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a b s t r a c t 

Background and Objectives: Fractional flow reserve (FFR) is the gold standard for quantification of coro- 

nary stenosis and pressure wire is the gold standard for measuring FFR. Recently, computational fluid 

dynamics (CFD) methods have been used to compute FFR less invasively using images obtained from 

coronary angiography. This approach is, however, computationally intensive and solutions to reduce com- 

putation time are clearly required. 

Methods: We hypothesized that FFR can be calculated instantly using a reduced order model (ROM) 

derived using response surface method (RSM) for simulation modeling in lieu of the computationally in- 

tensive CFD. Specifically, eleven physiological and anatomical factors known to affect FFR were selected 

as input variables, and Plackett–Burman analysis was performed in conjunction with CFD on model arter- 

ies to identify set of variables affecting FFR the most. Based on the Box–Behnken design, a mathematical 

model was developed to compute FFR using the retained set of variables. 

Results: The model fidelity was tested on a cohort of 90 patients (100 coronary arteries) with known 

pressure-wire FFR. FFR derived from this ROM had a strong correlation with pressure-wire FFR with sen- 

sitivity of 89.4%, specificity of 100% and area under curve of 0.947 ( p < 0.05). 

Conclusions: The ROM method can be used to reliably calculate FFR in patients with coronary stenosis 

and able to replace time-consuming CFD-based FFR estimation and provide instead a real-time calculation 

method. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Fractional flow reserve (FFR) is the gold standard for quantify- 

ng the degree of coronary artery stenosis [1] . FFR is the ratio of

aximal blood flow distal to a stenotic lesion to maximal flow in 

he same artery if hypothetically normal. It is an index that re- 

eals the ischemic potential of individual lesions [2] . Normal FFR 

s 1 and FFR ≤ 0.80 is considered hemodynamically significant 

nd used as indicator of stenosis [1] . FFR is typically measured in 

ardiac catheterization laboratory using pressure-wire [3] . This re- 

uires the insertion of pressure-sensor guidewire in the coronary 

nd Adenosine injection for inducing hyperemia [4] . These require- 

ents contribute to the low adoption rate of FFR in clinical prac- 

ice since they invoke a combination of factors related to practical- 

ty, time, and cost [5] . 
Abbreviations: 3D, Three Dimonsional; CCTA, Coronary CT Angiography; CFD, 

omputational Fluid Dynamics; DOE, Design of Experiments; FFR, Fractional Flow 

eserve; LAD, Left Anterior Descending; LCx, Left Circumflex; OM, Obtuse Marginal; 

CA, Right Coronary Artery; ROM, Reduced Order Model; RSM, Response Surface 

ethod. 
∗ Corresponding author. 

E-mail address: gkassab@calmi2.org (G.S. Kassab). 
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Coronary angiography to assess degree of stenosis does not re- 

eal the physiological impact on the coronary circulation. Thus, 

dentifying the accurate hemodynamic significance of the stenosis 

an fail frequently if evaluated solely based on angiography, es- 

ecially in the range of intermediate stenosis of 40–80% [6] . Re- 

ently, advanced computational fluid dynamics (CFD) techniques 

ave been applied to human coronary CT angiography (CCTA) 

maging datasets providing a more comprehensive approach that 

dds to the diagnostic value of CCTA [7] . These were shown to 

nhance the diagnostic performance of CCTA for detecting hemo- 

ynamically significant coronary artery disease [ 5 , 8 ]. FFR can also 

e computed using CFD from the coronary angiogram and it is 

n available method for assessing blood circulation through coro- 

ary artery [9–11] . CFD-based FFR does not require insertion of a 

ressure-sensitive wire and hyperemia induction [12] . CFD-based 

FR computation, however, is currently not real-time with “push 

f a button”. Indeed, calculation of CFD-based FFR requires 3D ren- 

ering of the coronary segment of interest, mesh generation and 

ow simulation. Practically, for any solution to be viable for real- 

ime use in cardiac catheterization lab, one has to provide FFR re- 

ults in, ideally, less than 1 min. To address this problem, we pro- 

ose a novel ROM to compute FFR from angiograms by RSM in real 

https://doi.org/10.1016/j.cmpb.2022.106674
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Fig. 1. Overall chart describing the method to derive and validate a ROM to calculate FFR. 

Table 1 

Clinical characteristics of patients. 

