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BACKGROUND: The impact of various coronary lesion geometries on 
fractional flow reserve (FFR) is poorly understood.

METHODS AND RESULTS: A total of 1552 coronary lesions in 1236 
patients from a prospective Interventional Cardiology Research In-
cooperation Society Fractional Flow Reserve and Intravascular Ultrasound 
registry were assessed using quantitative coronary angiography, 
intravascular ultrasound, and FFR. Computational fluid dynamics 
simulation was performed for theoretical validation. Patients with 
complex geometries, such as longitudinal eccentricity, cross-sectional 
eccentricity, and surface roughness, showed significantly lower FFR 
values. In multivariable analysis, distal longitudinal eccentricity (adjusted 
odds ratio, 1.55; 95% confidence interval, 1.04–2.87; P=0.031), cross-
sectional eccentricity (adjusted odds ratio, 1.65; 95% confidence 
interval, 1.27–2.14; P<0.001), and surface roughness (adjusted odds 
ratio, 1.55; 95% confidence interval, 1.04–2.32; P=0.033), as well as 
male sex, left anterior descending artery territory, proximal location, 
high degree of diameter stenosis, long lesion, and high plaque burden, 
were identified as independent predictors for significantly low FFR values 
(≤0.80). Computational simulation supported the impact of lesion 
geometry on FFR.

CONCLUSIONS: The complex coronary lesion geometries were 
independently associated with reduced FFR values. The visual–functional 
mismatch between coronary angiography and FFR could be partly 
attributable to local geometric factors.
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Coronary angiography visualizes the inner lumen 
of a vessel. Fractional flow reserve (FFR) value of 
≤0.80 indicates the stenosis’ potential to induce 

myocardial ischemia.1,2 Therefore, FFR-guided diag-
nosis and revascularization for stable ischemic heart 
disease could be the gold standard in current prac-
tice. However, there are still many visual–functional 
mismatches between angiographic percentage diam-
eter stenosis and FFR value especially in intermediate 
stenosis.3

The degree of stenosis and the size of perfused myo-
cardial mass were the most important determinants for 
FFR value.4,5 Although previous studies have reported 
that the complex geometries of local lesions, such as 
eccentricity, luminal irregularity, and plaque rupture, 
could be associated with lower FFR value,3,6 the impact 
of lesion geometries on FFR is poorly understood 
(Figure 1).

For better understanding of the contribution of 
local geometric factors to the physiological effect of a 
stenosis, we investigated 1552 lesions using simulta-

neous FFR and intravascular ultrasound (IVUS) assess-
ment from the prospective IRIS-FFR (Interventional 
Cardiology Research In-cooperation Society Fractional 
Flow Reserve) and IVUS registry. Computational fluid 
dynamics simulation was also performed for theoreti-
cal validation.

METHODS
The data, analytic methods, and study materials will be made 
available to other researchers for purposes of reproducing the 
results or replicating the procedure. The data that support the 
findings of this study are available from the corresponding 
author on reasonable request.

Patients and Lesion Characteristics
The IRIS-FFR registry was a prospective, multicenter study 
designed to investigate the natural history of coronary ste-
nosis assessed by FFR in routine clinical practice. The regis-
try consecutively enrolled all patients who underwent FFR 
measurement of at least 1 coronary lesion. Major exclusion 
criteria were left main artery lesions, TIMI (Thrombolysis In 
Myocardial Infarction) flow of <3, bypass graft, overt heart 
failure, and technical unsuitability for FFR evaluation.7

From August 2009 to October 2016, 10 881 lesions from 
7735 patients were prospectively enrolled, of which 1552 
nonleft main coronary lesions in 1236 patients were assessed 
using simultaneous FFR and IVUS. The decision to conduct 
an IVUS measurement was at the discretion of the operator. 
The study protocol was approved by the institutional review 
board or ethical committee at each participating center, and 
all subjects provided written informed consent.

FFR Measurement
FFR was measured using a commercially available coronary 
pressure wire as previously described.7 After administration 
of intracoronary nitrate (100 or 200 µg), the pressure wire 
was positioned at the distal segment of the target lesion. 
Intravenous adenosine infusion via the central vein or large 
antecubital vein was recommended as the standard method 
to induce coronary hyperemia. The hyperemic proximal aortic 
pressure and the distal arterial pressure were measured dur-
ing sustained hyperemia, and the FFR value was calculated 
as the mean distal arterial pressure/proximal aortic pressure 
during hyperemia.

