) or

CTA (n ¼ 297) with selective FFRCT (submitted in 201, analyzed in 177); 581 of 584 (99.5%) completed 1-year follow-up.

Endpoints were adjudicated major adverse cardiac events (MACE) (death, myocardial infarction, unplanned revasculari-

zation), total medical costs, and QOL.

RESULTS Patients averaged 61 years of age with a mean 49% pre-test probability of coronary artery disease. At 1 year,

MACE events were infrequent, with 2 in each arm of the planned invasive group and 1 in the planned noninvasive cohort

(usual care strategy). In the planned invasive stratum, mean costs were 33% lower with CTA and selective FFRCT ($8,127

vs. $12,145 usual care; p < 0.0001); in the planned noninvasive stratum, mean costs did not differ when using an FFRCT

cost weight of zero ($3,049 FFRCT vs. $2,579; p ¼ 0.82), but were higher when using an FFRCT cost weight equal to CTA.

QOL scores improved overall at 1 year (p < 0.001), with similar improvements in both groups, apart from the 5-item
EuroQOL scale scores in the noninvasive stratum (mean change of 0.12 for FFRCT vs. 0.07 for usual care; p ¼ 0.02).

CONCLUSIONS In patients with stable chest pain and planned invasive coronary angiography, care guided by CTA and se-
lective FFRCTwas associatedwith equivalent clinical outcomes andQOL, and lower costs, comparedwith usual care over 1-year

follow-up. (The PLATFORM Study: Prospective LongitudinAl Trial of FFRct: Outcome and Resource IMpacts [PLATFORM];

NCT01943903) (J Am Coll Cardiol 2016;68:435–45) © 2016 by the American College of Cardiology Foundation.

From the aDuke Clinical Research Institute, Duke University School of Medicine, Durham, North Carolina; bCardiovascular Centre
Aalst, Aalst, Belgium; cCardiovascular CT Unit, Centro Cardiologico Monzino, IRCCS, University of Milan, Milan, Italy; dDepart-
ment of Cardiology, Aarhus University Hospital, Aarhus, Denmark; eDeutsches Herzzentrum München, Technische Universität
München, Munich, Germany; fUniversity Hospital Southampton NHS Trust, Southampton, United Kingdom; gFreeman Hospital,
Newcastle upon Tyne, United Kingdom; hUniversity of Leipzig Heart Centre, Leipzig, Germany; iHospices Civils de Lyon and
CARMEN INSERM 1060, Lyon, France; jDepartment of Cardiology, Johannes Gutenberg University Hospital, Mainz, Germany;
kLKH Graz West, Graz, Austria; lDepartment of Radiology, Innsbruck Medical University, Innsbruck, Austria; mDepartment of
Cardiology, Cavale Blanche Hospital, Brest, France; nHeartFlow, Redwood City, California; and the oDepartment of Health
Research and Policy and Department of Medicine, Stanford University School of Medicine, Stanford, California.

Listen to this manuscript’s
audio summary by
JACC Editor-in-Chief
Dr. Valentin Fuster.
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planned invasive catheterization, comparing favor-
ably to the 2 events and 3 late revascularizations seen
in the usual care group. Of note, our finding that the
vast majority of procedures and events were clus-
tered in the first 90 days has not previously been
documented using adjudicated events and has im-
plications for trial design and reimbursement policy.

In the planned invasive stratum, FFRCT-guided
management was associated with significantly lower
costs over 1 year of follow-up. The absolute difference
in mean per-patient costs at 1 year was numerically
greater than at 90 days ($4,047 vs. $3,391), and similar
in percentage (33% vs. 32%), consistent with the low

use of cardiac testing and the low rate of costly clin-
ical events after 90 days. With no Medicare reim-
bursement rates yet established for FFRCT, the base
case analysis set the cost weight for FFRCT to zero, but
our results were unchanged when this cost weight
was varied systematically in sensitivity analyses. In
particular, when the cost weight for FFRCT was set at
3 times that of CTA, consistent with early reim-
bursement decisions by some private payers, the
FFRCT strategy still had significantly lower costs in
the invasive stratum. Furthermore, the “downstream
cost” comparison, which excluded the costs of all
initial tests, also showed a significantly lower cost for

CENTRAL ILLUSTRATION FFRCT-Guided Care in Patients With Suspected CAD

Douglas, P.S. et al. J Am Coll Cardiol. 2016;68(5):435–45.

In the planned invasive arm, all patients in the usual care cohort proceeded to catheterization, whereas 60% of patients in the computed tomography angiography
(CTA)/fractional flow reserve using computed tomography (FFRCT)–guided cohort had their invasive procedure cancelled (green figures). There was a marked reduction
in the finding of no obstructive coronary artery disease (CAD) at catheterization (purple figures). Similar numbers underwent revascularization (blue figures). Each figure
represents approximately 20 patients. ICA ¼ invasive coronary angiography.

J A C C V O L . 6 8 , N O . 5 , 2 0 1 6 Douglas et al.
A U G U S T 2 , 2 0 1 6 : 4 3 5 – 4 5 1-Year Outcomes of FFRCT-Guided Care in Suspected CAD

443

Equal outcomes, 
QOL and cost 
between 2 
strategies at 1 
year
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Cost Savings Over Time

Costs Over 1 Year –
Patients with Planned ICA

*p<0.0001

26%
Savings*

Douglas, et al. JACC 2016.

$ 
pe

r-
pa

tie
nt

T H E  P L A T F O R M  T R I A L

Cost savings increase:
23% ($2,481) at 90 days 26% ($3,109) at 12 months

after accounting for $1,500 cost of the HeartFlow 
Analysis.

Hlatky, et al. JACC 2015

Utilization over 1 year
In patients referred for ICA
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FFRct information within hours

*As of 31 December 2018.  Data subject to change.

A standard cardiac CT scan is 
performed and the data is 

uploaded to HeartFlow.

Our proprietary software uses 
certified analysts and AI-driven 

algorithms to develop a 
personalized, digital 3D model 

of the the coronary arteries.

FFRCT values can be accessed 
via computer, iPhone, iPad or 
printable overview to assess, 
vessel by vessel , if sufficient 

blood flow is reaching the 
heart .

Median turnaround time is <5 hours* 
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Outpatient clinic pathway + Low-intermediate risk ER pathway
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Intermediate Risk CP:office

Intermediate Risk CP: ER

CCTA +/- FFRct

Low Risk CP Home 

Cath Lab

Negative

Positive
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Case Studies
Examples that have helped transform our group’s approach to chest pain evaluation.

Participation in PROMISE and now PRECISE Trials

Quick turnaround of low risk ER chest pain: + Economic benefit of low ER dwell time
In line with Beaumont experience and ROMICAT studies

Low rate of False - studies
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Case Example - KB - Patient History and Overview
65 yo gentleman

HTN, HL, +FH
3-4 months of exertional dyspnea
Mild non-radiating CP lasting 30 seconds to 1 minute before resolving spontaneously

Never has had any cardiac testing
Calcium score: 740 

LM- 11
RCA- 411
LAD- 216
LCX- 102
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Case Example – KB – CT Image Review
LAD looks significant. LCX looks mild-moderate. RCA looks at least moderate

Next Steps?
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Case Example – KB – FFRCT Image Review
FFRCT Image Review – Multivessel CAD
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Case Example: KB – Angio/FFR 

After consultation with CV surgery and patient: Decision made to proceed with PCI



73474022 v1

What about the RCA?: Does it affect the decision for CABG or not?
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RCA: Invasive physiology vs FFRct
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Consider an FFRCT grey zone

Aarhus real-world FFRCT
experience:
OMT and 3-month follow-up 
for 0.76-0.80 FFRCT values. 

“In the event of FFRCT <0.75, 
the probability of having 
ischemia was high (92%). If 
FFRCT ranged between 0.76-
0.80, ischemia was present in 
only 55% of patients.”

