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Abstract

Background: Measurement of fractional flow reserve (FFR) is the gold standard for determining the
physiologic significance of coronary artery stenosis, but newer software programs can calculate the FFR
from 2-dimensional angiography images.

Methods: A retrospective analysis was conducted using the records of patients with intermediate coronary
stenoses who had undergone adenosine FFR (aFFR). To calculate the computed FFR, a software program
used simulated coronary blood flow using computational geometry constructed using at least 2 patient-
specific angiographic images. Two cardiologists reviewed the angiograms and determined the computational
FFR independently. Intraobserver variability was measured using k analysis and the intraclass correlation
coefficient. The correlation coefficient and Bland-Altman plots were used to assess the agreement between
the calculated FFR and the aFFR.

Results: A total of 146 patients were included, with 95 men and 51 women, with a mean (SD) age of 61.1
(9.5) y. The mean (SD) aFFR was 0.847 (0.072), and 41 patients (27.0%) had an aFFR of 0.80 or less. There was
a strong intraobserver correlation between the computational FFRs (r = 0.808; P < .001; k = 0.806; P < .001).
There was also a strong correlation between aFFR and computational FFR (r = 0.820; P < .001) and good
agreement on the Bland-Altman plot. The computational FFR had a high sensitivity (95.1%) and specificity
(90.1%) for detecting an aFFR of 0.80 or less.

Conclusion: A novel software program provides a feasible method of calculating FFR from coronary angi-
ography images without resorting to pharmacologically induced hyperemia.
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Introduction

ractional flow reserve (FFR) measurement is used in interventional cardiology to determine the physiologic
significance of coronary artery stenosis and to eliminate the discrepancy between anatomy and physiology."*
Patients with coronary artery disease (CAD) who have an FFR greater than 0.8 are typically considered for
conservative medical treatment, and those with an FFR of 0.8 or less benefit from revascularization.’ Despite the
valuable diagnostic yield of the FFR in patients with CAD, it is not widely used because of its expense and the tech-
nical difficulties and longer procedural time involved.** Yet FFR-guided percutaneous coronary intervention (PCI)
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yields better clinical outcomes and lowers costs for the
healthcare system, a particular concern in developing
countries.”*

Traditionally, FFR has been measured by inducing
hyperemia via coronary administration of adenosine
(@FFR) and contrast media.’ In recent years, computed
tomography (CT)-derived FFR has been introduced
as a useful noninvasive method of computational FFR
measurement. However, it requires patients to undergo
an additional procedure when they may already have
coronary angiography results available or when they
may already be scheduled for percutaneous coronary
intervention.”"? Therefore, interpretation of coronary
angiography images for FFR measurement is of great
value. The feasibility of using nonhyperemic images
for frame counting and computing FFR has been
demonstrated before.”” However, some data show that
computing FFR using noninvasive 2-dimensional (2D)
quantitative coronary angiography is feasible' because
of advances in digital programming and processing of
angiography images. A previous article described testing
of a computational model for measuring FFR nonin-
vasively using angiographic images.” This study aimed
to retrospectively validate the FFR values derived from
software that used 2D coronary artery angiography im-
ages in patients with CAD against aFFR measurements
obtained during coronary angiography, and to assess the
diagnostic performance of this modality.

Patients and Methods

Study Population

Patients who underwent coronary angiography at Imam
Khomeini Hospital or Bahman Hospital in Tehran be-
tween March 2017 and March 2019 were eligible for
study inclusion. The sample size was calculated based
on the results of a previous study with an estimated
sensitivity of 74%, specificity of 99%, and prevalence
of 33% for an FFR of 0.80 or lower.” All patients were
candidates for FFR measurement, according to the
judgment of their interventional cardiologist, because of
borderline angiographic lesions in the coronary arteries.
All patients were age 19 years or older and underwent
elective coronary angiography with aFFR measurement.
The exclusion criteria were a history of revascularization
(by either percutaneous coronary angiography or coro-
nary artery bypass graft surgery), a history of valvular
disease or valvular surgery, and low-quality angiograph-
ic images. The institutional research board and the
medical ethics committee of Imam Khomeini Hospital
Complex and the board of directors at Bahman Hos-
pital approved the study’s protocol IR TUMS.IKHC.
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Abbreviations and Acronyms

2D 2-dimensional

3D 3-dimensional

aFFR adenosine fractional flow
reserve

CAD coronary artery disease

cFFR computational fractional flow
reserve

CT computed tomography

dia diameter

FAST fractional flow reserve
angiographic scoring tool

FFR fractional flow reserve

hype hyperemia

Pa pressure of the aortic root

Pd arterial pressure distal to the
area of stenosis

TFC Thrombolysis in Myocardial
Infarction frame count

TIMI Thrombolysis in Myocardial

Infarction

REC.1397.005). Based on institutional routine, all par-
ticipants signed written informed consent at the time of
hospital admission that permitted the anonymous use
of their clinical data for research purposes.

