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Abstract

Aims: Despite the fact that fractional flow reserve (FFR) is better than angiography in guiding PCI, in the real

KEYWORDS

world the choice to perform PCI is generally based on angiography. Three-dimensional quantitative coronary

e cross-sectional
stenosis

o fractional flow
reserve

¢ jeopardised
myocardium

¢ quantitative

angiography (3D-QCA) may increase the accuracy of angiography, especially in intermediate coronary artery
stenosis (ICAS). The aim of the study was to assess the best cut-off values of area stenosis % (AS%) and the
extent of jeopardised myocardium for predicting FFR and for excluding the need to perform FFR.

Methods and results: FFR, AS% and Myocardial Jeopardy Index (MJI) were assessed in 211 ICAS. MJI
(B=-0.36; p=0.001), AS% (p=-0.35; p=0.001) and presence of a chronic total occlusion (CTO) (p=-0.15;
p=0.01) were independent predictors of FFR. In patients without CTO (174 lesions), the best cut-offs for the
detection of FFR <0.80 for AS% and MJI were 61% (AUC=0.76; p<0.001) and 30% (AUC=0.71; p<0.001),
respectively. More importantly, the cut-offs of AS% safely to exclude (100% sensitivity) an FFR <0.80 were
40% (AUC=0.85, p<0.001) for an MJI >30% and 50% (AUC=0.70, p<0.04) for an MJI <30%, respectively.

coronary
angiography

Conclusions: AS%, MIJI and the presence of a CTO predicted FFR values. 3D-QCA in addition to MJI
allows the safe exclusion of FFR <0.80, limiting FFR assessment to doubtful cases with considerable reduc-
tion of costs.
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FFR, 3D-QCA and MJI in the evaluation of intermediate coronary artery stenosis

Abbreviations

AS% percentage area stenosis
CTO chronic total occlusion

DS% percentage diameter stenosis

FFR fractional flow reserve

ICAS intermediate coronary artery stenosis
MJl Myocardial Jeopardy Index

MLA minimal lumen area

MLD minimal lumen diameter

PV% percentage plaque volume
3D-QCA three-dimensional quantitative coronary angiography

Introduction

Fractional flow reserve (FFR), which is derived from the ratio
between distal and proximal pressures under conditions of maximal
hyperaemia, has progressively emerged as a powerful tool to iden-
tify ischaemia-inducing lesions and to guide PCI'2.

Despite the relative increase of FFR-guided PCI, in everyday
practice the vast majority of decisions about coronary revascu-
larisation are taken on visual estimation of angiography?, which
relies on subjective evaluation by the operator and often overes-
timates stenosis severity in comparison to quantitative coronary
angiography*.

Three-dimensional quantitative coronary angiography (3D-
QCA) uses standard images acquired during coronary angiogra-
phy to reconstruct a 3D model of a coronary artery by fusing two
or more orthogonal angiographic images®. 3D-QCA measure-
ments can be performed on existing standard coronary angiography
images without the need for additional time or equipment during
the procedure and could potentially overcome some well-known
limitations of standard angiography such as foreshortening®’ and
lesion eccentricity®. Consequently, 3D-QCA may increase the accu-
racy of angiography, especially in intermediate coronary artery ste-
nosis (ICAS), limiting FFR use only to doubtful cases. However,
the absence of standardised 3D-QCA lesion-related cut-off values
to guide PCI has limited its current use in the cathlab.

The aim of the present study was to assess the best cut-off values
of 3D-QCA parameters in predicting FFR in ICAS, particularly in
relation to the amount of jeopardised myocardium subtended by the
stenosis, which is known to affect the physiological significance of
coronary stenoses’.

Methods
PATIENTS
We retrospectively identified 225 consecutive patients in the FFR
database of two tertiary referral hospitals (Agostino Gemelli
Hospital, Catholic University of the Sacred Heart, Rome, Italy, and
John Radcliffe Hospital, Oxford, UK) with de novo evidence of at
least one angiographically identified ICAS (40% to 80% diameter
stenosis at visual estimation), who underwent FFR evaluation from
February 2010 to June 2012.

Clinical exclusion criteria were myocardial infarction within

seven days or prior myocardial infarction in the territory supplied

by the target vessel, severe valvular heart disease, acutely decom-
pensated chronic heart failure or advanced renal failure (estimated
glomerular filtration rate <30 ml/min). Angiographic exclusion cri-
teria were more than one ICAS within the target vessel (lesions
were considered separate if they were more than three reference
vessel diameters apart), lesions on left and right coronary ostia,
extremely tortuous coronary arteries, lack of two angiographic pro-
jections separated by >30°, coronary artery diffusely diseased with
no obvious angiographic reference segment and lesion located in
the bypass graft or distally to bypass graft anastomosis. In case
of intermediate stenosis located at the site of a true bifurcation
(Medina 1,1,1) or not involving the side branch (Medina 1,1,0 or
1,0,0 or 0,1,0), FFR and 3D-QCA analysis was performed on the
main branch. Isolated ostial lesions of the side branch (Medina
0,0,1) were excluded due to the inability to perform 3D-QCA for
the lack of a reliable proximal reference vessel.

From a total of 225 patients, 15 patients were excluded for clini-
cal exclusion criteria and 27 were excluded due to the inability to
perform 3D-QCA analysis. Thus, 183 patients for a total of 211
ICAS were included in the analysis.