Nørgaard, et al.  JACC Cardiovascular Imaging 2016.



73474022 v1

FFRCT performs well with high calcium

Nørgaard et. al., Influence of Coronary Calcification on the Diagnostic Performance of CT Angiography Derived FFR in Coronary Artery Disease, JACC: Cardiovascular Imaging, Volume 8, Issue 
9, Pages 1045-1055

3-fold reduction in false positives by adding FFRCT to coronary CTA, even with high Agatson calcium score
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Inpatient Pathway
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ORIGINAL INVESTIGATIONS

Coronary CT Angiography in Patients
With Non-ST-Segment Elevation
Acute Coronary Syndrome
Jesper J. Linde, MD, PHD,a Henning Kelbæk, MD, DMSC,b Thomas F. Hansen, MD, PHD,c Per E. Sigvardsen, MD,a

Christian Torp-Pedersen, MD, DMSC,c Jan Bech, MD, PHD,d Merete Heitmann, MD, PHD,d Olav W. Nielsen, MD, DMSC,d

Dan Høfsten, MD, PHD,a Jørgen T. Kühl, MD, DMSC,b Ilan E. Raymond, MD, PHD,d Ole P. Kristiansen, MD, PHD,d

Ida H. Svendsen, MD, PHD,d Maria H.D. Vall-Lamora, MD, PHD,d Charlotte Kragelund, MD, PHD,c

Martina de Knegt, MD, PHD,a Jens D. Hove, MD, PHD,e Tem Jørgensen, MD,e Gitte G. Fornitz, MD, PHD,e

Rolf Steffensen, MD,f Birgit Jurlander, MD, PHD,f Jawdat Abdulla, MD, PHD,g Stig Lyngbæk, MD, PHD,g

Hanne Elming, MD, PHD,b Susette K. Therkelsen, MD, PHD,b Erik Jørgensen, MD,a Lene Kløvgaard, RN,a

Lia Evi Bang, MD, PHD,a Peter Riis Hansen, MD, DMSC,c Steffen Helqvist, MD, DMSC,a Søren Galatius, MD, DMSC,c

Frants Pedersen, MD, PHD,a Ulrik Abildgaard, MD, PHD,c Peter Clemmensen, MD, DMSC,h Kari Saunamäki, MD, DMSC,c

Lene Holmvang, MD, DMSC,a Thomas Engstrøm, MD, DMSC,a Gunnar Gislason, MD, DMSC,c Lars V. Køber, MD, DMSC,a

Klaus F. Kofoed, MD, DMSCa

ABSTRACT

BACKGROUND In patients with non–ST-segment elevation acute coronary syndrome (NSTEACS), coronary pathology

may range from structurally normal vessels to severe coronary artery disease.

OBJECTIVES The purpose of this study was to test if coronary computed tomography angiography (CTA) may be used

to exclude coronary artery stenosis $50% in patients with NSTEACS.

METHODS The VERDICT (Very Early Versus Deferred Invasive Evaluation Using Computerized Tomography in Patients

With Acute Coronary Syndromes) trial (NCT02061891) evaluated the outcome of patients with confirmed NSTEACS

randomized 1:1 to very early (within 12 h) or standard (48 to 72 h) invasive coronary angiography (ICA). As an observa-

tional component of the trial, a clinically blinded coronary CTA was conducted prior to ICA in both groups. The primary

endpoint was the ability of coronary CTA to rule out coronary artery stenosis ($50% stenosis) in the entire population,

expressed as the negative predictive value (NPV), using ICA as the reference standard.

RESULTS Coronary CTA was conducted in 1,023 patients—very early, 2.5 h (interquartile range [IQR]: 1.8 to 4.2 h),

n ¼ 583; and standard, 59.9 h (IQR: 38.9 to 86.7 h); n ¼ 440 after the diagnosis of NSTEACS was made. A coronary

stenosis $50% was found by coronary CTA in 68.9% and by ICA in 67.4% of the patients. Per-patient NPV of coronary

CTA was 90.9% (95% confidence interval [CI]: 86.8% to 94.1%) and the positive predictive value, sensitivity, and

specificity were 87.9% (95% CI: 85.3% to 90.1%), 96.5% (95% CI: 94.9% to 97.8%) and 72.4% (95% CI: 67.2% to

77.1%), respectively. NPV was not influenced by patient characteristics or clinical risk profile and was similar in the very

early and the standard strategy group.

CONCLUSIONS Coronary CTA has a high diagnostic accuracy to rule out clinically significant coronary artery disease in
patients with NSTEACS. (J Am Coll Cardiol 2020;75:453–63) © 2020 by the American College of Cardiology Foundation.

ISSN 0735-1097/$36.00 https://doi.org/10.1016/j.jacc.2019.12.012

Listen to this manuscript’s
audio summary by
Editor-in-Chief
Dr. Valentin Fuster on
JACC.org.
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PCI, the NPV and sensitivity were high (91.7% and
99.1%), but the PPV and specificity were reduced to
84.7% and 36.7% (Figure 3, Online Table 2). In further
subgroup analyses, NPV remained constant when
using a discrimination threshold of $70% coronary
stenosis (Online Table 3) and when assessing diag-
nostic performance at the coronary vascular territory
level (Online Table 4).

DISCUSSION

In the VERDICT trial, we found that the diagnostic
performance of coronary CTA to rule out or rule in
significant CAD ($50% coronary stenosis) in patients
with NSTEACS was high, with a NPV of 90.9% and a
PPV of 87.9% (Central Illustration). Furthermore, the
diagnostic performance of coronary CTA was equally
high when conducted within 2 to 3 h compared with 2
to 3 days of the clinical diagnosis of NSTEACS being
made.

Coronary CTA is currently recommended for the
clinical evaluation of patients with stable chest pain
and an intermediate pre-test likelihood of CAD (4,13).

This recommendation is based on coronary CTA
diagnostic accuracy data using 64-detector CT tech-
nology in patients with stable angina with a disease
prevalence from 10% to 63% (5,6,14). The reported
negative and positive predictive values of these

CENTRAL ILLUSTRATION Diagnostic Accuracy of Coronary Computed Tomography Angiography Using
Invasive Coronary Angiography as Reference Standard

Patients With Acute Coronary Syndrome
(n = 1,023)

Coronary Computed
Tomography Angiography

Negative
n = 265 (26%)

Invasive Coronary
Angiography

Negative
n = 241 (24%)

Invasive Coronary
Angiography

Positive
n = 24 (2%)

90.9%
(86.8-94.1)

96.5%
(94.9-97.8)

Negative Predictive Value
(95% CI)

Sensitivity
(95% CI)

87.9%
(85.3-90.9)

Significant Coronary Artery Disease Ruled InSi
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72.4%
(67.2-77.1)

Positive Predictive Value
(95% CI)

Specificity
(95% CI)

Invasive Coronary
Angiography

Negative
n = 92 (9%)

Invasive Coronary
Angiography

Positive
n = 666 (65%)

Coronary Computed
Tomography Angiography

Nondiagnostic
n = 53 (5%)

Coronary Computed
Tomography Angiography

Positive
n = 705 (69%)

Linde, J.J. et al. J Am Coll Cardiol. 2020;75(5):453–63.

Values in parenthesis are confidence intervals and are calculated by the Wilson-Brown method.