Total Patients 90 

Total vessels 100 

Age 63.3 ± 27.6 

Male Gender 57 (63.3%) 

Hypertension 87 (96.6%) 

Diabetes mellitus 40 (44.4%) 

Current smoker (last 1 year) 34 (37.7%) 

History of prior myocardial infarction 35 (38.9%) 

History of prior PCI 42 (46.6%) 

History of prior CAD 57 (63.3%) 

Hyperlipidemia 74 (82.2%) 

family history 29 (32.2%) 

Vessel disease 

Single-vessel 83 (83%) 

Two-vessel 4 (4%) 

Three-vessel 3 (3%) 

total vessels 100 

Table 2 

The Plackett–Burman design for 11 factors and its low and high 

levels. 

Factors Low level High level 

A Pressure (mmHg) 80 140 

B Volume Flow Rate (mL/s) 1 6 

C Stenosis Severity (%) 65 70 

D Length of Stenosis (mm) 10 30 

E Diameter of Artery (mm) 2 6 

F Length of Artery (mm) 30 80 

G Stenosis Position (%) 30 70 

H Stenosis Shape Eccentric Concentric 

J Heart Rate 60 140 

K Density (Kg/m3) 1040 1080 

L Viscosity (Kg/m.s) 0.003 0.006 
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ime. RSM is commonly used to optimize experimental methods 

r processes or find important interactions between factors in a 

omplex system. ROMs are considered as computationally inexpen- 

ive mathematical representations that can analyze near real-time 
2 
 13 , 14 ]. The major advantage of this approach over the competing 

olutions, including CFD based ones, is its potential to deliver real- 

ime results within seconds. Given the favorable attributes of this 

echnology, such as minimal computational power requirement 

nd ease of use, we fully anticipate that our model can run on an 

ff-the-shelf workstation. Therefore, equipment cost for adopting 

nstitutions would be minimal as the software could easily run on 

xisting computers in cardiac catheterization lab. In this study, sig- 

ificant factors affecting FFR were selected using Plackett–Burman 

ethod in conjunction with CFD since CFD allowed analysis of dif- 

erent combinations of input variables in a way that would have 

een impractical to do experimentally. A Box-Behnken design was 

eployed to establish a ROM that governs the relationship between 

he significant factors identified from RSM and FFR. We then tested 

he model in 100 coronary arteries from 90 patients with known 

ressure-wire FFR for clinical validation. 

. Methods 

.1. Patient population and 3D rendering 

In this study, Patients with left anterior descending artery 

LAD], left circumflex [LCx]/obtuse marginal [OM] and right coro- 

ary artery [RCA] were included. Exclusion criteria were: Coronary 

rteries with bifurcational lesions (i.e., only straight segment le- 

ions), and coronary arteries distally protected by bypass grafts. 

able 1 shows Patients’ characteristics. One hundred arteries from 

inety patients who had undergone FFR measurements. Previously, 

hree-dimensional (3D) reconstruction of coronary arteries was 

erformed with the CAAS 7.5 QCA-3D system. The study protocol 

as approved by the institutional review board. 

.2. ROM 

Parametric design and optimization tools can apply when the 

erformance prediction of a system is required [ 15 , 16 ]. Parametric 
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Fig. 2. Sample hyperemic boundary conditions: (a) pressure inlet (b) volume flow rate outlet. 
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esign assist studies to systematically and automatically adjust the 

espective models. ROM is ideal for rapid results or a good visual- 

zation of a design’s performance [17] . ROMs are similar to a black 

ox processor which receives inputs and quickly computes outputs 

18] . ROM computations for given input are orders of magnitude 

aster than computing a 3D model [17] . This makes ROMs ideal 

or many applications, like design of experiments (DOE), systems 

imulations, and runtime generations of real-time applications [16–

9] . ROMs are novel computational method which represents high- 

delity (3D) models that preserve the major physical behavior and 

ominant effects [ 15 , 19 ]. ROM development requires several simu- 

ations which can be computationally expensive (but without user 

ffort s). Once the ROM is built, however, it can reduce significant 

omputational cost [16] . ROM generates a set of equations to de- 

ermine the output for a particular set of inputs. We used ROM 

ased RSM (as DOE method) that considers all combining factors 

nd significant interaction between factors. Then, we designed the 

rtery for each run and used CFD modeling for finding FFR. Our 

odel does not depend on data set but rather adapts to each data 

et. An overview of the steps involved in deriving the ROM to cal- 

ulate FFR is provided in the chart shown in Fig. 1 . The details on

ach step are provided below. 
3 
.3. Screening factors and RSM 

The RSM as a DOE method was used to determine which factors 

nd interaction between factors contributed significantly to FFR. 