Quantitative and Qualitative Coronary 
Angiography
Quantitative coronary angiography was performed using 
standard techniques with automated edge-detection algo-
rithms (CAAS-5; Pie-Medical, Maastricht, the Netherlands). 
Angiographic percentage diameter stenosis, minimal lumen 
diameter, lesion length, and reference lumen diameter were 
measured.8 Surface roughness was defined as an irregular 
luminal surface by intraluminal calcification, intimal flap, or 
sawtooth pattern. Lesions with a small crater consisting of a 
discrete luminal widening around the stenosis with consistent 
IVUS finding were classified as plaque rupture.9

CLINICAL PERSPECTIVE

Visual–functional mismatches between angio-
graphic percentage diameter stenosis and frac-
tional flow reserve (FFR) value are common, 
especially in intermediate stenosis. The degree 
of stenosis and the size of perfused myocardial 
mass were known to be the major determinants 
for FFR value. Previous studies have reported that 
the complex geometries of local lesions could 
be associated with lower FFR value. However, 
the impact of lesion geometries on FFR is poorly 
understood. The current study evaluated the 
impact of lesion-specific morphological charac-
teristics of coronary stenoses on the FFR using 
quantitative coronary angiography, intravascu-
lar ultrasound, and FFR value from a prospec-
tive IRIS-FFR (Interventional Cardiology Research 
In-cooperation Society Fractional Flow Reserve) 
and intravascular ultrasound registry. The com-
plex coronary lesion geometries of distal longi-
tudinal eccentricity (an abrupt narrowing of the 
distal edge), cross-sectional eccentricity (asym-
metrical narrowing in a cross-sectional view), 
surface roughness (irregular luminal surface) 
were identified as independent predictors for 
significantly low FFR values. Computational fluid 
dynamics simulation theoretically supported the 
findings. The results of this study suggest that 
the visual–functional mismatch between coro-
nary angiography and FFR could be partly attrib-
utable to local geometric factors.

D
ow

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

ugust 13, 2018



Circ Cardiovasc Imaging. 2018;11:e007087. DOI: 10.1161/CIRCIMAGING.117.007087� June 2018 3

Kang et al; Lesion Geometry and FFR

Intravascular Ultrasound
IVUS imaging was performed using a commercial scanner 
(Boston Scientific Scimed, Inc, Minneapolis, MN or Volcano 
Therapeutics, Rancho Cordova, CA) with a rotating, 40 MHz 
transducer within a 3.2Fimaging sheath while pulling back 
the transducer at 0.5 mm/s. Using computerized planimetry 
(EchoPlaque 3.0; Indec Systems, Mountain View, CA), offline 
quantitative IVUS analysis was performed in accordance with 
standard methods.10 Minimal lumen area and external elastic 
membrane area at the minimal lumen area site were mea-
sured. The plaque plus media area was calculated as external 
elastic membrane−lumen area. Plaque burden was calculated 
as (plaque+media)/external elastic membrane×100 (%).

Longitudinal eccentricity (LE) was defined as stenosis with 
an abrupt narrowing of the proximal or distal edge (Figure 2). 

The LE index was defined as the ratio of distance (x) between 
the proximal end of the lesion and the site of minimal lumen 
area to the lesion length (L). The lesion with LE ≤0.25 was 
classified with proximal LE while LE ≥0.75 with distal LE. 
Cross-sectional eccentricity (CE) index was defined as the 
ratio of maximum to minimum plaque plus media thickness 
at the site of minimal lumen area. Lesions with CE index >3 
was set to have CE (Figure 2).11 IVUS and quantitative coro-
nary angiography were analyzed in the core laboratory of the 
CardioVascular Research Foundation (Seoul, Korea).