All patients gave their informed consent and all procedures were
performed in accordance with the Declaration of Helsinki.

ANGIOGRAPHIC ANALYSIS
Coronary angiography was performed by radial or femoral approach
in all patients using a non-ionic contrast medium. At least two dif-
ferent angiographic views differing by more than 30° were obtained
for each lesion assessed. Coronary stenoses were visually assessed
by two independent reviewers (AML and ARDC).

3D-QCA was performed off-line by two skilled angiographers
(ARDC and DL), who were blinded to FFR analysis, using ded-
icated 3D reconstruction software (CardiOp-B system; Paieon
Medical, Ltd, Rosh Ha’ayin, Israel). 3D-QCA analysis was per-
formed according to a standardised protocol described in detail
elsewhere!’. Proximal and distal reference vessel area, lesion
length, minimum luminal diameter (MLD), minimal lumen area
(MLA), percentage diameter stenosis (DS%), percentage area ste-
nosis (AS%), plaque volume and percentage plaque volume (PV%)

were measured.

FRACTIONAL FLOW RESERVE ANALYSIS

After visual assessment of coronary stenoses, the operator chose to
perform FFR in case of angiographic ICAS (see above) according
to a standardised protocol!, using a 0.014 inch pressure monitoring
guidewire (PressureWire™ Certus™; St. Jude Medical, St. Paul,
MN, USA, or PrimeWire®; Volcano Therapeutics, Inc., Rancho
Cordova, CA, USA). FFR was calculated as the lowest ratio of dis-
tal coronary pressure divided by aortic pressure after achievement
of maximal hyperaemia, obtained using intravenous or intracoro-
nary adenosine. The femoral or brachial vein was used for intra-
venous 140 pugkg'minute™ adenosine administration, and maximal
hyperaemia was assumed after at least 60 seconds in the presence
of stable systemic blood pressure decrease compared with baseline
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remaining for at least 10 beats. For intracoronary adenosine, incre-
mental boli of intracoronary adenosine (60 pg, 300 pg, and 600 pg)
were administered, with each dose given at least 60 seconds apart
from the previous one or after returning to baseline haemodynamic
conditions. The next (higher) dose was not administered in case of
atrioventricular block lasting >5 seconds, and intravenous adeno-
sine was used to induce maximal hyperaemia. Similarly, in case
of FFR values between 0.81 and 0.83 with 600 pg intracoronary
adenosine, FFR was re-tested using intravenous adenosine accord-
ing to our internal protocol'’. Finally, an FFR <0.80 was considered
abnormal.

QUANTIFICATION OF THE JEOPARDISED MYOCARDIUM
Quantification of the jeopardised myocardium was performed using
the Myocardial Jeopardy Index (MJI), which is the score showing
the best correlation with FFR®. In brief, the MJI is a well-validated
method, coming from the Bypass Angioplasty Revascularization
Investigation group, to calculate jeopardised myocardium based
on the size and the distribution of the coronary arteries, and it is
described in detail elsewhere'?. Figure 1 sums up the main steps of
the methods adopted in a typical case.

STATISTICAL ANALYSIS
Continuous variables were expressed as mean and (%) stand-

ard deviation (SD) or as median accompanied by interquartile

range (IQR), as appropriate. Normal distribution was tested by
the Shapiro-Wilk test. Common logarithmic transformation was
applied in order to allow the use of parametric tests. After transfor-
mation, a paired samples t-test was performed to compare continu-
ous variables. Categorical variables were expressed as percentages
and analysed using Fisher’s exact test, as appropriate. Correlations
between MLA, AS%, PV%, lesion length, MJI and FFR values
were assessed by Pearson’s r correlation coefficient.

In order to identify the main independent predictors of FFR val-
ues, a linear logistic regression model was used. Initially, a uni-
variate exploratory analysis was performed, comparing 3D-QCA
parameters with variables potentially related to FFR, including
the presence of a coronary chronic total occlusion (CTO), MJI,
diabetes mellitus, hypertension, and acute coronary syndrome® 3.
Of note, MLA, MLD and DS% were not considered in the model
because they are strictly related to AS%. Afterwards, only those
variables with a probability value <0.05 were entered en bloc
into the multivariate model, with age and gender as background
variables.

Receiver operating curves (ROC) were analysed to assess the
best cut-off values of MJI, AS% and MLA which predicted an FFR
value <0.80 with maximal accuracy. The optimal cut-off was calcu-
lated using the Youden index. For each cut-off value the sensitivity,
specificity, positive predictive value and negative predictive value

were calculated.
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Figure 1. Main steps of methods adopted in the study. At the top of the Figure there are the projections for LAD, Cx and RCA used for
calculation of MJI. The intermediate stenosis is highlighted by a yellow arrow. The first two projections, with red borders, were used for 3D
reconstruction and measurement of MLA and AS% (bottom of the Figure, left side). At the bottom of the Figure, right side, the FFR value

obtained for the index lesion is reported.
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All the statistical analysis, with the exception of receiver
operating curve analysis (performed using MedCalc; MedCalc,
Mariakerke, Belgium), was performed using SPSS 17.0 (SPSS,
Inc., Chicago, IL, USA) and p-values <0.05 were considered sta-
tistically significant.