lackett-Burman method is applied to screen for significant fac- 

ors; also, the design reduced the computational/experimental ef- 

ort by eliminating nonsignificant factors. This design is useful for 

omplicated confounding relationship with two-factor interactions. 

n this study, 11 factors were tested with the Plackett–Burman 

ethod ( Table 2 ). The Box-Behnken method as a RSM is an inde-

endent quadratic design which is not included in an embedded 

actorial or fractional factorial method. This design requires three 

evels of each factor which does contain a center and two levels 

ith the same difference from the center. The Box–Behnken design 

as then performed with the six factors determined to be signif- 

cant including stenosis severity ((d-c) ∗100/d) as shown in Fig. 3 , 

iameter of coronary artery, stenosis position (a/b) ( Fig. 3 ), volume 

ow rate, viscosity, and stenosis shape ( Table 3 ). We utilized a pre-

iously validated model to calculate volume flow rate [20] . FFR is 

ighly complex and based on parameters that involve many factors 

nd interactions. FFR responded nonlinearly to changes in coronary 

rtery diameter and coronary stenosis severity; therefore, coronary 
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Table 3 

The Box–Behnken designs for 6 factors and first design (A), second design (B), third 

design (C) and fourth design (D). 

Factors -1 + 1 

A 

A Stenosis Severity (%) 40 60 

B Diameter of Artery (mm) 2 4 

C Stenosis Position (%) 0.25 0.75 

D Volume Flow Rate (mL/s) 1 6 

E Viscosity (Kg/m.s) 0.003 0.006 

F Stenosis Shape Eccentric Concentric 

B 

A Stenosis Severity (%) 60 80 

B Diameter of Artery (mm) 2 4 

C Stenosis Position (%) 0.25 0.75 

D Volume Flow Rate (mL/s) 1 6 

E Viscosity (Kg/m.s) 0.003 0.006 

F Stenosis Shape Eccentric Concentric 

C 

A Stenosis Severity (%) 40 60 

B Diameter of Artery (mm) 4 6 

C Stenosis Position (%) 0.25 0.75 

D Volume Flow Rate (mL/s) 1 6 

E Viscosity (Kg/m.s) 0.003 0.006 

F Stenosis Shape Eccentric Concentric 

D 

A Stenosis Severity (%) 60 80 

B Diameter of Artery (mm) 4 6 

C Stenosis Position (%) 0.25 0.75 

D Volume Flow Rate (mL/s) 1 6 

E Viscosity (Kg/m.s) 0.003 0.006 

F Stenosis Shape Eccentric Concentric 

Fig. 3. schematic of different stenosis shapes and different factors. 
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iameter and stenosis severity were divided into two sections for 

ach factor. Coronary diameter was tested as either 2–4 mm or 4–

 mm. Coronary stenosis was tested as 40–60% or 60–80%. The four 

ox–Behnken designs were tested according to Table 2 . The ROM- 

were analyzed as a modified model and selected significant two 

nd three factors interaction. 

.4. CFD modeling 

Blood flow in coronary arteries was simulated using ANSYS Flu- 

nt 17.0 and the model validated by Morris et al. [21] . Blood den-

ity was 1045 kg m 

−3 for Box-Behnken design [22] . Blood viscosity, 

 key characteristic for hemodynamic flow modeling, was modeled 

ccording to Newtonian viscosity using patient’s measured viscos- 

ty [23] . Geometries for RSM, CFD runs were designed in ANSYS 

esign Modeler. Unstructured computational meshes were built 

s tetrahedral shaped cells using ICEM CFD 2017. Mesh sensitiv- 

ty analysis determined an optimal node count for mean residence 

ime quantification for an artery. For Plackett–Burman design, the 

nlet and outlet boundary conditions were a blood pressure wave- 

orm ( Fig. 2 a) and a mass flow rate waveform ( Fig. 2 b) [24] . Both

ere scaled to match the mean flow in each CFD run, and then 

rogrammed using user defined functions (UDF). For Box–Behnken 

esign and patients’ CFD runs, the inlet boundary condition was 

xed blood pressure and the outlet boundary condition was fix 
4 
olume flow rate. Similar to node count, a sensitivity analysis de- 

ermined an optimal time step size of 0.01 s. 