Measurements

A detailed history and physical examination were ob-
tained after admission. Each patient’s medical history,
medications, comorbidities, and presence of cardiovas-
cular risk factors—including hypertension, diabetes
mellitus, hyperlipidemia, and smoking—were recorded.

Angiography

Angiography was performed in the catheterization
laboratory at both centers by the same cardiologist, using
similar standard protocols. All angiographic procedures
were performed via femoral access by an expert
interventionist. Patients were assessed physiologically
before intervention, and then intracoronary nitroglycerin
(25-200 pg) and intravenous unfractionated heparin
(100 IU/kg) were injected. The guiding catheter was
placed in the relevant coronary artery, and a 0.014
pressure wire was advanced distal to the area of stenosis;
the arterial pressure distal to the coronary stenosis and
the aortic root pressure were measured to calculate their
ratio. Intravenous adenosine was injected to induce
hyperemia, and aFFR was measured. A default FFR
value of less than 0.8 was used to select stenoses for
intervention.
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Calculation of Noninvasive FFR

A single x-ray angiography image was selected for each
patient to determine the size of the coronary stenosis.
The external diameter of the contrast-filled catheter (5F
or 6F) was used as the calibration standard for the right
and left coronary arteries. The projection demonstrat
ing the stenosis with the least foreshortening was used,
and the stenosis diameter, lesion length, distal diam-
eter, and proximal diameter in the end-diastolic frame
were manually selected using DICOM viewer software
(MicroDicom Ltd). To convert pixel size to mm, a scal-
ing factor was determined. Angiography was performed
using manual injection of contrast dye, and images were
acquired digitally at the speed of 15 frames/s.

The Thrombolysis in Myocardial Infarction (TIMI)
frame count (TFC) was used to assess flow across the
stenotic region in the angiographic images. Using the
TFC method, the number of frames required for the dye
to reach a distal landmark was counted. The contrast
transport time in the target branch of the coronary
artery was calculated using rest projections based on
the TFC. The mean flow rate at rest was derived using
the mean length of the coronary artery divided by the
contrast transport time, multiplied by the reference
cross-sectional area.

Maximum hyperemia was simulated by modeling the
resistance-reducing effect of adenosine on the down-
stream coronary arteries. Wilson et al showed that, for
arteries in which the resistance would be expected to be
minor (both at rest and during hyperemia), total coro-
nary resistance at maximum hyperemia falls to 0.21
times the resting value with intravenous administration
of 140 mg/kg/min of adenosine."

The force driving blood flow is the pressure gradient
in the coronary artery. Mean arterial pressure, which

FFR Estimation via Coronary Angiography

represents the average pressure over the cardiac cycle,
is responsible for driving blood into the distal vessels
and ultimately into the tissues. The model selected a
diastolic pressure of 80 mm Hg, a systolic pressure of
120 mm Hg, and a heart rate of 70/min for all patients.

The analytical model used to calculate FFR was de-
rived from energy conservation and considered the con-
vection and diffusive energy losses as well as the energy
loss caused by sudden constriction and expansion in the
lumen area. The model captured the relation between
pressure drop across a vessel and blood flow through it.
Under the assumptions that the flow is steady (laminar
flow) and the vessel is rigid and uniform, resistance can
be quantified using steady law, which relates resistance
to the geometry (length and radius) of the vessel and the
blood viscosity. A detailed description of the mathemati-
cal model and computational method of the software
used in this study has been published elsewhere.® An
example of computational FFR measurement using the
study software is depicted in Figure 1.

Two cardiologist researchers reviewed the angiograms
and independently measured computational FFR val-
ues. They were unaware of each other’s findings. The
computational FFRs were compared to measure the
intraobserver variability, and the mean computational
FFR was used for validation. The computational FFR
values were compared with the measured aFFR values.