Computational Fluid Dynamics: Numeric 
Methods
Computational fluid dynamics simulation was performed 
for theoretical validation of the impact of lesion geometry 

Figure 1. Examples of complex lesion geometries.  
A, A 62-y-old man with stable angina. Angiographic DS was 40% with longitudinal eccentricity (black arrow), and intravascular ultrasound-minimal lumen area 
(IVUS-MLA) was 4.2 mm2, whereas fractional flow reserve (FFR) was 0.75 (reverse mismatch). B, A 58-y-old man with stable angina. Angiographic DS was 50% 
with cross-sectional eccentricity (black arrow), and IVUS-MLA was 4.6 mm2. FFR was reduced to 0.72 (reverse mismatch). C, A 68-y-old man with unstable angina. 
Angiographic DS was only 30% with plaque rupture. IVUS showed MLA 6.2 mm2 and ruptured plaque (red arrow). FFR was reduced to 0.76 (reverse mismatch). 
DS indicates diameter stenosis.
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on FFR. The lattice Boltzmann method with the single-time 
Bhatnagar–Gross–Krook model was used for blood flow simu-
lation.12–14 The blood velocity in the vessel was described using 
the pulsatile flow condition, and the prescribed velocity was 
used at the inlet.15 The frequency of the pulsatile flow was 
set to once per second, similar with the normal heart rate. 
The velocity at peak pulsatile flow was set to 0.5 m/s. For the 
outlet boundary, impedance boundary condition was used to 
analyze the reflected pressure wave by the viscoelasticity of 
the blood vessel.16 The flow was assumed to be hyperemic 
to make similar conditions with that of clinical invasive FFR 
measurement. The blood density was fixed at 1080 kg/m3. The  

Carreau model µ −( ) −( ) = + ( )



∞ ∞

−( )
µ µ µ/

/

0
2 1 2

1 λγ
n

 was used  

for non-Newtonian characterization of blood, and the following 
parameters were used: µ0 0 056= . Pa s× , µ∞ = 0 0035. Pa s× , 
n=0.3568, and λ=3.313s.17 Blood vessel diameter for all cases 
was 3 mm, and the length was 21 mm. To focus on the geo-
metric factor of a stenosis, the blood vessel was assumed to 
be a rigid wall. No-slip boundary condition was used for the 
vessel wall. The FFR value was calculated using the average 
pressure 6 mm away from the lesion in the upstream direction 
and 9 mm in the downstream direction.

The vortex structure model was used to explain the impact 
of lesion geometries on FFR. Vortex is a swirling flow of blood 
developed beyond the stenosis. Vortex length, which is the 
length between the separation point and the point at which 
the streamline attaches to the vessel— the velocity gradient 
is zero— is used to quantify the vortex structure (Figure IA in 
the Data Supplement).

Statistical Analysis
Continuous variables are expressed as mean±SD; cat-
egorical variables are expressed as counts and percentages. 
Continuous variables were compared using unpaired t tests 
and categorical variables using the χ2 test. Baseline variables 
that showed a univariate relationship (P<0.05) with the FFR 
value were entered into multivariable logistic regression mod-
els to find predictors of significantly low FFR (≤0.80). Variables 
for inclusion were carefully chosen, given the number of 
events available, to ensure parsimony of the final models, and 
nonsignificant variables were excluded by backward selec-
tion. The multiple lesions within a patient were considered to 
be independent. All statistical analyses were performed using 
SPSS version 21.0 (IBM Corporation, Armonk, NY) and R ver-
sion 3.2.3 (R Foundation for Statistical Computing, Vienna, 
Austria). P values were considered statistically significant if 
<0.05.

RESULTS
Impact of Lesion Geometries on the FFR 
Value
A total of 1236 patients with 1552 nonleft main de 
novo coronary lesions were enrolled. The mean age 
was 64 years, 73% of the patients were men, and 29% 
were diabetic. The average FFR value was 0.82, and 
50.3% lesions showed significantly reduced FFR value 
(≤0.80).

A

B

Figure 2. The definition of longitudinal eccentricity (LE) and cross-
sectional eccentricity (CE).  
A, The LE index was defined as the ratio of distance (x) between the proximal 
end of the lesion and the site of minimal lumen area to the lesion length 
(L). The lesion with LE ≤0.25 was classified with proximal LE while LE ≥0.75 
with distal LE. B, CE index was defined as the ratio of maximum to minimum 
plaque plus media thickness at the site of minimal lumen area (M/m). Lesions 
with CE index >3 was set to have a CE.