.5. Statistical analysis 

The correlation between ROM-FFR and pressure-wire FFR was 

tudied using the Pearson correlation coefficient (r). The patients 

ivided into two groups, abnormal pressure-wire FFR ( < = 0.80) 

nd normal pressure-wire FFR ( > 0.80). Receiver operator char- 

cteristic (ROC) curve was for ROM-FFR plotted with FFR. A two- 

ided p -value < 0.05 was considered significant. ROM-FFR and FFR 

ere compared using Bland-Altman analysis. 

. Results 

.1. Sceening method Plackett–Burman design 

FFR is the result of a complex interaction between multiple dif- 

erent factors in a myriad of conditions. For this study, 11 ma- 

or parameters were retained as listed in Table 1 . FFR was cal- 

ulated using CFD and the result of CFD was used as input in 

ach design of experiment. Initially, in order to determine effec- 

ive factors in calculation of FFR, Plackett–Burman design was used. 

lacket-Burman reduces the computational/experimental effort by 
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Table 4 

ANOVA analysis of first design. 

Source Sum of squares df Mean square F value p -value Prob > F 

Model 12.24 22 0.56 53.27 0.0001 significant 

A -Stenosis 0.14 1 0.14 13.75 0.0005 

B -Diameter of Coronary 2.88 1 2.88 275.96 0.0001 

D -Volume Flow Rate 0.39 1 0.39 37.15 0.0001 

F -shape 1.17 1 1.17 112.00 0.0001 

AB 0.29 1 0.29 27.44 0.0001 

AF 0.45 1 0.45 43.05 0.0001 

BD 0.85 1 0.85 81.73 0.0001 

BF 0.82 1 0.82 78.64 0.0001 

DF 0.24 1 0.24 22.54 0.0001 

A ̂ 2 0.037 1 0.037 3.55 0.0646 

B ̂ 2 0.80 1 0.80 76.50 0.0001 

ABF 0.15 1 0.15 14.59 0.0003 

ADF 0.19 1 0.19 18.39 0.0001 

BDF 0.17 1 0.17 16.38 0.0002 

A ̂ 2 D 0.071 1 0.071 6.76 0.0117 

AB ̂ 2 0.13 1 0.13 12.26 0.0009 

B ̂ 2 D 0.26 1 0.26 24.98 0.0001 

Residual 0.62 59 0.010 

Cor Total 12.86 81 

Std. Dev. 0.10 R -Squared 0.9521 

Mean 0.72 Adj R -Squared 0.9342 

Table 5 

ANOVA analysis for the second design. 

Source Sum of squares df Mean square F value p -value Prob > F 

Model 499.83 25 19.99 34.80 0.0001 significant 

A -Stenosis 66.91 1 66.91 116.48 0.0001 

B -Diameter of Coronary 82.34 1 82.34 143.34 0.0001 

C -Position 14.01 1 14.01 24.39 0.0001 

D -Volume Flow Rate 35.12 1 35.12 61.13 0.0001 

F -shape 57.73 1 57.73 100.50 0.0001 

AB 8.35 1 8.35 14.53 0.0003 

AD 9.83 1 9.83 17.11 0.0001 

AF 34.61 1 34.61 60.25 0.0001 

BD 11.58 1 11.58 20.16 0.0001 

BF 30.54 1 30.54 53.16 0.0001 

CD 3.63 1 3.63 6.32 0.0149 

CF 6.71 1 6.71 11.69 0.0012 

DF 27.39 1 27.39 47.69 0.0001 

A ̂ 2 3.18 1 3.18 5.54 0.0221 

B ̂ 2 4.89 1 4.89 8.51 0.0051 

C ̂ 2 3.64 1 3.64 6.33 0.0147 

ADF 5.05 1 5.05 8.79 0.0044 

BDF 3.61 1 3.61 6.29 0.0151 

CDF 3.93 1 3.93 6.83 0.0115 

A ̂ 2C 5.69 1 5.69 9.90 0.0026 

B ̂ 2C 5.06 1 5.06 8.80 0.0044 

C ̂ 2F 3.32 1 3.32 5.78 0.0195 

Residual 32.17 56 0.57 

Cor Total 532.00 81 

Std. Dev. 0.16 R -Squared 0.9395 

Mean 0.44 Adj R -Squared 0.9125 
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liminating insignificant factors. Eleven factors along with maxi- 