TABLE 4 Diagnostic Accuracy of Coronary Computed Tomography Angiography to Detect
a Coronary Stenosis $50% by Invasive Coronary Angiography

All Very Early Standard

Number of patients 1,023 583 440

True negative 241 127 114

True positive 666 392 274

False negative 24 10 14

False positive 92 54 38

Negative predictive value, % 90.9 (86.8–94.1) 92.7 (87.0–96.4) 89.1 (82.3–93.9)

Positive predictive value, % 87.9 (85.3–90.1) 87.9 (84.5–90.8) 87.8 (83.7–91.2)

Sensitivity, % 96.5 (94.9–97.8) 97.5 (95.5–98.8) 95.1 (92.0–97.3)

Specificity, % 72.4 (67.2–77.1) 70.2 (62.9–76.7) 75.0 (67.3–81.7)

Negative likelihood ratio 0.05 (0.03–0.07) 0.04 (0.02–0.07) 0.06 (0.04–0.11)

Positive likelihood ratio 3.49 (2.93–4.16) 3.27 (2.61–4.09) 3.81 (2.89–5.02)

Accuracy, % 88.7 (86.6–90.5) 89.0 (86.2–91.4) 88.2 (84.8–91.0)

Area under curve 0.84 (0.82–0.87) 0.84 (0.80–0.87) 0.85 (0.81–0.89)

Values are n or as indicated (95% confidence intervals) calculated by the Wilson-Brown method.

J A C C V O L . 7 5 , N O . 5 , 2 0 2 0 Linde et al.
F E B R U A R Y 1 1 , 2 0 2 0 : 4 5 3 – 6 3 Coronary CT Angiography in NSTEACS

459
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FIGURE 9 Evaluation Algorithm for Patients With Suspected ACS at Intermediate Risk With No Known CAD

Test choice should be guided by local availability and expertise. *Recent negative test: normal CCTA #2 years (no plaque/no stenosis) OR negative stress test #1 year,
given adequate stress. †High-risk CAD means left main stenosis$ 50%; anatomically significant 3-vessel disease ($ 70% stenosis). ‡For FFR-CT, turnaround times may
impact prompt clinical care decisions. However, the use of FFR-CT does not require additional testing, as would be the case when adding stress testing. CAD indicates
coronary artery disease; CCTA, coronary CT angiography; CMR, cardiovascular magnetic resonance imaging; CT, computed tomography; FFR-CT, fractional flow reserve
with CT; GDMT, guideline-directed medical therapy; ICA, invasive coronary angiography; INOCA, ischemia and no obstructive coronary artery disease; PET, positron
emission tomography; and SPECT, single-photon emission CT.

Stress Testing

4. Among patients evaluated in the ED who need further
testing, exercise ECG is safe with most patients having
negative studies and a low risk of ACS (1,4,10,14-31, 54).
Stress echocardiography is safe and effective for triage
and prompt discharge of patients and is associated with
few events among those with normal or low-risk findings
over near-term follow-up of up to 6 months (17,18,36).
Prompt stress echocardiography resulted in a reduction
in ED and hospital length of stay, compared with CCTA,
with similar 2-year MACE rates (p¼0.47) (29). In the ED
evaluation of patients with acute chest pain, a nuclear
MPI strategy is similarly safe when compared with CCTA
with no difference in MACE (death, ACS, or stroke) over
follow-up of 6 to 12 months. Longer-term follow-up data
from the PROSPECT trial (10) supported that at w3.5
years, the rate of MACE was similar between MPI and
CCTA (p¼0.29) (10). Compared with CCTA, use of stress
MPI delayed the time to diagnosis by >50% (1,4).
Furthermore, recent observation from 213 patients

referred for rest-stress MPI with mildly abnormal hs-cTn
values reported no adverse events related to the tests
and a modest 13.6% yield for ischemic studies (55).
Single-center, small (n¼105) randomized trial evidence
suggests that stress CMR is safe without a near-term (90-
day) increase in hospital readmission or additional
testing (32-34). From a single-center registry (n¼135),
stress CMR was associated with a high sensitivity (100%)
and specificity (93%) for the detection of obstructive CAD
or cardiovascular events at 1 year (35).

Sequential or Add-on Testing

5. Patients with coronary artery stenosis of 40% to 90% in a
proximal or middle coronary segment on CCTA may
benefit from measurement of FFR-CT (37-43). In a large
registry of 555 patients, the addition of FFR-CT was safe
with no difference in 90-day MACE compared with CCTA
alone (42). No deaths orMI occurred among patients with
a negative FFR-CT when revascularization was deferred.

6. CCTA is highly effective at ruling out the presence of
plaque or stenosis and may help to clarify risk

J A C C V O L . - , N O . - , 2 0 2 1 Gulati et al.
- , 2 0 2 1 :- –- 2021 Chest Pain Guideline

e33
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Catheterization Pathway: 
Inpatient/Outpatient/OBL/ASC  



73474022 v1

Circulation. 2019;139:477–484. DOI: 10.1161/CIRCULATIONAHA.118.037350 January 22, 2019 477

Key Words: coronary artery disease  
◼ coronary circulation ◼ fractional flow 
reserve, myocardial

Sources of Funding, see page 483

Editorial, see p 485

BACKGROUND: Measuring fractional flow reserve (FFR) with a pressure wire 
remains underutilized because of the invasiveness of guide wire placement 
or the need for a hyperemic stimulus. FFR derived from routine coronary 
angiography (FFRangio) eliminates both of these requirements and displays 
FFR values of the entire coronary tree. The FFRangio Accuracy versus Standard 
FFR (FAST-FFR) study is a prospective, multicenter, international trial with the 
primary goal of determining the accuracy of FFRangio.

METHODS: Coronary angiography was performed in a routine fashion in 
patients with suspected coronary artery disease. FFR was measured in vessels 
with coronary lesions of varying severity using a coronary pressure wire and 
hyperemic stimulus. Based on angiograms of the respective arteries acquired 
in ≥2 different projections, on-site operators blinded to FFR then calculated 
FFRangio using proprietary software. Coprimary end points were the sensitivity 
and specificity of the dichotomously scored FFRangio for predicting pressure 
wire–derived FFR using a cutoff value of 0.80. The study was powered to 
meet prespecified performance goals for sensitivity and specificity.

RESULTS: Ten centers in the United States, Europe, and Israel enrolled a 
total of 301 subjects and 319 vessels meeting inclusion/exclusion criteria 
which were included in the final analysis. The mean FFR was 0.81 and 
43% of vessels had an FFR≤0.80. The per-vessel sensitivity and specificity 
were 94% (95% CI, 88% to 97%) and 91% (86% to 95%), respectively, 
both of which exceeded the prespecified performance goals. The 
diagnostic accuracy of FFRangio was 92% overall and remained high when 
only considering FFR values between 0.75 to 0.85 (87%). FFRangio values 
correlated well with FFR measurements (r=0.80, P<0.001) and the Bland–
Altman 95% confidence limits were between −0.14 and 0.12. The device 
success rate for FFRangio was 99%.

CONCLUSIONS: FFRangio measured from the coronary angiogram alone has a 
high sensitivity, specificity, and accuracy compared with pressure wire–derived 
FFR. FFRangio has the promise to substantially increase physiological coronary 
lesion assessment in the catheterization laboratory, thereby potentially 
leading to improved patient outcomes.

CLINICAL TRIAL REGISTRATION: URL: https://www.clinicaltrials.gov. Unique 
Identifier: NCT03226262.