Table 1.  Clinical Characteristics of 1236 Patient

Parameters All (n=1236)

Age, y 63.6±9.5

Sex, male, n (%) 896 (72.5)

Body mass index, kg/m2 25.0±2.8

Hypertension, n (%) 787 (63.7)

Diabetes mellitus, n (%) 354 (28.6)

Dyslipidemia, n (%) 966 (78.2)

Current smoking, n (%) 299 (24.2)

Previous percutaneous coronary intervention, n (%) 202 (16.3)

Previous myocardial infarction, n (%) 63 (5.1)

Previous stroke, n (%) 60 (4.9)

Clinical manifestation, n (%)

 ������� Stable angina 635 (51.4)

 ������� Unstable angina 188 (15.2)

 ������� Non–ST-segment–elevation myocardial infarction 68 (5.5)

 ������� Silent ischemia 345 (27.9)
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Lesions with FFR values ≤0.80 showed higher diam-
eter stenosis (53.5%±10.7% versus 46.5%±10.0%; 
P<0.001), smaller minimal lumen diameter (1.4±0.3 

versus 1.7±0.4 mm; P<0.001), and longer lesion 
length (21.1±11.2 versus 16.1±9.0 mm; P<0.001) on 
quantitative coronary angiography analysis and small-

Figure 3. Fractional flow reserve (FFR) value 
according to the presence of complex lesion 
geometry.

Table 2.  Angiographic and IVUS Parameters of 1552 Lesions

Parameters All (n=1552) FFR ≤0.80 (n=782) FFR >0.80 (n=770) P Value

Lesion territory, n (%)    <0.001

 ������� Left anterior descending artery 1053 (67.8) 631 (80.7) 422 (54.8)  

 ������� Left circumflex artery 90 (5.8) 42 (5.4) 48 (6.2)  

 ������� Right coronary artery 409 (26.4) 109 (13.9) 300 (39.0)  

Lesion location, n (%)    0.002

 ������� Proximal 835 (53.8) 449 (57.4) 386 (50.1)  

 ������� Mid 601 (38.7) 273 (34.9) 328 (42.6)  

 ������� Distal 116 (7.5) 60 (7.7) 56 (7.3)  

Fractional flow reserve 0.82±0.07 0.76±0.05 0.88±0.05 <0.001

 ������� Quantitative coronary angiography

 ������� Lesion length, mm 18.6±10.4 21.1±11.2 16.1±9.0 <0.001

 ������� Reference lumen diameter, mm 3.2±0.6 3.1±0.5 3.3±0.2 <0.001

 ������� Minimal lumen diameter, mm 1.6±0.4 1.4±0.3 1.7±0.4 <0.001

 ������� Diameter stenosis, % 50.1±11.0 53.5±10.7 46.5±10.0 <0.001

 ������� Diameter stenosis >50%, n (%) 770 (49.6) 486 (62.1) 296 (37.9) <0.001

  �������  ≤40% 299 (19.3) 90 (11.5) 209 (27.1) <0.001

  �������  41%–50% 483 (31.1) 206 (26.3) 277 (36.0)  

  �������  51%–60% 523 (33.7) 288 (36.8) 235 (30.5)  

  �������  ≥60% 247 (15.9) 198 (25.3) 49 (6.4)  

 ������� Surface roughness, n (%) 153 (9.9) 90 (11.5) 63 (8.2) 0.028

Intravascular ultrasound

 ������� Lesion length, mm 31.8±13.8 30.7±14.0 32.9±13.6 0.002

 ������� External elastic membrane area, mm2 12.1±4.8 12.2±4.9 12.0±4.6 0.47

 ������� Minimal lumen area, mm2 3.0±1.3 2.9±1.3 3.0±1.4 0.09

 ������� Plaque plus media area, mm2 9.1±4.2 9.2±4.4 8.9±4.0 0.18

 ������� Plaque burden, % 41.0±24.2 42.7±25.2 39.3±23.1 0.006

 ������� Plaque burden ≥70%, n (%) 342 (22.1) 197 (25.2) 145 (18.8) 0.002

 ������� Proximal longitudinal eccentricity, n (%) 141 (9.1) 92 (11.8) 49 (6.4) <0.001

 ������� Distal longitudinal eccentricity, n (%) 118 (7.6) 85 (10.9) 33 (4.3) <0.001

 ������� Cross-sectional eccentricity, n (%) 511 (32.9) 208 (26.6) 303 (39.4) <0.001

 ������� Plaque rupture, n (%) 216 (13.9) 113 (14.5) 103 (13.4) 0.22

FFR indicates fractional flow reserve; and IVUS, intravascular ultrasound.
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er minimal lumen area (2.9±1.3 versus 3.1±1.4 mm2; 
P=0.082) and higher plaque burden (42.6%±25.2% 
versus 39.3%±23.1%; P=0.007) on IVUS analysis 
(Tables 1 and 2).