um and minimum values for each factor were selected. Given 

hat stenosis severity (A) is singularly the most important factor 

n determination of FFR, its range was limited to 65–70% and it 

as included as a highly significant factor in Box–Behnken design 

or calculation of FFR. The other 10 factors were tested for signif- 

cance in calculation of FFR through Plackett–Burman design. This 

nalysis indicated that diameter of coronary arteries (B) and vol- 

me flow rate (D) at the inlet of coronary segment were the most 

ignificant factors affecting FFR and remained significant after ap- 

lication of Bonferroni correction (5.746). Three other factors in- 

luding shape of stenosis (F), viscosity (E) and stenosis position (C) 

ere also above t -value limit albeit without Bonferroni correction 

2.776), hence were selected for Box–Behnken analysis. Based on 
s

5 
lackett–Burman design blood pressure, blood density, length of 

tenosis, length of coronary segment and heart rate were found to 

e insignificant factors for FFR calculation. 

.2. RSM 

In Box-Behnken design, coronary diameter and stenosis sever- 

ty were divided into two zone: 2–4 mm and 4–6 mm for the for- 

er and 40–60% and 60–80% for the latter. This was done in order 

o enhance the accuracy of the model as the effect of both fac- 

ors were nonlinear. The result was 4 Box-Behnken design based 

n the combination of these 2 factors to study the effect of the 

forementioned 6 factors in the evaluation of FFR. In the first de- 

ign, coronary arteries 2–4 mm in diameter with stenosis ranging 
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Fig. 4. (a) Interaction AB for concentric and (b) eccentric stenosis and (c) interaction BD for concentric and (d) eccentric stenosis in first design. 
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rom 40 to 60% were analyzed. Stenosis severity (A), diameter of 

oronary segment (B), volume flow rate (D), and shape of steno- 

is (F) and some interactions such as AB, AF, BD, BF, DF, ABF, ADF, 

DF were significant for FFR calculation ( Table 4 ). FFR calculation 

ad a significant complexity due to interaction of multiple factors. 

ig. 4 a shows that FFR has an inverse relationship with stenosis 

everity and direct relation with diameter of coronary artery when 

tenosis shape is concentric; both were almost linear. On the other 

and, for eccentric stenoses ( Fig. 4 b), FFR has a nonlinear relation- 

hip with stenosis severity and coronary artery diameter for any 

rtery with a diameter of coronary 2.5 mm. For diameters lower 

han 2.5 mm, FFR had linear relation with both factors and the re- 

ation with diameter of coronary and stenosis is direct and inverse, 

espectively. Fig. 4 c and d show interaction between diameter of 
6 
oronary and volume flow rate for concentric and eccentric steno- 

is and also show how FFR has an inverse relation with volume 

ow rate and direct relation with diameter. 

In the second design, stenosis, diameter of coronary, position, 

olume flow rate and shape of stenosis were significant while vis- 

osity was not. AB, AD, AF, BD, BF, CD, CF, DF, ADF, BDF, CDF, 

 

2 C, B 

2 C, and C 

2 F were significant ( Table 5 ). The statistical results

howed that R-Squared is 0.9395 and the mean and standard de- 

iation was 0.44 and 0.16, respectively. The results could be inter- 

reted that the levels of each factor in the design are so critical 

or FFR and it is lower than 0.8 with high possibility. The interac- 

ion between diameter and stenosis ( Fig. 5 a and b) shows that FFR 

ad almost linear relation with diameter of coronary and steno- 

is. FFR was decreased when diameter decreased, and stenosis in- 
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Fig. 4. Continued 
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reased. Fig. 5 a confirms that most coronary arteries in range of di- 

meter and stenosis with concentric stenosis may have significant 

tenosis with high possibility and if the coronary artery had eccen- 

ric stenosis ( Fig. 5 b) with diameter of coronary below 2.75 mm it

ould be significant stenosis. Fig. 5 c and d show interaction be- 

ween volume flow rate and diameter for concentric and eccen- 

ric stenosis. FFR contours changed from linearity to nonlinearity 

ith increasing volume flow rate and decreasing diameter for con- 

entric stenosis whereas, FFR contours changes from linearity to 

onlinearity with decreasing volume flow rate and increasing di- 

meter for concentric stenosis. For both concentric and eccentric 

tenoses, FFR decreases when diameter decreases, and when vol- 

me flow rate increases. A coronary artery with a with a diameter 

f less than 3.2 mm, a concentric stenosis of 60–80% is very likely 
7 
emodynamically significant ( Fig. 5 c), however, this is only true for 

oronary arteries smaller than 2.2 mm in diameter with an eccen- 

ric stenosis ( Fig. 5 d). 