© 2018 American Heart Association, Inc.
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Accuracy of Fractional Flow Reserve 
Derived From Coronary Angiography

https://www.ahajournals.org/journal/circ

Circulation

August282018

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 16, 2021

1

Fractional flow reserve (FFR) is a physiological index that 
quantifies the hemodynamic impact of epicardial athero-

sclerotic stenoses. It is defined as the ratio of hyperemic myo-
cardial flow in the presence of stenosis, to the hyperemic flow 
in its absence, and is obtained by measuring the ratio of distal 
coronary pressure and the aortic pressure, respectively, using 
pressure-measuring guidewires during maximal hyperemia.1–3 
FFR is considered the standard of reference for clinical deci-
sion making, particularly of angiographically indeterminate 
coronary lesions. Clinical outcome studies have shown that 
for nonsignificant lesions (FFR >0.80), medical therapy 
should be preferred, whereas in cases of significant stenoses 
(FFR ≤0.80), coronary revascularization should be consid-
ered.4–11 Accordingly, both the US and European guidelines 

recommend using FFR to guide the treatment strategy in sta-
ble coronary lesions.12,13

See Editorial by Morris and Gunn
Nevertheless, for a variety of practical reasons, FFR mea-

surements remain underused. Therefore, the ability to derive 
FFR values from routinely performed coronary angiograms, 
without the need for a pressure guidewire or hyperemic stimu-
lus, could have an important impact on daily clinical practice by 
streamlining the workflow within the catheterization laboratory 
and avoiding the need for invasive coronary measurements.14–16

Several image-based FFR methodologies have recently 
been introduced. Computational fluid dynamics (CFD) simu-
lation applied to cardiac computed tomographic images and 

Background—Fractional flow reserve (FFR), an index of the hemodynamic severity of coronary stenoses, is derived from 
invasive measurements and requires a pressure-monitoring guidewire and hyperemic stimulus. Angiography-derived FFR 
measurements (FFRangio) may have several advantages. The aim of this study is to assess the diagnostic performance and 
interobserver reproducibility of FFRangio in patients with stable coronary artery disease.

Methods and Results—FFRangio is a computational method based on rapid flow analysis for the assessment of FFR. FFRangio 
uses the patient’s hemodynamic data and routine angiograms to generate a complete 3-dimensional coronary tree with 
color-coded FFR values at any epicardial location. Hyperemic flow ratio is derived from an automatic resistance-based 
lumped model of the entire coronary tree. A total of 203 lesions were analyzed in 184 patients from 4 centers. Values 
derived using FFRangio ranged from 0.5 to 0.97 (median 0.85) and correlated closely (Spearman ρ=0.90; P<0.001) with 
the invasive FFR measurements, which ranged from 0.5 to 1 (median 0.84). In Bland–Altman analyses, the 95% limits 
of agreement between these methods ranged from −0.096 to 0.112. Using an FFR cutoff value of 0.80, the sensitivity, 
specificity, and diagnostic accuracy of FFRangio were 88%, 95%, and 93%, respectively. The intraclass coefficient between 
2 blinded operators was 0.962 with a 95% confidence interval from 0.950 to 0.971, P<0.001.

Conclusions—There is a high concordance between FFRangio and invasive FFR. The color-coded display of FFR values during 
coronary angiography facilitates the integration of physiology and anatomy for decision making on revascularization in 
patients with stable coronary artery disease.

Clinical Trial Registration—URL: https://www.clinicaltrials.gov. Unique identifier: NCT03005028.   
(Circ Cardiovasc Interv. 2017;10:e005259. DOI: 10.1161/CIRCINTERVENTIONS.116.005259.)

Key Words: angiography ◼ catheterization ◼ microcirculation ◼ tomography ◼ workflow
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Figure 1 

Angio-iFR medical software. The image is preliminary, which may be changed in the commercial version. 
Figure 2 

A lumped parameter fluid dynamics model of coronary circulation. (A) The correspondence between the vessel segmentation and the chain 
of resistors is illustrated for a small sample of cross sections. (B) Elements from the coronary artery system to the corresponding parts in the 
lumped model. The segmented coronary artery (blue) corresponds to the linear chain of resistors. Branching vessels (orange) correspond 
to orthogonal outlets. The microvascular resistance of the myocardium (green) is modeled as an outlet resistor. The venous system (black) 
corresponds to the electrical ground – or termination of all resistance. 
vessel segment and after a focal lesion. These conditions 
are accounted for by extending the vascular resistance 
calculation with the Darcy-Weisbach friction and Borda- 
Carnot expansion loss variables as noted in Figure 2A . 
The three resistance effects are combined in a weighted 
sum using free training parameters as weights. The pres- 

sure drop across the length of the interrogated coronary 
segment is thus equivalent to the sum of the pressure 
drops across each individual segment in the same man- 
ner that series resistors are treated in an electrical cir- 
cuit. Branching ar ter ies are modeled as outlets reducing 
the local volumetric flow rate in the primary vessel, the 

From Ono et al Am Heart J. 2021

20 Ono et al American Heart Journal 
Month 2021 

in flow limiting coronary stenosis. 1-3 Of note, in the 
recent guidelines of the European Society of Cardi- 
ology (ESC)/European Association for Cardio-Thoracic 
Surgery (EACTS) for the management of Chronic Coro- 
nary Syndrome (CCS), for patients with multivessel dis- 
ease it was recommended to use wire-based pressure 
gradient assessment for confirming the existence of and 
localizing functionally significant lesions, even when 
pre-procedural non-invasive imaging modalities such as 
scintigraphy have revealed the presence of myocardial is- 
chaemia. 2 

Fractional Flow Reserve (FFR) is measured with a pres- 
sure wire, and calculated as the ratio of mean pressure 
distal to the coronary lesion to the mean aortic pres- 
sure during the entire cardiac cycle under hyperemia, 
whereas the instantaneous wave-Free Ratio (iFR) is the ra- 
tio of pressure distal to the coronary lesion to aortic pres- 
sure selectively measured over the wave-free period of 
diastole under resting conditions. Both wire-based phys- 
iological parameters were endorsed in the ESC/EACTS 
guidelines as cr iter ia of PCI appropr iateness in patients 
with CCS. 2 , 3 

More recently, image-derived physiological coronary 
assessment, based on either conventional angiography or 
multi-slice computed tomography (MSCT), has been de- 
veloped and, subsequently, validated against wire-based 
FFR measurement. 4-7 The current commercially-available 
angiography-derived FFR estimates rely on applying pres- 
sure and flow relations as derived by Gould L, et al. 
or Navier-Stokes equations in combination with three- 
dimensional anatomical models of the coronary vessel 
under study, which are generated from orthogonal an- 
giographic views. 8 A meta-analysis of 11 studies inves- 
tigating the diagnostic yield of this approach demon- 
strated that sensitivity and specificity of this kind of an- 
giographic software to predict functional significance of 
lesions was 89% and 90%, respectively. 5 FFR CT provides 
an estimate of FFR by using computational fluid dynam- 
ics under simulated hyperemic conditions; the simula- 
tion is applied to a three-dimensional MSCT coronary an- 
giography. FFR CT received FDA clearance (de-novo Class 
II) in 2014 and is reimbursed by multiple US health in- 
surance systems. These image-derived FFR applications 
may be advantageous for patients as well as medical 
care providers since none require additional investiga- 
tion with pressure wire, potentially reducing procedural 
time, risk, patient discomfort and cost. 9 

The Philips Angio-iFR medical software device (Philips, 
San Diego, US, Figure 1 ) is a novel medical software de- 
vice that can provide both iFR and FFR estimates within 
seconds based on single angiographic projection, using 
a lumped parameter fluid dynamics model. The ReVEAL 
iFR (Radiographic imaging Validation and EvALuation for 
Angio-iFR) clinical trial is being undertaken to demon- 
strate the diagnostic accuracy of angiographic-derived 
iFR and FFR estimates for identifying functionally signif- 

icant lesions as determined by wire-based iFR and FFR, 
respectively, in patients who have at least one epicardial 
coronary narrowing with a 40 to 90% diameter stenosis 
by visual angiographic assessment. 
Methods 
Study design 

The ReVEAL iFR study is a prospective, multi-center 
study with centralized off-line analyses in an indepen- 
dent Corelab (CORRIB Corelab, Galway, Ireland) to val- 
idate the novel Philips Angio-iFR medical software de- 
vice ( Figure 1 ) with wire-based physiological assess- 
ment. Approximately 440 patients will be enrolled from 
33 sites, in Europe (N = 14), Japan (N = 3), and United 
States (N = 16). 
Study software for angiography-derived 
physiological assessment ( Figure 1 and 2 ) 

The Angio-iFR algorithm uses a lumped parameter 
fluid dynamics model employing an electric-hydraulic 
analogy 10 , 11 ; the coronary hydraulic network model is 
created as an electrical circuit “powered” by the heart. 
The basic components of the coronary vasculature are 
modeled as follows: Volumetric Blood Flow (Q), Pressure 
(P), and the Vascular Resistance including coronary le- 
sion (R) equates to electrical current (I), voltage (V), and 
resistance (R), respectively. In the hydraulic analog, a dy- 
namic pump pushes a viscous fluid through pipes with 
various degrees of blockage or constriction. Figure 2 
provides a diagram of the manner in which the coronary 
circulation is modeled. 