Statistical Analysis

Continuous variables were described as the mean (SD).
The Kolmogorov-Smirnov test was used to test the nor-
mality of continuous data. Categorical variables were
described as frequency (percentage). The intraobserver
correlation of the computational FFR measurements
and the correlation between the mean computational

A 1204 - -~ - -

100 H

Aortic Pressure, mm Hg

(0]
o
|
|

— — — Systolic Pressure |120

<——1 Cardiac Cyc|e—>

Heart Rate |70

Aortic Pulse Pressure

Time

The Texas Heart Institute Journal ® 2023, Vol. 50, No. 1

https://doi.org/10.14503/THIJ-20-7410  3/8

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-09



Sadeghian, et al FFR Estimation via Coronary Angiography

7277
e

Frame 0 Frame 1 Frame 2 Short Conventional
Angiography Device Frame Number  Coronary Arteries
# 15 frame /s " 25 frame/s © 30 frame/'s @ Left Anterior Descending (LAD)

' Left Circumflex Artery (LCX)

Timi Frame Count (Rest) |1 5 Timi Frame Count (Hype) C Right Coronary Artery (RCA)

Catheter Diameter |(2.5

[ French Catheter Scale

& 5 French ' 6 French © 7 French

_ - ~ Result
Proximal Diameter [3.25 Distal Diameter [2.74 e
Area Stenosis (%)

Stenosis Dia (SD1) |1.63 Lesion Length |9.36 |72 42 |Significant

Stenosis Dia (SD2) Il .86

Diameter Stenosis (%)

47.49 |Borderline

Assessment

The Texas Heart Institute Journal * 2023, Vol. 50, No. 1 https://doi.org/10.14503/THIJ-20-7410  4/8
http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-09



Sadeghian, et al

D

State

FFR Estimation via Coronary Angiography

70

Pd mean

0.72

Fig. 1 A sample computation of FFR using the study software; A) mean arterial pressure is calculated for all patients using
a diastolic pressure of 80 mm Hg, systolic pressure of 120 mm Hg, and a heart rate of 70; B) The number of frames required
for the dye to reach a distal landmark is counted, and the contrast transport time in the target coronary artery branch during
hyperemia is calculated based on the rest projections using the TFC method; C) An angiographic image from each patient
is selected for calculating coronary stenosis; the external diameter of the contrast-filled catheter (eg, 5F, 6F) is used as the
calibration standard for the right and left coronary arteries, and a scaling indicator is used to convert pixels to mm; D) FFR is

calculated using the study software.

Dia, diameter; FFR, fractional flow reserve; hype, hyperemia; Pa, pressure of the aortic root; Pd, arterial pressure distal to the
area of stenosis; TFC, Thrombolysis in Myocardial Infarction frame count; TIMI, Thrombolysis in Myocardial Infarction.

FFR and the aFFR were calculated using Spearman’s
correlation analysis. A K analysis and the intraclass cor-
relation coefficient were used to test agreement between
the 2 observers. Bland-Altman plots were used to assess
the agreement between the computational FFR and
aFFR. Sensitivity, specificity, positive predictive value,
and negative predictive value for computational FFR
were calculated. Statistical analyses were performed
using SPSS software, version 21.0 (IBM) and Med-
Calc software, version 13.3.3.3 (MedCalc Software).
A Pvalue of less than .05 was considered statistically
significant.

Results

A total of 621 patients underwent FFR measurement
at the study centers during the relevant time frame;
528 patients met study criteria, and 146 were selected
at random for study inclusion. The mean (SD) patient
age was 61.1 (9.5) years; 95 patients (65.1%) were men
and 51 patients (34.9%) were women. Patients’ general

The Texas Heart Institute Journal ® 2023, Vol. 50, No. 1

characteristics and frequency of classic cardiovascular
risk factors are described in Table I.

The most common culprit vessel was the left ante-
rior descending artery (79.6%), followed by the right
coronary, circumflex, and left main coronary arteries.
The mean (SD) aFFR was 0.847 (0.072), and 41 pa-
tients (27.0%) had an FFR of 0.80 or less (Table II).
There was a strong correlation between the indepen-
dently measured computational FFRs (r = 0.808; /<
.001). The K statistic for the operators was 0.806 (<
.001), demonstrating excellent agreement. The intra-
class correlation coefficient for the operators was 0.912
(95% CI, 0.879-0.936). There was a strong correlation
between the aFFR and the computational FFR (r =
0.820; < .001). The Bland-Altman plot also showed
good agreement between the 2 methods (Fig. 2). The
software-derived computational FFR based on coronary
angiography images had a high sensitivity (95.1%) and
specificity (90.1%) for detecting an aFFR of 0.80 or less
(Table III).
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TABLE I. General Characteristics of the
Study Population