In the third design, coronary arteries 4–6 mm in diameter with 

tenosis ranging from 40 to 60% were analyzed. Coronary diame- 

er (B), volume flow rate (D) and shape of stenosis (F) were fac- 

ors with statistically significant contribution to FFR. Additionally, 

C and AF were significant interactions ( Table 6 ). The mean of FFR 

f 0.96 suggests that with large proximal coronary arteries mea- 

uring 4–6 mm in diameter and with stenosis in the range of 40–

0%, no single or combination of the 6 factors above would pre- 

umably result in a hemodynamically significant stenosis ( Table 5 ). 

ig. 6 shows AB and BD interactions in the third design for FFR 

etermination for both concentric and eccentric stenoses and con- 
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Fig. 5. (a) Interaction AB for concentric and (b) eccentric stenosis and (c) interaction BD for concentric and (d) eccentric stenosis in the second design. 
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Fig. 5. Continued 

9 
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Fig. 6. (a) Interaction AB for concentric and (b) eccentric stenosis and (c) interaction BD for concentric and (d) eccentric stenosis in third design. 
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Fig. 6. Continued 
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Fig. 7. (a) Interaction AB for concentric and (b) eccentric stenosis and (c) interaction BD for concentric and (d) eccentric stenosis in the fourth design. 
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Fig. 7. Continued 
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Table 6 

ANOVA analysis for the third design. 

Source Sum of squares df Mean square F value p -value Prob > F 

Model 0.27 23 0.012 6.52 0.0001 Significant 

A -Stenosis 7.133E-003 1 7.133E-003 3.90 0.0529 

B -Diameter of Coronary 0.013 1 0.013 7.38 0.0087 

D -Volume Flow Rate 0.042 1 0.042 22.98 0.0001 

F -shape 0.041 1 0.041 22.65 0.0001 

AC 0.018 1 0.018 9.76 0.0028 

AF 0.020 1 0.020 10.93 0.0016 

DE 0.012 1 0.012 6.35 0.0145 

DF 0.018 1 0.018 10.09 0.0024 

ACF 0.017 1 0.017 9.57 0.0030 

DEF 0.012 1 0.012 6.78 0.0117 

A ̂ 2C 0.012 1 0.012 6.82 0.0115 

AC ̂ 2 0.011 1 0.011 6.16 0.0160 

Residual 0.11 58 1.827E-003 

Cor Total 0.38 81 

Std. Dev. 0.043 R -Squared 0.7210 

Mean 0.96 Adj R -Squared 0.6103 

Table 7 

ANOVA analysis for the fourth design. 

Source Sum of squares df Mean square F value p -value Prob > F 

Model 8.88 22 0.40 29.45 0.0001 significant 

A -Stenosis 1.01 1 1.01 73.89 0.0001 

B -Diameter of Coronary 0.17 1 0.17 12.73 0.0007 

D -Volume Flow Rate 0.44 1 0.44 31.78 0.0001 

F -shape 0.46 1 0.46 33.78 0.0001 

AB 0.27 1 0.27 19.96 0.0001 

AD 0.36 1 0.36 26.40 0.0001 

AF 1.10 1 1.10 80.48 0.0001 

BD 0.073 1 0.073 5.30 0.0249 

BF 0.23 1 0.23 16.99 0.0001 

DF 0.49 1 0.49 35.96 0.0001 

A ̂ 2 0.55 1 0.55 40.10 0.0001 

B ̂ 2 0.028 1 0.028 2.02 0.1610 

ABF 0.18 1 0.18 13.34 0.0006 

A ̂ 2 B 0.11 1 0.11 8.31 0.0055 

A ̂ 2 D 0.093 1 0.093 6.82 0.0114 

A ̂ 2 F 0.40 1 0.40 28.87 0.0001 

Residual 0.81 59 0.014 

Cor Total 9.69 81 

Std. Dev. 0.12 R -Squared 0.9165 

Mean 0.80 Adj R -Squared 0.8854 
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rms the notion that in coronary arteries with diameter ranging 

rom 4 to 6 mm, coronary stenosis from 40 to 60% is unlikely to 

e hemodynamically significant. 