Automated quantitative coronary angiography algo- 
rithms measure the luminal dimensions of coronary ar- 
teries and according to the measurement coronary arter- 
ies are divided into segments in which each segment’s 
diameter is constant and does not change. The pressure 
drop associated with fluid passing through each segment 
can be derived via Poiseuille’s Law: 
!P = 8 ηLQ 

πr 4 
Where, !P is the pressure drop across the length of 
the vessel segment; 

η is the dynamic viscosity of the blood moving 
through each vessel segment (represented by the vari- 
able, Poiseuille Friction, in Figure 2A ); 

L is the length of each vessel segment; 
Q is the volumetric flow rate through each vessel seg- 

ment; r is the radius of each vessel segment. 
L and r are measured directly from the angiogram, and 

Q is a model parameter determined by the outlet condi- 
tions of the vascular system derived from the aortic pres- 
sure, and hence the pressure drop can be calculated. The 
equation does not hold, however, in very narrow seg- 
ments, or for turbulent flow, close to the entrance of a 

Pressure drop across the vessel length
L and r are measured directly from the angiogram
Q is a model parameter determined by the outlet 
conditions of the vascular system derived from aortic 
pressure 
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The solution of the lumped model based on the inlet and outlet 
boundary conditions allows to evaluate ratios of flow rate for stenosed 
versus healthy coronary trees. A color-mapped mesh is then gener-
ated and displays the FFR values at every location, as long as the 
vessel diameter is not limited by image resolution.

Study Population
In this multicenter study, we included subjects aged ≥18 years who 
were diagnosed with stable angina, referred for coronary angiography, 
and in whom 50% to 90% diameter stenosis was present by visual es-
timation, and FFR measurements were performed for clinical reasons 
in at least 1 coronary artery. Patients with left main stenosis, ostial 
right coronary artery and left main stenosis, in-stent restenosis at the 
target vessel, previous bypass surgery, and diffuse coronary disease 
were excluded. In all cases, the stenosis was clearly delineated on 
the angiogram. The study was conducted in 2 time periods. The first 
one was a pilot study conducted in 2 centers (Rabin Medical Center, 
Petach Tikva, Israel, n=74 lesions; and Cardiovascular Center Aalst, 
Belgium, n=27 lesions), and the second was an extension of the first 
during which 2 additional centers recruited patients (Rabin Medical 
Center, Petach Tikva, Israel, n=31 lesions; Cardiovascular Center 
Aalst, Belgium, n=46 lesions; Columbia University Medical Center, 
New York, n=8 lesions; and Shaare Zedek Medical Center, Jerusalem, 
Israel, n=17 lesions). For this reason, the first 2 centers recruited more 
than the last 2 centers. Yet, it is important to emphasize that the algo-
rithms and the methods were exactly the same. This report refers to the 
data obtained from both study stages and presents the combined analy-
ses of all results collected. Baseline characteristics by site are available 
in Table I in the Data Supplement. The study protocol was approved 
by the Institutional Review Board or Ethics Committee at each center, 
and subjects gave informed consent where required.

Coronary Angiography
The diagnostic catheterization was performed using a 5F or 6F 
catheter according to local procedures, using either the radial or the 
femoral approach. After administration of intracoronary nitrates, 3 
projections of the vessel to be measured were acquired at a magnifica-
tion allowing visualization of the entire vessel, from proximal to most 
distal edge. The exact inclination of the radiographic tube was left 
to the operator’s discretion. Care was taken to fill the artery as com-
pletely as possible with contrast medium and to image the entire cor-
onary tree at each view. Coronary angiography cines were recorded 
at 15 frames per second (using AXIOM-Artis, Siemens; AlluraXper, 
Philips Healthcare; and Innova, GE Healthcare).

Invasive FFR Measurements
Invasive FFR measurements were performed using 6F guide catheters 
and a Certus Wire (Abbott, n=94 stenoses), an OptoWire (Opsens, n=9), 
or a Wave Wire (Philips, n=100). Hyperemia was obtained by adenosine, 

either by intracoronary administration (200 µg for the left coronary tree 
and 100 µg for the right) or by intravenous infusion (140 µg/kg per min-
ute). Measurements obtained with adenosine intracoronary were repeat-
ed twice, and their mean value used for analyses; all tracings were stored 
for further review. Care was taken to document the exact anatomic posi-
tion of the sensor during the invasive FFR measurements.

FFRangio Computation
For this validation study, invasive FFR measurements were recorded 
and stored electronically and in a case record that was established 
immediately. In contrast, the FFRangio computations were performed 
offline in a remote location by 2 operators not present in the cath-
eterization laboratory, blinded to each other and to the invasive FFR 
results. The high-resolution Digital Imaging and Communications in 
Medicine files (>700*700 pixels) were stored on DVDs and shipped 
for off-line analyses. The FFRangio software device uses dedicated 
hardware. Each series of Digital Imaging and Communications in 
Medicine cine sequences were loaded and processed along with the 
patient’s mean aortic pressure obtained at the time of the angiogram. 
User interaction was required to guide automatic processing and 
included verification of cardiac phase synchronization and proper 
extraction of vessel centerlines and radii. The automatic processing 
consisted of the 3D tree reconstruction and the flow estimation (case 
examples are presented in Figure 2).

To test interobserver variability, and the possible influence of hu-
man factors on the results of FFRangio, 2 independent operators ana-
lyzed all angiograms. The mean values were compared with the FFR 
measurements obtained with the invasive pressure wire, at the exact 
location of the sensor.

Statistical Approach
Standard summary statistical tests were used. The normality of mea-
sured variables was tested using the Shapiro–Wilk test. First, the 
consistency (absolute agreement) of the FFRangio values, as measured 
by the 2 independent operators, was assessed with the intraclass cor-
relation coefficient. Then, linear regression with FFRangio (mean of the 
2 independent operators) as the dependent variable and wire-based 
FFR as the predictor variable was performed, and the linear slope 
and intercept were calculated. To explore the agreement between in-
vasive and noninvasive FFR estimates, Bland–Altman analyses were 
plotted, and the 95% limits (1.96*SD) of agreements were calcu-
lated. Estimated bias (defined as the mean difference between the 2 
methods±SD) was calculated, and 1-sample t test was used to evalu-
ate whether it differed significantly from zero. The receiver-operating 
characteristic (ROC) curve for FFRangio was plotted with wire-based 
FFR as the gold-standard binary classifier (threshold of 0.80); the C 
statistics and sensitivities and specificities for different FFRangio cutoff 
values were calculated. ROC curves for the percentage of diameter 
stenosis by visual estimation and for 2D quantitative coronary angi-
ography (QCA) were similarly plotted, and C statistics of the ROC 

Figure 1. Three-dimensional reconstruction is based on the known geometry of ≥2 projections and uses epipolar ray tracing together 
with topology-preserving constraints. A, The epipolar geometry’s frame-of-reference for 2 projections. B, Segment-node representation is 
maintained, while uneven motion displacements are compensated for.
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Coronary tree is reconstructed from at least 2 orthogonal projections (usually 30 degrees 
or more) using centerline tracing and cross section analysis.
Geometry of vessel is created and vessel is broken down into nodes.