Results
PATIENT AND LESION CHARACTERISTICS
FFR and 3D-QCA were calculated on 211 ICAS in 183 patients. The
main clinical characteristics of patients are summarised in Table 1.
Angiographic and 3D-QCA data of the 211 intermediate stenoses are
subdivided according to a cut-off FFR value < or >0.80 in Table 2.
The extent of jeopardised myocardium expressed as MJI was sig-
nificantly higher in ICAS presenting an FFR value <0.80 than in
those with an FFR value >0.80 (37.0% [27.0-43.0] vs. 26.0% [21.0-
36.0], p<0.001) (Table 2).
Ofnote, 17.5% ofall ICAS was detected in patients with evidence
of'a collateralised CTO and, interestingly, CTO occurrence was sig-
nificantly higher in patients with ICAS presenting an FFR value

Table 2. Angiographic and 3D-QCA data.
Total (211 lesions)

Angiographic data

Table 1. Clinical characteristics of patients.

Age, years 64.0 (58.0-72.0)
Male 139 (76.0)
Diabetes mellitus 51 (27.9)
Hypertension 31 (22.4)
Smoker 152 (83.0)
Dyslipidaemia 71 (38.8)
Family history 129 (70.5)
Previous percutaneous coronary intervention 104 (56.8)
Clinical manifestation

Chronic stable angina 143 (79.1)

Unstable angina 40 (20.9)

<0.80 than in those with an FFR value >0.80 (30.0% vs. 12.5%,
p=0.003). Among all 3D-QCA parameters, MLD, MLA, DS%,
AS% and PV% significantly differed in ICAS with an FFR value
<0.80 in comparison to those with an FFR value >0.80 (Table 2).

FFR <0.80 (60 lesions) | FFR >0.80 (151 lesions)

Proximal LAD 60 (28.5) 27 (45.0) 33(21.8)
Mid LAD 88 (41.7) 24 (40.0) 64 (42.4)
Distal LAD 6 (2.8) 3(5.0) 3(2.0)
Proximal LCx 29 (13.7) 4 (6.6) 25 (16.5)
Mid LCx 7 (3.3) 1(1.7) 6 (4.0) 0.09
Distal LCx 5(2.4) 0 (0.0) 5 (8.3
Proximal RCA 5(2.4) 1(1.7) 4 (3.9)
Mid RCA 11 (5.2) 0 (0.0) 11 (6.1)
Distal RCA 0 (0.0) 0 (0.0) 0 (0.0)
Number of vessel disease (including vessel with ICAS)
One-vessel disease 169 (80.1) 53 (88.3) 116 (76.8)
Two-vessel disease 33 (15.6) 6 (10.0) 27 (17.9) 0.21
Three-vessel disease 9(4.3) 1(1.7) 8 (5.3)
MJI, median (IQR) 29.0 (21.0-39.0) 37.0(27.0-43.0) 26.0 (21.0-36.0) 0.001
CTO presence 37 (17.5) 18 (30.0) 19 (12.5) 0.003

3D-QCA data

Proximal reference lumen area mm? 2.8 (2.3-3.2) 2.8 (2.2-3.1) 2.8 (2.3-3.3) 0.64
Distal reference lumen area mm? 1.5(1.9-2.9) 2.4 (1.9-2.8) 2.5(1.9-2.9) 0.56
MLD mm 1.5(1.2-1.7) 1.3(1.1-1.6) 1.6 (1.3-1.8) <0.001
MLA mm? 1.7 (1.2-2.7) 1.3(1.0-1.8) 2.2 (1.4-2.9) <0.001
DS% 49.0 (43.0-57.0) 55.0 (49.0-62.0) 48.0 (41.0-54.0) 0.003
AS% 59.0 (560.0-66.0) 66.0 (58.5-75.5) 56.0 (49.0-63.0 <0.001
LL mm 17.4 (12.7-23.9) 17.6 (9.5-20.6) 17.3 (8.9-22.6) 0.24
PV mm3 24.0 (14.7-43.7) 24.0 (19.4-42.4) 24.7 (12.3-43.9) 0.26
PV% 32.0 (24.0-38.0) 34.0 (24.5-43.0) 31.0 (23.0-37.0) 0.03

quantitative coronary angiography

AS%: percentage area stenosis; CTO: chronic total occlusion; DS%: percentage diameter stenosis; FFR: fractional flow reserve; ICAS: intermediate
coronary artery stenosis; LAD: left anterior descending; LCx: left circumflex; LL: lesion length; MJI: Myocardial Jeopardy Index; MLA: minimal lumen
area; MLD: minimal lumen diameter; PV: plaque volume; PV%: percentage plaque volume; RCA: right coronary artery; 3D-QCA: three-dimensional
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CORRELATIONS OF FFR WITH 3D-QCA PARAMETERS AND
WITH THE EXTENT OF JEOPARDISED MYOCARDIUM

In the 211 ICAS, FFR values were significantly correlated to
3D-QCA parameters of stenosis severity (MLD: r=0.27, p<0.001;
MLA: r=0.36, p<0.001; DS% r=-0.45, p<0.001; AS%: r=-0.38,
p<0.001; PV%: r=-0.22, p=0.002) (Figure 2, Table 3). Correlations
between FFR values and 3D-QCA parameters were not significant
in the 37 ICAS with a concomitant presence of a collateralised CTO
(Online Figure 1, Table 3), being, on the contrary, significant in
the 174 ICAS without a concomitant presence of a collateralised
CTO (Figure 3, Table 3). This was evident despite no differences
being observed in terms of diameter stenosis, MLA, AS%, lesion
length, PV and PV% between lesions with and without a simultane-
ous presence of a collateralised CTO (data not shown).