In the fourth design, coronary arteries 4–6 mm in diameter 

ith stenosis ranging from 61 to 80% were analyzed. Stenosis 

everity (A), coronary diameter (B), volume flow rate (D) and shape 

f stenosis (F) as factors and AB, AD, AF, BD, BF, DF, ABF, A 

2 B, A 

2 D,

 

2 F and AB 

2 as interaction were statistically significant ( Table 7 ). 

ig. 7 shows AB and BD interactions; FFR contours suggest that 

hese interactions are almost linear for concentric stenosis and 

onlinear for eccentric stenosis. Fig. 7 a suggests that for concentric 

tenosis of coronary arteries ranging from 4 to 6 mm, the threshold 

or hemodynamically significant stenosis is between 65 and 75%. 

or example, FFR is 0.79 in an artery with a diameter of 5 mm 

nd a concentric stenosis of 67% while FFR dramatically drops to 

.37 for the same artery when the stenosis increases to 77%. Fig. 7 b

otably indicated that eccentric stenosis in coronary arteries with 

iameters ranging from 4 to 6 mm is frequently not hemodynam- 

cally significant even when the stenosis severity approaches 80%. 

imilarly, while increasing volume flow rate in coronary arteries 

easuring 4–6 mm with concentric stenosis ranging from 61 to 

0% would result in reduction in FFR, the same is not true about 

1

14 
imilar arteries with eccentric stenosis where FFR would largely re- 

ain above 0.8 ( Fig. 7 c and d). 

.3. Clinical validation 

FFR based on the above 4 designs was determined in 100 

oronary arteries for which the gold standard pressure-wire FFR 

as known and the correlation between ROM-FFR and pressure- 

ire FFR was determined. There is a strong correlation between 

ressure-wire FFR and ROM-FFR ( r = 0.87, P < 0.001). There were 

2 true negatives, 53 true positives, 5 false negative (5%) and, 0 

alse positives (0%) ( Fig. 8 a). ROM-FFR derived from this model had 

 sensitivity of 89.4%, specificity of 100% and area under curve of 

.947 ( p < 0.05) ( Fig. 8 b). Fig. 8 c presents a Bland-Altman plot for

OM-FFR and pressure-wire FFR. The Bland-Altman analysis evalu- 

ted a bias between the mean differences and estimated an excel- 

ent agreement interval, within which 95% of the differences be- 

ween ROM-FFR and pressure-wire FFR. 

. Discussion 

In this study, we realized the first comprehensive study of the 

1 factors commonly known to affect FFR. Using RSM in conjunc- 
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Fig. 8. (a) ROM-FFR and pressure-wire FFR for 100 coronary arteries, (b) Receiver operator characteristic (ROC) curve analysis for predicted-FFR against pressure-wire FFR 

(area under curve = 0.947), (c) Bland–Altman analysis, and (d) visualization of ROM-FFR for patient A with FFR 0.9 and patient B with FFR 0.62. 
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ion with CFD, we identified 6 factors among the 11 that actually 

ave a significant impact on FFR value: stenosis severity, diame- 

er of coronary arteries, volume flow rate, shape of stenosis, blood 

iscosity, and stenosis position. Then, using Box–Behnken Design, 

e establish ROMwhich provide a relation between these signifi- 

ant factors such that FFR could be calculated instantly once these 

arameters are available without requiring time-consuming CFD- 

ased computation. The ROM was validated by calculating ROM- 

FR in 100 stenotic coronary arteries with known pressure-wire 

FR. Model predicted-FFR had a sensitivity of 89.4%, specificity of 

00% and area under curve of 0.947 ( p < 0.05) when compared 

o pressure-wire FFR. These AUC, sensitivity, and specificity values 

ere generally higher than various forms of computed FFR. 

Measurement of pressure-wire FFR is recommended in patients 

ith symptomatic coronary artery disease with intermediate coro- 

ary stenosis. Risk of complications, radiation and contrast expo- 

ure, procedural time and cost, however, remain of concern. Al- 

ernate approaches combining angiography images and CFD have 

een establish, but CFD run time range (2 h-5 min) is very high 
15 
or practical use in a clinical setup [ 21 , 25 ]. In this study, FFR cal-

ulated through RSMs had a high degree of agreement in com- 

arison to pressure-wire FFR using standard techniques with sig- 

ificance threshold of 0.80. Indeed, the classification agreement of 

oronary stenotic lesions was 95% between pressure-wire FFR and 

redicted-FFR. Although processing times of CFD algorithms vary 

ith their complexity, and usually amount to several hours [ 8 , 25 ],

OM based RSMs can be used to perform FFR calculations, virtu- 

lly without delay. Short calculation times allow for real-time use 

f this method by interventional cardiologists. 