From Pellicano et al. Circ Cardiovasc Interv. 2017
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Figure 1 

Angio-iFR medical software. The image is preliminary, which may be changed in the commercial version. 
Figure 2 

A lumped parameter fluid dynamics model of coronary circulation. (A) The correspondence between the vessel segmentation and the chain 
of resistors is illustrated for a small sample of cross sections. (B) Elements from the coronary artery system to the corresponding parts in the 
lumped model. The segmented coronary artery (blue) corresponds to the linear chain of resistors. Branching vessels (orange) correspond 
to orthogonal outlets. The microvascular resistance of the myocardium (green) is modeled as an outlet resistor. The venous system (black) 
corresponds to the electrical ground – or termination of all resistance. 
vessel segment and after a focal lesion. These conditions 
are accounted for by extending the vascular resistance 
calculation with the Darcy-Weisbach friction and Borda- 
Carnot expansion loss variables as noted in Figure 2A . 
The three resistance effects are combined in a weighted 
sum using free training parameters as weights. The pres- 

sure drop across the length of the interrogated coronary 
segment is thus equivalent to the sum of the pressure 
drops across each individual segment in the same man- 
ner that series resistors are treated in an electrical cir- 
cuit. Branching ar ter ies are modeled as outlets reducing 
the local volumetric flow rate in the primary vessel, the 

From Ono et al Am Heart J. 2021
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significantly more common in the discordant group as 
compared with the concordant group, while there were 
significantly fewer lesions in the left anterior descending 
in the discordant group in comparison to the concord-
ant group (Tables I and II in the online-only Data Supple-
ment). The FFRangio cut-off was prespecified at 0.80.

DISCUSSION
The primary finding from this large, prospective, multi-
center study is that FFRangio has very high sensitivity, spec-
ificity and diagnostic accuracy, all of which are greater 
than 90% for predicting the reference standard, coro-
nary pressure wire–derived FFR. Moreover, FFRangio and 

FFR remained highly correlated over the entire range of 
FFR values. FFRangio was successfully measured in almost 
all cases included.

Two smaller studies have evaluated the diagnostic 
characteristics of FFRangio. The first included 88 patients 
with 101 lesions and found a sensitivity, specificity, and 
diagnostic accuracy of 88%, 98%, and 94%, respec-
tively.5 The second included 184 patients and 203 le-
sions and found a sensitivity, specificity, and diagnostic 
accuracy of 88%, 95%, and 93%, respectively.6 Limi-
tations of these studies include the smaller number of 
subjects and centers, the lack of blinded core labora-
tories, the fact that the diagnostic angiograms were 
acquired by only a handful of operators, the fact that 
the FFRangio analysis was performed off-site by an ex-
perienced core laboratory, and the lack of independ-
ent statistical analysis. The current report confirms the 
previously reported diagnostic characteristics in a large, 
prospective fashion with angiograms performed by nu-
merous operators using a variety of radiographic sys-
tems, with FFRangio measured on-site by the local op-
erators blinded to the pressure wire-derived FFR, and 
with blinded core laboratory overview and independ-
ent statistical analysis. Less than 4% of the cases were 
disqualified by the FFRangio core laboratory, despite the 

Figure 2. Case study example of FFR and FFRangio.  
A, Coronary angiograms showing a moderate lesion in the left anterior descending artery. B, FFRangio report showing the 3-dimensional left coronary system with 
color-coded FFRangio measured along the vessels shown in 2 views with overlay on the 2-dimensional angiogram (top) and with lumen contours (bottom). C, Lo-
cation of the pressure sensor for FFR measurement. D, Corresponding pressure wire–derived FFR including the equalization (top), resting (middle), and hyperemic 
(bottom) recordings, with similar FFR (0.72) and FFRangio (0.70) measurements. FFR indicates fractional flow reserve.

Table 3. Diagnostic Characteristics of FFRangio

Diagnostic Characteristic % (95% CI)

Sensitivity 93.5% (87.8–96.6)

Specificity 91.2% (86.0–94.6)

Diagnostic accuracy 92.2% (88.7–94.8)

Positive predictive value 89.0% (82.6–93.2)

Negative predictive value 94.8% (90.3–97.3)

Results are % and 95% CI. FFRangio indicates fractional flow reserve derived 
from routine coronary angiography.
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inclusion of a majority of overweight or obese subjects 
with complex coronary anatomy representative of daily 
practice, although this was after specific patient and 
angiographic exclusion criteria were applied.

Other groups have reported on different methods for 
deriving FFR from coronary angiography, and they have 
been summarized elsewhere7,8 and in Table III in the on-
line-only Data Supplement. For example, the Quantita-
tive Flow Ratio ([QFR] Medis Medical Imaging Systems) is 
based on 3D quantitative coronary angiography,9 where 
a pressure drop across the stenosis in 1 vessel is then cal-
culated using a set of equations incorporating the vessel 
geometry and estimating maximal flow in one of three 
different ways. Xu et al10 evaluated QFR in 308 patients 
from 5 Chinese centers, with a reported sensitivity, spec-
ificity, and diagnostic accuracy of 94.6%, 91.7%, and 
92.7%, respectively. A European group of investigators 
reported on QFR in 329 patients and found a sensitivity, 
specificity, and diagnostic accuracy of 86.5%, 88.9%, 
and 86.8%, respectively.11 The latest study from many of 
the same investigators found that QFR had a sensitivity, 
specificity, and diagnostic accuracy of 77%, 86%, and 
83%, respectively, for predicting FFR.12 The explanation 
for the range of reported diagnostic characteristics is un-

clear. Other methodologies besides FFRangio and QFR ex-
ist, including virtual fractional flow reserve13,14 and virtual 
functional assessment index15 among others,16 but their 
validations are based on substantially smaller groups. A 
main potential advantage of the FFRangio system in com-
parison with pressure wire–derived FFR and the other 
angiographic techniques discussed above for estimating 
FFR is that FFRangio provides a 3D reconstruction of the en-
tire coronary tree with FFR values along each vessel. This 
may improve the operator’s interpretation of the coro-
nary stenosis and optimize revascularization strategies.

The clinical implications of the current report are 
that FFRangio may provide an easier and potentially faster 
method for performing physiology-guided assessment 
of the overall coronary angiogram with similar accuracy 
to the reference standard, coronary pressure wire–based 
FFR. This may translate into a greater percentage of pa-
tients undergoing physiological guidance for revascu-
larization decisions and ultimately improve long-term 
outcomes. The ease-of-use in using angiography-de-
termined FFR of the entire coronary tree also facilitates 
iterative assessments after percutaneous coronary inter-
ventions to determine the need for further treatment 
and allows new possibilities of improved management 
in complex anatomic scenarios, such as decisions re-
garding nonculprit vessel intervention in patients being 
treated for ST-segment–elevation myocardial infarction.

The limitations of this study include the lack of in-
formation regarding the total time it takes to measure 
FFRangio, including the manual processing time, although 
the average processing time was only 2.7 minutes; each 
site performed 3 roll-in cases first, although after in-
clusion of the roll-in cases, the results were similar; the 
validation was limited to lesions amenable to FFR wire 
measurement, and therefore did not include all relevant 
vessels; some patients were excluded from analysis after 
enrollment, although the percentage of cases excluded 
is small compared with similar FFR and noninvasive FFR 
studies; the use of different hyperemic agents could 
have affected the FFR result, although studies suggest 
these differences are small; investigators did not use 
the “smart minimum” algorithm to calculate the FFR 

A B

Figure 3. Correlation between FFR and 
FFRangio and Bland–Altman plot.  
A, Correlation scatter plot with linear regres-
sion, r=0.80. B, Bland–Altman plot with 95% 
confidence limits between −0.14 and 0.12 for 
the absolute differences. FFR indicates fractional 
flow reserve.