In the 211 lesions FFR values were also significantly correlated
with the MJI (r=-0.38, p<0.001), and this correlation remained sig-
nificant both in patients with CTO (r=-0.44, p=0.007) and without
CTO (r=-0.38, p<0.001) (Figure 4, Table 3).

At multivariate analysis only the MJI (f=—-0.36; p=0.001), AS%
(B=-0.35; p=0.001) and the presence of a concomitant collateral-
ised CTO (B=-0.15; p=0.01) were independent predictors of FFR,
explaining 32% of its variability (R>=0.32; p=0.001) (Table 4).
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Table 3. Correlation coefficients hetween 3D-QCA parameters and
MJI with FFR.
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All patients (211 0"“.’ S No CTO patients
lesions) patients (174 lesions)
(37 lesions)

MLD 0.27 | <0.001| 0.21 0.06 0.27 | <0.001
DS% -0.45 | <0.001 | -0.20 0.08 -0.44 | <0.001
MLA 0.36 | <0.001| 0.21 0.08 0.35 | <0.001
AS% -0.38 0.002 | -0.22 0.19 -0.45 | <0.001
PV% -0.22 | <0.001 | -0.11 0.52 -0.24 0.001
LL 0.10 0.07 | -0.08 0.64 -0.14 0.07
RVD 0.04 0.61 0.15 0.40 0.11 0.88
PRLA 0.05 0.43 0.15 0.39 0.02 0.83
DRLA 0.09 0.21 0.20 0.25 0.06 0.45
MJI -0.38 | <0.001 | -0.44 0.007 | -0.38 | <0.001
AS%: percentage area stenosis; CTO: chronic total occlusion;
DRLA: distal reference lumen area; DS%: percentage diameter stenosis;
FFR: fractional flow reserve; LL: lesion length; MJI: Myocardial Jeopardy
Index; MLA: minimal lumen area; MLD: minimal lumen diameter;
PRLA: proximal reference lumen area; PV%: percentage plaque volume;
RVD: reference vessel diameter; 3D-QCA: three-dimensional quantitative
coronary angiography
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Figure 2. Correlations between 3D-QCA parameters and FFR in all 211 ICAS.
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Figure 3. Correlations between 3D-QCA parameters and FEFR in 174 ICAS after exclusion of ICAS with concomitant collateralised CTO.
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Figure 4. Correlations between MJI and FFR in all 211 ICAS, in 174 ICAS without concomitant collateralised CTO and in 37 ICAS with
concomitant collateralised CTO.
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Table 4. Multivariable analysis for independent factors affecting FFR.

Beta
coefficient

p-value

coefficient |7 e

Fractional flow reserve

Age 0.10 0.15 0.07 0.26
Male sex 0.15 0.03 0.09 0.14
Diabetes mellitus -0.02 0.77 - -
Hypertension —0.02 0.78 - -
Acute coronary syndrome -0.06 0.36 - -
Lesion length -0.13 0.05 -0.11 0.06
Area stenosis % —0.39 0.001 | -0.35 0.001
Plague volume % -0.17 0.01 —-0.05 0.51
Myocardial Jeopardy Index —0.32 0.001 | -0.36 0.001
Chronic total occlusion presence -0.21 0.002 | -0.15 0.01

AS%: percentage area stenosis; CTO: chronic total occlusion; DRLA: distal reference lumen
area; DS%: percentage diameter stenosis; FFR: fractional flow reserve; LL: lesion length;
MJI: Myocardial Jeopardy Index; MLA: minimal lumen area; MLD: minimal lumen diameter;
PRLA: proximal reference lumen area; PV%: percentage plaque volume; RVD: reference
vessel diameter; 3D-QCA: three-dimensional quantitative coronary angiography

ROC CURVE ANALYSIS

In the 211 lesions at ROC curve analysis for detection of an FFR
value <0.80, AS% presented an area under the curve (AUC) of 0.76
(95% CI: 0.69-0.81; p<0.001), with a 78% sensitivity and 66%
specificity, at a cut-off value of >60% (Online Figure 2). MLA had

an AUC of 0.76 (95% CI: 0.70-0.82; p<0.001), with a 90% sensi-
tivity and 57% specificity at a cut-off value of <2.0 mm? (Online
Figure 3). Finally, MJI had an AUC of 0.71 (95% CI: 0.64-0.77,
p<0.001), with a 75% sensitivity and 62% specificity at a cut-off
value of >30% (Online Figure 4).

Since in ICAS with the concomitant presence of a CTO no correla-
tion between FFR and 3D-QCA parameters was found, ROC analysis
for AS%, MLA and MJI was repeated on 174 intermediate lesions with-
out a concomitant collateralised CTO. Of note, AUC values increased
for both AS% (0.83 [95% CI: 0.76-0.88; p<0.001]) (Online Figure 5)
and MLA (0.79 [95% CI: 0.73-0.85; p<0.001]) (Online Figure 6) with
improved sensitivity and specificity, while no changes were observed
for MJI (0.70 [95% CI: 0.61-0.76; p<0.0017]) (Online Figure 7).