Our current study findings provide further clues as to how 

he clinical and angiographic features of a coronary stenosis affect 

he FFR value. The most important factors affecting FFR included 

tenosis severity, coronary artery diameter, blood volume flow rate 

n coronary arteries and shape of stenosis. There were significant 

nteractions that influenced FFR, the most important of which were 

nteractions between stenosis severity and the shape of stenosis 

AF), coronary artery diameter and the shape of stenosis (BF) and 

lood volume flow rate and the shape of stenosis (DF). It is im- 



J. Hashemi, B. Patel, Y.S. Chatzizisis et al. Computer Methods and Programs in Biomedicine 216 (2022) 106674 

Fig. 8. Continued 
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ortant to note that the common factor between all these interac- 

ions is the shape of stenosis (concentric vs. eccentric). Generally, 

oncentric stenoses were more hemodynamically significant than 

ccentric stenoses when stenosis severity was identical [26] . From 

he standpoint of fluid dynamics, this is because blood has to pass 

hrough concentric stenosis with a throat that has two sides with 

ignificant pressure drop however, when blood passes through ec- 

entric stenosis where presence of a wall side would make it easier 

or blood to pass through. Notably, the third design suggested that 

n large coronary arteries with stenosis from 40 to 60% the stenosis 

s rarely hemodynamically significant. 

Previous investigators have used angiography-derived anatomic 

odels to compute FFR. For example, Morris et al. [10] used 3D 

econstructions obtained by coronary angiography in 19 patients 

o obtain “virtual FFR” in 30 lesions. They found a correlation 

etween modeled and measured FFR of 0.84 and sensitivity and 

pecificity were reported at 71% and 100%, respectively. In a trial 

f 120 patients, [9] reported an accuracy of 87% for agreement 

etween pressure-wire FFR and a “virtual Functional Assessment 
16 
ndex (vFAI)”. Interestingly, they adjusted the threshold of virtual 

unctional Assessment Index to 0.82. They reported a sensitivity of 

0.4% and specificity of 86.2%. Their accuracy and correlation be- 

ween simulated and measured FFR ( r = 0.78) were lower than 

ur method, potentially because they used a standard reference 

P of 100 mm Hg and did not incorporate patient-specific val- 

es. vFAI was computed in 7 min, based on the distal pressure- 

o-proximal pressure ratios over the lesion for flows in the range 

f 0–4 ml/s, normalized by the ratio over this range for a normal 

rtery. Tu et al. [27] reported a correlation of 0.81 between inva- 

ive and modeled vFFR, with sensitivity of 78%, specificity of 93%, 

nd an area under the receiver operating characteristic curve of 

.93 to predict “functionally relevant” lesions by combining quan- 

itative coronary angiography and Thrombolysis In Myocardial In- 

arction (TIMI) frame count to model coronary flow in 77 vessels 

n 68 patients. Finally, there are initial data (in 20 patients) re- 

arding CFD modeling on the basis of optical coherence tomogra- 

hy derived 3D anatomy of coronary lesions [27] . More recently, Tu 

t al. [11] described a method for computing adenosine-flow quan- 
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itative flow ratio (QFR). Compared with pressure-wire FFR, aQFR 

dentified physiological lesion significance with sensitivity of 77% 

nd specificity of 89% [11] . Our results indicate that on a per-lesion 

asis, FFR derived from a ROM demonstrates comparable correla- 

ion with pressure-wire FFR in the detection of hemodynamically 

ignificant coronary stenosis. 

. Conclusion 

Our study demonstrates that ROM can be used to reliably cal- 

ulate FFR in patients with intermediate coronary stenosis. This 

s significant since these ROM can replace time-consuming CFD- 

ased FFR estimation and provide instead a real-time calculation 

ethod. By overcoming complexity and time related barriers of 

FD, model-based FFR calculation can become a sustainable alter- 

ative to the invasive pressure-wire method which is currently the 

old standard. In future advancement, a software package can be 

eveloped for automatically extracting required parameters from 

ngiography images then computing FFR with the proposed model 

ith minimum human intervention. This would make the applica- 

ion of the propsoed approach practical for widespread clinical use. 

his method can also be used CT-images for non-invasive determi- 

ation of FFR. 
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