Characteristic Value (N = 146)

FFR Estimation via Coronary Angiography

TABLE lll. Diagnostic Performance of Software-
Derived Noninvasive Flow Ratio Using Coronary
Angiography for Predicting Fractional Flow
Reserve <0.8

Age, mean (SD), y 61.1(9.5) Characteristic Value, % (95% CI)
Male / female sex, No. (%) 95 (65.1) /51 (34.9) Sensitivity 95.1 (82.1-99.1)
Diabetes mellitus, No. (%) 30 (20.5) Specificity 90.1 (82.5-94.7)
Dyslipidemia, No. (%) 16 (10.9) Positive predictive value 78.0 (63.6-88.0)
Hypertension, No. (%) 31(21.2) Negative predictive value 98.0 (92.4-99.6)
Smoking, No. (%) 22 (15.0) Diagnostic accuracy 91.4 (85.8-95.3)
TABLE Il. Angiographic Characteristics and
Values of Conventional and Software-Derived 02
Fractional Flow Reserve
o
Characteristic Value (N = 146) o . ° ° ° +1.96 SD
Culprit vessel, No. (%) % o © . 3 oo s0,0 0 0.09
LAD 121 (79.6) nI: o ©° oL o00
O 0O O O O 000 O O
RCA 2’] (']38) LLll: L9} OO Q VO O O o0 Mean
c 00F o %0 ° o500 b ° 0.02
LCX 7 (46) ° ° o0 O OOOO OOCQQODOO °
o
LM 3(2.0) ° °  a . ° -1.96 SD
] o O _O 06
FFR, mean (SD), % 0.847 (0.072) —01 :
. 1 L 1 L 1 L 1 L 1 L 1
FFR <0.8, % 41 (27.0) 0.6 0.7 0.8 0.9 1.0 1.1
Noninvasive FFR, operator 1, mean Mean of aFFR and cFFR
(SD), % 0.826 (0.080)
Noninvasive FFR <0.80, operator 1 47 (30.9) Fig. 2 The Bland-Altman graph uses the mean values
Noni Ve FFR tor 2 for adenosine fractional flow reserve and noninvasive
onlr;vaswe » operator 2, mean (computational) fractional flow reserve; there is good
(SD), % 0.827 (0.087) .
correlation and agreement between the measurements.
Noninvasive FFR <0.80, operator 2 52 (34.2)
Noninvasive FFR, mean (SD), % 0.827 (0.081) aFFR, adenosine fractional flow reserve; cFFR,
) ) computational fractional flow reserve.
Noninvasive FFR <0.80, mean (SD) 50 (32.9)

FFR, fractional flow reserve; LAD, left anterior descending
artery; LCX, left circumflex artery; LM, left main coronary
artery; RCA, right coronary artery.

Discussion

Angiographic measurement of FFR is invasive and
poses technical and clinical difficulties.”"* Noninvasive
FFR calculation needs to implement various sophisti-
cated computational and mathematical methods; sev-
eral methods have been proposed to date. The obvious
advantage of all these methods is their feasibility in all
settings, their elimination of the need to use pressure
guide wires, and the reproducibility of their results. In
a previous simulation study, the computational model
used in the present study was tested in 85 patients with
stable CAD. The current study demonstrates the feasi-
bility and diagnostic performance of this software for

The Texas Heart Institute Journal ® 2023, Vol. 50, No. 1

measuring FFR noninvasively using coronary angio-
graphic images; this method is able to detect FFR with
high sensitivity and specificity.

Earlier studies in this field tried to use predictive
tools to improve both diagnostic power and selection
of intermediate lesions that require FFR measurement.
The FFR Angiographic Scoring Tool (FAST) uses 4
independent angiographic variables: quantitative coro-
nary angiography percentage-diameter stenosis, length
greater than 20 mm, stenosis haziness, and multivessel
disease.” A score of 2 or lower indicates FFR of 0.80
or less with a negative predictive value of 96.5% and a
sensitivity of 93.8%. Despite the validation of the FAST
score, its use requires extra effort and time from an ex-
pert to reach a definite diagnostic value. In 2014, Tu
et al” designed a model to calculate quantitative FFR
from 3-dimensional (3D) coronary angiography and
TFCs. This noninvasive method is able to diagnose an
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FFR of 0.80 or less with a diagnostic accuracy of 88%,
and there is a strong correlation between the quantita-
tive FFR and wired aFFR values (» = 0.81). However,
the relatively small number of participants in this study
limits conclusions about the sensitivity and specificity
of this method. Also, the method requires considerable
time for computing the FFR and should be performed
only by an expert cardiologist.