Finally, since AS% presented the highest AUC for the detection
of FFR <0.80, ROC analysis was repeated for AS% after divid-
ing the 174 lesions without CTO according to an MJI score >30 or
<30% (cut-off value obtained from the previous ROC analysis). In
both subgroups (MJI >30% and MJI <30%) an AS% cut-off value
with a 100% sensitivity was calculated: in the subgroup of lesions
with an MJI >30%, AS% presented an AUC of 0.85 (95% CI: 0.75-
0.92; p<0.001), with a 100% sensitivity and 16% specificity, at a
cut-off value of >40% (Figure 5). Conversely, in the subgroup of
lesions with-an MJI <30%, AS% presented an AUC of 0.70 (95%
CI: 0.56-0.77; p=0.04), with a 100% sensitivity and a 32% specific-
ity, at a cut-off value of >50% (Figure 6).

AS% in MJI 230%

1,00-\ . e R:-0.58, p<0.001

U 0y o o 100
0.90 . . . go_:
. ; ° 2 5]
= 080 R 2 ] AUC 0.85

e 2 104 95% Cl: 0.75-0.92
0.70d ‘e, a1 p<0.001
' * . o 20 | Criterion >40%
o 1 Sensitivity 100%
0.604 o . . oI Specificity 13%
20 420 60 80 A A
AS% 100 - Specificity
Ml >30%
40%
AS% cut-off value to predict FFR <0.80
with sensitivity 100%, specificity 13%, NPV 100% and PPV 39%
in absence of CTO
‘ 84 Total lesions ‘
| 7 with AS% <40% | 77 with AS% >40% |
7(100%) 0(0%) 47 (61%) 30 (39%)
with FFR >0.80 with FFR <0.80 with FFR >0.80 with FFR <0.80

Figure 5. Best AS% cut-off value in ICAS subtending an MJI >30% for prediction of FFR >0.80 with a 100% sensitivity and 100% positive
predictive value. Scatter plot (on the left) shows as AS% >40%, obtained from ROC analysis (on the right), allowing the exclusion of cases
with FFR <0.80 below this cut-off. The chart (at the bottom) shows sensitivity, specificity, NPV and PPV by the application of this cut-off.

NPV: negative predictive value; PPV: positive predictive value
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NPV: negative predictive value; PPV: positive predictive value

Discussion

In the present study we aimed to assess the correlation between
3D-QCA parameters and FFR values, particularly in relation to the
amount of jeopardised myocardium in the presence of coronary
stenoses judged to be intermediate on visual assessment. Our results
confirm the moderate correlation between anatomic and functional
measures in the assessment of ICAS, while an important role in
the physiological significance of a stenosis is represented by the
amount of jeopardised myocardium. More importantly, our study
shows that the combined use of 3D-QCA, which can increase diag-
nostic accuracy in comparison to conventional coronary angiogra-
phy, and MJI, for the quantification of the amount of jeopardised
myocardium subtended by the stenosis, allows the safe exclusion
of the need for FFR, the current gold standard in the evaluation of
stenosis severity, in a sizeable proportion of patients with interme-
diate stenoses.

FFR has gained a primary role in the assessment of the functional
significance of ICAS. Of note, current ESC Guidelines recommend
performing FFR in the absence of clear evidence of lesion-related
inducible ischaemia (Class I, Level of evidence A)'. In spite of this
recommendation, in the real world FFR continues to be underuti-
lised: in Italy less than 3% of all coronary angiography is followed
by FFR assessment'® and, in other countries, for several reasons
including constraints of reimbursement, the situation is not substan-
tially better's.

In this scenario, clinical decisions, including performing PCI, are
often taken solely on the basis of a coronary angiogram. For this
reason, the possibility to improve the diagnostic accuracy of coro-
nary angiography using 3D-QCA has gained a wide interest among
interventional cardiologists. In general, QCA was introduced to
overcome the subjectivity of visual estimation; in addition, by com-
bining information from two projections, 3D-QCA can overcome
the two main limitations of 2D-QCA, represented by underesti-
mation of lesion length® and overestimation of lesion area stenosis
severity'”. The first pitfall of 2D-QCA is mainly related to foreshort-
ening and out-of-plane magnification, particularly relevant when
assessing a curved and tortuous coronary segment®. On the other
hand, by only using the projection in which the target lesion shows
the highest stenosis degree, 2D-QCA can easily overestimate steno-
sis severity, especially in case of eccentric lesions®!”. Consequently,
in the last 10 years, evidence has accumulated that 3D angiographic
reconstruction is accurate, sensitive, and reproducible'®. A few stud-
ies with small sample sizes have compared 3D-QCA systems with
more objective measurements of stenosis severity'** or functional
significance?'. Interestingly, although good concordance has been
found between 3D-QCA and intravascular ultrasound, Yong et al
reported only moderate correlations between 3D-QCA measures
and FFR, questioning again the possibility of having reliable ana-
tomic cut-offs predicting functional significance of an ICAS?'. Our
data expand the findings of Yong et al in a much larger population:
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we found that measures indicating anatomic severity of narrow-
ing, including MLD, MLA, DS% and also AS%, were only moder-
ately correlated per se to FFR values, suggesting that other factors,
including the presence of a CTO and more generally the amount of
jeopardised myocardium, can be important in determining the func-
tional significance of ICAS.