Figure 4. Receiver operator characteristic area under the curve was 
94.4% (91.7%, 97.1%).
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inclusion of a majority of overweight or obese subjects 
with complex coronary anatomy representative of daily 
practice, although this was after specific patient and 
angiographic exclusion criteria were applied.

Other groups have reported on different methods for 
deriving FFR from coronary angiography, and they have 
been summarized elsewhere7,8 and in Table III in the on-
line-only Data Supplement. For example, the Quantita-
tive Flow Ratio ([QFR] Medis Medical Imaging Systems) is 
based on 3D quantitative coronary angiography,9 where 
a pressure drop across the stenosis in 1 vessel is then cal-
culated using a set of equations incorporating the vessel 
geometry and estimating maximal flow in one of three 
different ways. Xu et al10 evaluated QFR in 308 patients 
from 5 Chinese centers, with a reported sensitivity, spec-
ificity, and diagnostic accuracy of 94.6%, 91.7%, and 
92.7%, respectively. A European group of investigators 
reported on QFR in 329 patients and found a sensitivity, 
specificity, and diagnostic accuracy of 86.5%, 88.9%, 
and 86.8%, respectively.11 The latest study from many of 
the same investigators found that QFR had a sensitivity, 
specificity, and diagnostic accuracy of 77%, 86%, and 
83%, respectively, for predicting FFR.12 The explanation 
for the range of reported diagnostic characteristics is un-

clear. Other methodologies besides FFRangio and QFR ex-
ist, including virtual fractional flow reserve13,14 and virtual 
functional assessment index15 among others,16 but their 
validations are based on substantially smaller groups. A 
main potential advantage of the FFRangio system in com-
parison with pressure wire–derived FFR and the other 
angiographic techniques discussed above for estimating 
FFR is that FFRangio provides a 3D reconstruction of the en-
tire coronary tree with FFR values along each vessel. This 
may improve the operator’s interpretation of the coro-
nary stenosis and optimize revascularization strategies.

The clinical implications of the current report are 
that FFRangio may provide an easier and potentially faster 
method for performing physiology-guided assessment 
of the overall coronary angiogram with similar accuracy 
to the reference standard, coronary pressure wire–based 
FFR. This may translate into a greater percentage of pa-
tients undergoing physiological guidance for revascu-
larization decisions and ultimately improve long-term 
outcomes. The ease-of-use in using angiography-de-
termined FFR of the entire coronary tree also facilitates 
iterative assessments after percutaneous coronary inter-
ventions to determine the need for further treatment 
and allows new possibilities of improved management 
in complex anatomic scenarios, such as decisions re-
garding nonculprit vessel intervention in patients being 
treated for ST-segment–elevation myocardial infarction.

The limitations of this study include the lack of in-
formation regarding the total time it takes to measure 
FFRangio, including the manual processing time, although 
the average processing time was only 2.7 minutes; each 
site performed 3 roll-in cases first, although after in-
clusion of the roll-in cases, the results were similar; the 
validation was limited to lesions amenable to FFR wire 
measurement, and therefore did not include all relevant 
vessels; some patients were excluded from analysis after 
enrollment, although the percentage of cases excluded 
is small compared with similar FFR and noninvasive FFR 
studies; the use of different hyperemic agents could 
have affected the FFR result, although studies suggest 
these differences are small; investigators did not use 
the “smart minimum” algorithm to calculate the FFR 

A B

Figure 3. Correlation between FFR and 
FFRangio and Bland–Altman plot.  
A, Correlation scatter plot with linear regres-
sion, r=0.80. B, Bland–Altman plot with 95% 
confidence limits between −0.14 and 0.12 for 
the absolute differences. FFR indicates fractional 
flow reserve.

Figure 4. Receiver operator characteristic area under the curve was 
94.4% (91.7%, 97.1%).
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curves were subsequently compared using χ2 test. All FFR values 
<0.5 (n=5) were truncated to a default value of 0.50. The level of 
statistical significance was set at P=0.05. Statistical analyses were 
performed with Stata 13 and GraphPad Prism for Mac.

Results
A total of 199 patients were enrolled for the study, but analysis 
was performed only in 184 of them (123 men, 203 stenoses) 
because of protocol violation in 8 cases (eg, post coronary 
bypass surgery, aorto-ostial stenosis, and in-stent restenosis 
lesions) and inadequate quality of the angiogram in 7 patients. 
Baseline characteristics of all participants are presented in the 
Table. Lesions were distributed as follows: 118 in the left ante-
rior descending, 30 in the left circumflex, 39 in right coronary 

arteries, 5 in intermediate branches, 2 in the diagonal branch, 
and 9 in the obtuse marginal branch. Sixty-seven percent of 
the invasive FFR values were between 0.70 and 0.90, and 35% 
between 0.75 and 0.85. FFR measurement by site is available 
in Table II in the Data Supplement.

The average intraclass correlation coefficient for the 2 
measurements of FFRangio conducted by 2 different operators 
blinded to each other and blinded to the results of invasive 
FFR was 0.962 with a 95% confidence interval from 0.95 to 
0.971 (P<0.001; Figure 3).

Figure 4 shows the correlation between the mean FFRangio 
value as the dependent variable and the wire-based FFR as the 
predictor variable and the corresponding Bland–Altman plots. 
The estimated bias was 0.007, indicating that FFRangio values 

Figure 2. Left, Three orthogonal angio-
graphic projections of the left coronary 
tree showing an intermediate lesion in the 
mid portion of the left anterior descending 
artery. Assessment of functional coronary 
lesion severity correlated well using con-
ventional invasive fractional flow reserve 
(FFR) and image-derived FFRangio (0.72 
and 0.75; respectively). Right, Three-
dimensional functional angiography map-
ping (FFRangio).
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do not systematically underestimate or overestimate invasive 
FFR values. The 95% limits of agreement were −0.096 to 
0.112. Visual estimation of the Bland–Altman plot indicates 
that the differences between the 2 methods, and the scatter 
around the bias line, are stable as the average increases. Linear 
regression per site and Bland–Altman analysis when consider-
ing only the minimum or maximum invasive FFR measure-
ment appear in Tables III and IV in the Data Supplement.

Using 0.8 as a cutoff value for FFRangio and invasive FFR, 
the sensitivity, specificity, diagnostic accuracy, positive like-
lihood ratio, and negative likelihood ratio for FFRangio were 
88%, 95%, 93%, 22, and 0.12, respectively.

Figure 5 shows the plots of invasive FFR values compared 
with FFRangio, diameter stenosis by visual estimate, and diam-
eter stenosis by quantitative coronary angiography. The cor-
responding areas under the respective ROC curves are 0.97, 
0.57, and 0.61 (Figure I in the Data Supplement).

ROC curve analyses per hospital were made, and their C 
statistics were compared. The C statistics for FFRangio for each 
site was 0.99, 0.96, and 0.90, respectively, per order of sites 
(P=0.22). The C statistic for one site could not be calculated 
because of the small number of significant lesions analyzed.

Discussion
Main Findings
In the present validation study, we compared angiography-
derived FFR values using the CathWorks proprietary tech-
nology (FFRangio) to simultaneously obtained invasive FFR 
measurements. The study included patients with typical char-
acteristics encountered in most trials dealing with percutaneous 
coronary intervention, including lesions associated with a large 
range of FFR values (0.5–1; mean=0.81±0.11). The 95% limits 
of agreement were found to be between −0.096 and +0.112. 
When continuous FFR values were dichotomized using the 
standard clinical cutoff value of 0.80, FFRangio achieved a diag-
nostic accuracy of 93%. Importantly, the fact that 67% of the 
lesions analyzed had invasive FFR values of 0.70 to 0.90, and 
35% of the lesions had invasive FFR values between 0.75 and 
0.85, that is, adjacent to the cutoff value, proves a high diag-
nostic accuracy for the entire clinically relevant range and not 
only in extreme cases. Moreover, a low interobserver variabil-
ity was demonstrated for the FFRangio system.