The same authors published a prospective multicenter
pilot study (FAVOR) comparing 3 different flow mod-
els for measuring quantitative FFR.* They found that
a contrast-flow quantitative flow ratio that does not
require pharmacologically induced hyperemia yields
results similar to those of aFFR and can potentially be
used to assess coronary lesions. Another study developed
and validated a virtual method for FFR measurement
using geometric vessel data from rotational coronary
angiography images.” The results indicate that FFR
can quickly be measured virtually on a personal com-
puter with high accuracy. Nevertheless, this method
requires complex measurements that are not available
at every facility and that are not cost-effective, includ-
ing rotational coronary angiography and measurement
of coronary microvascular resistance using an invasive
pressure wire.”” In one study, quantitative FFR was suc-
cessfully measured in 306 intermediate coronary lesions
using Suite XA/QAngio XA 3D/quantitative flow ratio
software (Medis Medical Imaging).” In this method, a
3D model of the target vessel was reconstructed from
2 angiographic projections to compute the quantitative
flow ratio. An FER of 0.80 or less was detected with a
sensitivity of 0.74 and specificity of 0.83.

A multicenter study of 301 patients (319 vessels) used
a methodology similar to that of the present study and
showed very high sensitivity and specificity for an-
giographic FFR, with a diagnostic accuracy of greater
than 90% for predicting the reference standard, aFFR .
Moreover, a recent quantitative meta-analysis showed
that quantitative FFR is a simple, useful, and noninva-
sive modality that can diagnose functionally important
intermediate coronary artery stenoses with a sensitivity
of 0.89 and specificity of 0.88.* The results of the pres-
ent study are in line with all the above studies and show
that noninvasive FFR measurement in patients with
stable CAD is feasible and reliable.

Another noninvasive modality that can assess
FFR based on computational fluid dynamics and
image-based modeling is CT angiography.>**»
However, CT-FFR does not perform well with
advanced and calcific coronary lesions, previously
implanted stents, arrhythmias, inadequate image
quality, or motion artifacts.’>** Moreover, it is not
available everywhere, and the interpretation and use of
CT images requires considerable expertise. Therefore,

The Texas Heart Institute Journal ® 2023, Vol. 50, No. 1
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precise image processing, elimination of artifacts, and
acquisition of necessary data for computation are of great
importance in computational FFR measurement from
angiogram images. The method used in the present
study uses computational fluid dynamics derived from
2D images of conventional coronary angiography
without induction of pharmacologic hyperemia. Data
regarding the superiority of angiographic images for
FFR computation are still limited; only 1 prior study
has shown that 1-dimensional blood flow models
derived from intravascular ultrasonography can provide
an accurate and quick prediction of FFR compared
with the 3D simulations provided by CT images.”
More studies are required to compare noninvasive FFR
measurements derived from angiography images and

CT images.

Study Limitations

This was a retrospective study, and the angiograms were
acquired for clinical diagnostic purposes, not research
purposes. The quality of the angiograms was not sat-
isfactory in a few instances, as they were not recorded
according to noninvasive FFR image acquisition guide-
lines. Therefore, a prospective study with professional
standards for obtaining high-quality angiographic
images is needed before this technology is ready for
widespread use. The validity of this study method for
assessing coronary arteries with venous grafts, previ-
ously revascularized arteries, and other anatomical vari-
ances is unknown. The time required for operators to
measure FFR using the study software was not recorded
but was less than 10 minutes for the well-trained opera-
tors. The results of this study are preliminary and need
to be validated by larger studies.

Conclusion

The software program used in this study provides a fea-
sible and rapid method of computing FFR from coro-
nary angiography images without pharmacologically
induced hyperemia. These results build on the body of
reliable evidence for the practicality of computational
FFR measurement using 2D coronary angiographic
images. However, more studies are required before this
method can be used in routine practice. Collaboration
between all scientists in this field, and pooling of avail-
able data, can lead to the development of a globally ap-
proved software program.
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