In the present study, we found that the concomitant presence of
a collateralised CTO significantly influenced FFR values, further
reducing the correlation between anatomic and functional meas-
ures’. Indeed, the exclusion of patients with concomitant CTO made
the correlation between FFR and 3D-QCA measures somewhat
stronger. Even so, the correlation between AS% (or even MLA) and
FFR values was moderate, suggesting that other factors, such as the
maximal achievable myocardial blood flow and consequently the
extent of myocardium subtended by a stenosis, could participate in
determining a functionally significant stenosis. We recently dem-
onstrated that MJI , by allowing a semi-quantitative evaluation of
the percentage of myocardium subtended by a stenosis, is an inde-
pendent predictor of FFR <0.80°. In the present study, we expand
our experience by identifying, at the ROC curves, a cut-off of MJI
>30% that makes an FFR <0.80 more probable. Similarly, the analy-
sis of the ROC curves showed that the best cut-offs for MLA and
AS% were 2.0 mm? and 61%, respectively. However, these cut-offs
showed limited sensitivity and specificity, suggesting again that ana-
tomic measures are not substitutes for functional assessment with
FFR. Regarding anatomic cut-offs, recently Waksman et al, in the
FIRST study comparing FFR with IVUS, showed the inadequacy
of the “magic number” of 4 mm? in MLA and, in the discussion,
claimed the use of vessel-specific MLA cut-offs*>. However, both
using stringent lesion-specific cut-offs and the more liberal cut-off
of 4 mm? not only were a large number of anatomically signifi-
cant lesions functionally insignificant, as expected, but, more impor-

tantly, a relevant number of functionally significant stenoses had

MLA values above 4 mm?. This could underline not only that AS%,
incorporating the measure of the reference vessel, could be more
accurate than the MLA in predicting the functional significance of
an ICAS (as resulted in our study) but also, notably, that no sin-
gle anatomic measure can substitute functional assessment using
FFR?'. Nevertheless, by combining MJI and 3D-QCA, we could
identify anatomic cut-offs that can safely exclude the need for FFR
assessment. Specifically, after the exclusion of patients with CTO,
in which correlation between AS% and FFR values is particularly
weak, we identified an AS% cut-off of 40% for an MJI >30% and
an AS% cut-off of 50% for an MJI <30%, beneath which no signifi-
cant FFR was detectable. In summary, the lower the extent of the
myocardium underlying the stenosis, the higher is the severity of a
stenosis in order for it to be functionally significant.

We have summarised our results in an algorithm that could help
in deciding when to use FFR, limiting this technique to those cases
with a reasonable probability of an FFR <0.80 (Figure 7). First,
given the scarce correlation in the presence of a collateralised CTO,
we suggest excluding all patients showing a CTO. In these cases,
FFR should always be performed, especially if CTO recanalisa-
tion is not planned®. Second, assess MJI. In the presence of an
MIJI >30%, a 3D-QCA-based AS% <40% allows the safe exclu-
sion of the need of FFR, while an AS% >40% requires FFR assess-
ment (with a 38% probability in our experience of an FFR <0.80).
Conversely, in the presence of an MJI <30%, while a 3D-QCA-
based AS% <50% allows the safe exclusion of the need of FFR, an
AS% >50% should be followed by FFR assessment (with a 20%
probability in our experience of an FFR <0.80). According to our
data, by applying this algorithm, in our cohort FFR could have been
safely avoided in 20.7% of cases, with a relevant economic impact
in terms of a reduced use of pressure wires and adenosine®, allow-
ing a consensual cost reduction amounting to US $34,200 (about
26,650 euros).

| Coronary artery stenosis |

No relationship
between ICAS & FFR

| CTO presence? |—>| Yes |—>
v

MJI >30%
AS% <40% AS% >40%

| FFR certainly >0.80 |

v

| Do not perform FFR |

Perform FFR

MJI <30%
AS% <50% AS% >50%

| FFR certainly >0.80 |

v

| Do not perform FFR |

Perform FFR

Figure 7. Proposed algorithm. After exclusion of cases with concomitant collateralised CTO, it is safe not to perform FFR in case of I[CAS
with AS% <40% if the subtended jeopardised myocardium is >30%, and in case of ICAS with AS% <50% if the subtended jeopardised

myocardium is <30%.
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Limitations

Our study presents some limitations. First, we performed our analy-
sis in a retrospectively enrolled population. For this reason, our pro-
posed AS% cut-off values should be validated in a prospectively
enrolled population. Second, MJI only represents a rough semi-quan-
titative estimation of the myocardium subtended by a stenosis and
does not provide any precise indication of the effective viability of
myocardium itself. However, we believe that for a rapid decision, as
occurs in everyday practice, adding MJI to 3D-QCA-based anatomi-
cal assessment might be of value in deciding the need for functional
assessment of [CAS. In our population, we did not find any correla-
tion between lesion length and FFR. This is partially in contrast with
some previous evidence?, and we do not have a clear explanation for
this; however, it is likely that, since 3D-QCA measures the length of
the lesion from healthy-to-healthy vessel, it overestimates the effec-
tive length of the lesion responsible for flow limitation.