When compared with other novel FFR methodologies 
including angiogram-based FFR, instant wave-free ratio, and 
3D fractional flow reserve computed tomography, the limits 
of agreements evident with FFRangio are in-line and in most 
instances even lower. Trials on other angiographic FFR meth-
ods reported 95% confidence interval from ≈−0.15 to 0.18 
(virtual FFR),17 ≈−0.17 to 017 (fast virtual FFR),18 and −0.12 
to 0.12 (quantitative flow ratio [QFR]).21 An analysis on instant 
wave-free ratio used in 1129 patients showed the 95% confi-
dence interval to be from −0.08 to 0.26 when compared with 
FFR.35 Systematic analysis of 5 large fractional flow reserve 
computed tomography trials (908 vessels from 536 patients) 
demonstrated a small bias toward underestimation of invasive 
FFR by fractional flow reserve computed tomography (bias, 
−0.029 [0.09]; P<0.001), with 95% limits of agreement rang-
ing from −0.212 to 0.155 with a 95% confidence interval from 
−0.08 to +0.26.36

Table. Baseline Characteristics of the Study Cohort

Baseline Characteristics of the Patients  

Age, mean±SD, y 65.9±9.5

Male sex, % 123/184 (67)

Family history of CAD, % 60/184 (33)

Hypertension, % 124/184 (67)

Hypercholesterolemia, % 164/184 (89)

Diabetes mellitus, % 59/184 (32)

Smoking (current), % 32/184 (17)

Smoking (prior), % 42/184 (23)

Prior MI, % 35/184 (19)

Prior PCI, % 66/184 (36)

Stable angina, % 129/184 (71)

Unstable angina % 34/184 (18)

NSTEMI, % 21/184 (11)

Radial access, % 137/184 (74)

Femoral access, % 47/184 (26)

CAD indicates coronary artery disease; MI, myocardial infarction; NSTEMI, 
non–ST-segment–elevation myocardial infarction; and PCI, percutaneous 
coronary intervention.

Figure 3. Correlation (scatter plot) of the FFRangio values obtained by 2 blinded operators (left), with the corresponding Bland–Altman plot 
(right). The intraclass correlation (consistency of agreement) was found to be 0.962 (95% confidence interval, 0.950–0.971).
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Month 2021 
Table. Current available angiography-derived FFR and Angio-iFR software 

Angio-iFR µQFR QFR FFR angio vFFR caFFR 
Company Philips Pulse Medical Medis/Pulse 

Medical CathWorks Pie Medical RainMed 
Estimated 
reference iFR and FFR FFR FFR FFR FFR FFR 
Required angio 
projections 1 projection 1 projection 2 projections 25 

degrees apart ≥2 projections 30 
degrees apart 2 projections 2 projections 30 

degrees apart 
Required pressure 
data No No No No Need Need 
Side branches Incorporated Incorporated Not incorporated Incorporated Not incorporated Not incorporated 
Studies ReVEAL iFR Tu S, et al. FAVOR pilot 

FAVOR II China 
FAVOR II EJ WiFi 
II FAVOR III 

FAST-FFR FAST FLASH-FFR 
C-statistics for 
predicting 
FFR ≤0.8 

NA 0.97 0.92-0.96 0.94 0.93 0.979 
Time to 
computation NA (expected to 

be very short time) 67 ±22 seconds 4.36 ± 2.55 min ∗2.7 min NA 4.54 ±1.48 min 
FFR: fractional flow reserve; iFR: instantaneous wave-free ratio; QFR: quantitative flow ratio. 

∗ Time for manual correction and lesion identification were not included. 

DISCUSSION 
The main objective of the current study is to clini- 

cally validate the novel Angio-iFR medical software de- 
vice with a reference of wire-based iFR/FFR in CCS pa- 
tients undergoing angiography. 

The angio-based physiological assessment is of great in- 
terest in current clinical practice of interventional cardi- 
ology. The potential clinical advantages of angiography- 
derived physiological assessment over wire-derived as- 
sessment are: (1) No requirement for a pressure wire and 
hyperemic agent; (2) Shorter procedure time; (3) Less 
patient discomfort; (4) Elimination of erroneous coro- 
nary pressure measurement by pressure wire; (5) Post- 
stenting FFR/iFR value can be assumed at baseline, which 
facilitate the PCI planning; and (6) Analyses can be per- 
formed at the time of the diagnostic procedure as well as 
post-procedure. 

Currently, four technologies are commercially available 
for the angiography-derived physiological assessment: 
Quantitative Flow Ratio (QFR) (Medis Medical Imaging 
System, Leiden, the Netherlands, and Pulse Medical Imag- 
ing Technology, Shanghai, China); FFR angio (CathWorks, 
Kefar Sava, Israel); vessel FFR (Pie Medical Imaging, 
Maastricht, the Netherlands); and caFFR (RainMed Ltd., 
Suzhou, China) ( Table ). 

Among those software packages, QFR is the most well 
studied one so far. A systematic review and Bayesian 
meta-analysis indicated that the diagnostic performance 
of angiography-derived FFR does not differ between 
methods for computation (computational fluid dynamics 
vs. mathematical formula), type of analysis (online or of- 
fline analysis), or software packages. 5 The major limita- 
tion of angiography-derived FFR is thus far the lack of 

robust evidence in terms of clinical benefits that should 
be based on a prospective large randomized controlled 
tr ial (RCT) compar ing established PCI strategies. How- 
ever, the ongoing large RCTs (FAVOR III China, and FA- 
VOR III EJ,) are expected to clarify the clinical efficacy of 
the angio-based physiological assessment. Another limi- 
tation is the requirement of two different projections to 
create a 3D vessel model, which could limit the utility of 
the technology especially in case of a retrospective anal- 
ysis. 

The current Angio-iFR software is unique in that the al- 
gorithm uses an electrical lumped parameter model; the 
angiographic simulation is based on one projection with 
short computation time of few seconds. This fast calcula- 
tion is achieved by the in-depth background calculation 
and interpretation of the cine angiography. Among cur- 
rently available angiography-derived physiological assess- 
ment software packages, the measurement of QFR takes 
on average 5 minutes for computation, 16 , 17 whereas 
caFFR requires 4.54 minutes. 18 FFRangio requires 2.7 
minutes of computational time, without including man- 
ual processing time as well as data transfer. 19 

In addition, time to find another optimal projection 
for 3D vessel model reconstruction and additional set- 
tings (for example, caFFR requires a disposable pres- 
sure sensor for each study) was not included in those 
computational time, which might require additional few 
minutes. Of note, Tu S, et al. recently reported that 
development of a novel single-projection-derived QFR 
( µQFR) taking into account the side branches with 
the Murray law, which showed a substantially shorter 
computational time (67 ±22 seconds) than current 
available software ( Table ). 20 , 21 It would be of true 
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OBL/ASC: Cath patient

Hospital

FFRangio

PCI/CABG

Negative

Positive

Home

Advantages:
-No anticoagulation required for 
diagnosis
-No wire needed for diagnosis
-No hyperemic agents
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Summary

CCTA has Guideline backing and payors are following: It is here to stay
Noninvasive coronary physiology and FFRangio are disruptive
Correlation of FFRct and FFRangio to invasive FFR is impressive: more data to come
Diagnostic angiography is at risk, NOT revascularization
Could lead to major improvements in work efficiency
Could lead to significant cost-savings over the mid- to long-term
Will make us better cardiologists
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Thank you!