Conclusions

FFR values are moderately and independently predicted by the per-
centage of area stenosis at 3D-QCA, by the amount of jeopardised
myocardium and by the presence of a concomitant chronic total
occlusion. 3D-QCA in addition to MJI allows the safe exclusion of
FFR <0.80, limiting FFR assessment to doubtful cases with a con-
siderable reduction of costs.

Impact on daily practice

FFR is better than angiography in guiding PCI, and it is recom-
mended for the evaluation of ICAS in the absence of clear evi-
dence of lesion-related inducible ischaemia. However, its cost is
partially responsible for the poor use in common daily practice.
The use of our proposed algorithm, based on the combination
of 3D-QCA assessment and MJI calculation, could limit the use
of FFR to only doubtful cases, leading to a significant saving of
time and money.
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Online data supplement

Online Figure 1. Correlations between 3D-QCA parameters and
FFR in 37 ICAS with concomitant collateralised CTO.

Online Figure 2. Best AS% cut-off value in all ICAS for prediction
of FFR >0.80.

Online Figure 3. MLA cut-off value in all ICAS for prediction of
FFR >0.80.

Online Figure 4. MJI cut-off value in all ICAS for prediction of
FFR >0.80.

Online Figure 5. AS% cut-off value in 174 ICAS without concomi-
tant collateralised CTO for prediction of FFR >0.80.

Online Figure 6. MLA cut-off value in 174 ICAS without concomi-
tant collateralised CTO for prediction of FFR >0.80.

Online Figure 7. MJI cut-off value in 174 ICAS without concomi-
tant collateralised CTO for prediction of FFR >0.80.



FFR, 3D-QCA and MJI in the evaluation of intermediate coronary artery stenosis

Online data supplement

1.001
0.90

o B
b 0.80

1.00

0.701
R: 0.21, p: 0.06 R: 0.21, p: 0.08
0.601 0.60
05 10 15 20 25 000 100 200 300 400 500
MLD (mm) MLA (mm2)
1.00 1.004 1.00
L] . .
0901 0904 R . 0901 - '_..._
° . o L] °
o o .® M o an ] ©
Lo 080+ b 080 ...- t0.80 B :;-- )
o0 L] L]
. L]
070/ O g0 o0 ° 000 0701 S e
. L] L]
os0] R:=0.20, p: 0.08 os0] R:-0.22, p: 0.19 050 R ~0-11, p: 0.52
2 0 50 80 10 50 80 100 0 20 30 40 50 60 70
DS% AS% PV%

Online Figure 1. Correlations between 3D-QCA parameters and FFR in 37 ICAS with concomitant collateralised CTO. CTO: chronic total
occlusion; FFR: fractional flow reserve; ICAS: intermediate coronary artery stenosis;, 3D-QCA: three-dimensional quantitative coronary
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Online Figure 2. Best AS% cut-off value in all ICAS for prediction of FFR >0.80. Scatter plot (on the left) shows as AS% >61%, obtained from
ROC analysis (on the right), allowing the prediction of FFR <0.80 with 73% sensitivity, 71% specificity, 69% NPV and 77% PPV, as
highlighted in the chart (at the bottom). AS%: percentage area stenosis; FFR: fractional flow reserve; ICAS: intermediate coronary artery
stenosis; NPV: negative predictive value; PPV: positive predictive value

m
=
=
<,
=
-
1]
=
<
(1]
=
=5
o
=
N
o
=
&
—
—




m
=
=
=
=
=g
@
=
<
(1]
=
=2
o
=
N
o
=
o
—
—

100
1004
0.90 80
> ]
S 60
0.80 Z ]
T G AUC 0.76
3 40 95% Cl: 0.70-0.82
070+ @] p<0.001
20 Criterion <2.0 mm?
. ] p Sensitivity 90%
060 <. R: 0.36, p<0.001 o7 Specificity 57%
20 20 40 60 N N
MLA 100 - Specificity

2.0 mm?

MLA cut-off value to predict FFR <0.80
with sensitivity 90%, specificity 57%, NPV 92% and PPV 45%

‘ 211 Total lesions ‘

\ 119 with MLA <2.0 mm? \ \ 92 with MLA >2.0 mm? \
66 (55%) 53 (45%) 85 (92%) 7(8%)

with FFR >0.80 with FFR <0.80 with FFR >0.80 with FFR <0.80

Online Figure 3. MLA cut-off value in all ICAS for prediction of FFR >0.80. Scatter plot (on the left) shows as MLA <2.0 mm?’, obtained from
ROC analysis (on the right), allowing the prediction of FFR <0.80 with 88% sensitivity, 57% specificity, 56% NPV and 87% PPV, as
highlighted in the chart (at the bottom). FFR: fractional flow reserve; ICAS: intermediate coronary artery stenosis; MLA: minimal lumen
area; NPV: negative predictive value; PPV: positive predictive value

1.00 4
0.90
[a s
o 080 AUC 0.71
95% Cl: 0.64-0.77
070 p<0.001
' Criterion =30%
Sensitivity 75%
0g] R:~0-38,p<0.001 e e Specificity 62%
g 1 20 3 4 5 6 T A
MJI (%) 100 - Specificity
30%

MJI cut-off value to predict FFR <0.80
with sensitivity 75%, specificity 62%, NPV 85% and PPV 44%

211 Total lesions

\ 108 with MJI <30% \ \ 103 with MJ1 30% \
93 (85%) 15 (15%) 58 (56%) 45 (44%)

with FFR >0.80 with FFR <0.80 with FFR >0.80 with FFR <0.80

Online Figure 4. MJI cut-off value in all ICAS for prediction of FFR >0.80. Scatter plot (on the left) shows as MJI >29%, obtained from ROC
analysis (on the right), allowing the prediction of FFR <0.80 with 75% sensitivity, 62% specificity, 61% NPV and 73% PPV, as highlighted in
the chart (at the bottom). FFR: fractional flow reserve; ICAS: intermediate coronary artery stenosis, MJI: Myocardial Jeopardy Index;

NPV: negative predictive value; PPV: positive predictive value




FFR, 3D-QCA and MJI in the evaluation of intermediate coronary artery stenosis

- . . 1004
E. : ° L] :
REVRN 80
AT s 2z ]
& 080 = 2= = %7
L U . °« o2 ‘5 1
° | oA \ S 40
070 ce . 2]
L . 204
R: -0.45, p<0.001 . o ]
0.60 . 0]
2 10 60 80 [ T
AS% 100 - Specificity
60%
AS% cut-off value to predict FFR <0.80
with sensitivity 88%, specificity 66%, NPV 95% and PPV 45%
in absence of CTO
174 Total lesions
| 92 with AS% <30% | 82 with AS% >60% |
87 (95%) 5(5%) 45 (55%) 37 (45%)
with FFR >0.80 with FFR <0.80 with FFR >0.80 with FFR <0.80

AUC 0.83

95% Cl: 0.76-0.88
p<0.001

Criterion >60%
Sensitivity 88%
Specificity 66%

Online Figure 5. 4S% cut-off value in 174 ICAS without concomitant collateralised CTO for prediction of FFR >0.80. Scatter plot (on the lef?)
shows as AS% >61%, obtained from ROC analysis (on the right), allowing the prediction of FFR <0.80 with 78% sensitivity, 77% specificity,
67% NPV and 81% PPV, as highlighted in the chart (at the bottom). AS%: percentage area stenosis;, CTO: chronic total occlusion;

FFR: fractional flow reserve; ICAS: intermediate coronary artery stenosis, NPV: negative predictive value; PPV: positive predictive value

1.00

0.90

= 080
[T

0.70

0.60

. R: 0.35, p<0.001
0.0 20 420 60 R R
MLA 100 - Specificity
2.0 mm?2
MLA cut-off value to predict FFR <0.80
with sensitivity 93%, specificity 57%, NPV 96% and PPV 40%
in absence of CTO
‘ 174 Total lesions ‘
| 95 with MLA <2.0 mm? | 19vith MA>20mm? |
56 (59%) 39 (41%) 76 (96%) 3 (4%)
with FFR >0.80 with FFR <0.80 with FFR >0.80 with FFR <0.80

AUC 0.79

95% Cl: 0.73-0.85
p<0.001

Criterion <2.0 mm?2
Sensitivity 93%
Specificity 57%

Online Figure 6. MLA cut-off value in 174 ICAS without concomitant collateralised CTO for prediction of FFR >0.80. Scatter plot (on the left)
shows as MLA <2.0 mm?, obtained from ROC analysis (on the right), allowing the prediction of FFR <0.80 with 88% sensitivity, 57%
specificity, 57% NPV and 93% PPV, as highlighted in the chart (at the bottom). CTO: chronic total occlusion; FFR: fractional flow reserve;
ICAS: intermediate coronary artery stenosis; MLA: minimal lumen area; NPV: negative predictive value; PPV: positive predictive value

m
=
=
<,
=
-
1]
=
<
(1]
=
=5
o
=
N
o
=
&
—
—




|
m
=
3
EY
1] L]
2 L]
(1]
= o
g . - i
B I~ B ;::. \?&';'r\fk:
o i 080 LN £ PI AUC 0.70
B FERTR R N o © 95% Cl: 0.61-0.76
- 0.70 4 0 * et p<0.001
.o . ® Criterion >30%
° Sensitivity 72%
050 ] R:-0.38, p<0.001 oo oo Specificity 59%
0 0 2 3 40 50 60 0 0 8
MJI (%) 100 - Specificity
30%

MJI cut-off value to predict FFR <0.80
with sensitivity 72%, specificity 59%, NPV 87% and PPV 36%
in absence of CTO

‘ 174 Total lesions ‘

\ 90 with MJI <30% \ \ 84 with MJI 230% \
78 (87%) 12 (13%) 54 (64%) 30 (36%)

with FFR >0.80 with FFR <0.80 with FFR >0.80 with FFR <0.80

Online Figure 7. MJI cut-off value in 174 ICAS without concomitant collateralised CTO for prediction of FFR >0.80. Scatter plot (on the left)
shows as MJI >29%, obtained from ROC analysis (on the right), allowing the prediction-of FFR <0.80 with 72% sensitivity, 59% specificity,
57% NPV and 60% PPV, as highlighted in the chart (at the bottom). CTO: chronic total occlusion; FFR: fractional flow reserve;

[CAS: intermediate coronary artery stenosis;, MJI: Myocardial Jeopardy Index; NPV: negative predictive value; PPV: positive predictive value