Male sex, left anterior descending artery location of 
the lesion, high degree of diameter stenosis, lesion length 
≥16 mm, plaque burden ≥70%, LE and CE, and surface 
roughness were more prevalent in patients with FFR val-
ues ≤0.80 by univariate analysis. Multivariable analysis 
identified that complex lesion geometries, such as distal 
LE, CE, and surface roughness, as well as male sex, left 
anterior descending artery territory, proximal location, 
high degree of diameter stenosis, lesion length of ≥16 
mm, and plaque burden ≥70%, were independent pre-
dictors for significantly low FFR (Figure 3; Table 3).

Explanatory Computational Fluid 
Dynamics Simulation
Computational dynamic simulation study was per-
formed in cases of different lesion geometries with 
LE, CE, surface roughness, and the presence of plaque 

rupture. The simulation study clearly demonstrated 
that the increased distal LE, CE, and surface roughness 
decreased FFR value (Figure 4).

DISCUSSION
In the present study, we found that complex coronary 
lesion geometries with distal LE, CE, and surface rough-
ness independently affected the FFR value. This could 
explain the visual–functional mismatch—angiographi-
cally tight stenosis with negative FFR and insignificant 
stenosis with positive FFR—between coronary angiog-
raphy and FFR.4,18–20

There have been limited studies using simultaneous 
coronary imaging and physiology. To the best of our 
knowledge, this prospective study is the first to simulta-
neously assess FFR, IVUS, and coronary angiography to 
evaluate the impact of coronary lesion-specific geom-
etries on its functional significance.

A subgroup analysis of the FAME trial (Fractional 
Flow Reserve versus Angiography for Multivessel Evalu-
ation) showed that 65% of coronary lesions with 50% 

Table 3.  Predictors of FFR ≤0.80 by Logistic Regression Models

Parameters

Univariable Analysis Multivariable Analysis*

OR 95% CI P Value Adjusted OR 95% CI P Value

Age ≥64 y 1.12 0.92–1.37 0.258    

Male sex 1.73 1.38–2.18 <0.001 2.22 1.69–2.93 <0.001

Diabetes mellitus 1.05 0.84–1.30 0.676    

Hypertension 1.07 0.87–1.31 0.549    

Left anterior descending artery 3.44 2.74–4.32 <0.001 3.62 2.77–4.72 <0.001

Left circumflex artery 0.85 0.56–1.31 0.467    

Right coronary artery 0.25 0.20–0.33 <0.001    

Proximal location 1.35 1.10–1.64 0.004 1.93 1.50–2.49 <0.001

QCA parameters

 ������� Lesion length ≥16 mm 2.30 1.87–2.81 <0.001 2.14 1.68–2.71 <0.001

 ������� Minimal lumen diameter ≤1.5 mm 3.99 3.23–4.94 <0.001    

 ������� Diameter stenosis ≤40% 1 Reference … 1 Reference …

  �������  41%–50%    2.62 1.82–3.78 <0.001

  �������  51%–60%    4.12 2.81–6.05 <0.001

  �������  >60%    10.84 6.93–19.94 <0.001

 ������� Surface roughness 1.46 1.04–2.05 0.029 1.55 1.04–2.32 0.033

IVUS parameters

 ������� Minimal lumen area ≤2.75 mm2 1.08 0.88–1.31 0.48    

 ������� Plaque burden ≥70% 1.45 1.14–1.85 0.002 1.32 0.99–1.77 0.063

 ������� Proximal longitudinal eccentricity 1.96 1.37–2.82 <0.001    

 ������� Distal longitudinal eccentricity 2.72 1.80–4.13 <0.001 1.55 1.04–2.87 0.031

 ������� Cross-sectional eccentricity 1.72 1.39–2.13 <0.001 1.65 1.27–2.14 <0.001

 ������� Plaque rupture 1.20 0.90–1.61 0.22    

CI indicates confidence interval; FFR, fractional flow reserve; IVUS, intravascular ultrasound; OR, odds ratio; and QCA, quantitative 
coronary angiography.

*Adjusted by multivariable logistic regression analysis with sex, lesion territory, lesion location, diameter stenosis, lesion length, surface 
roughness, plaque burden, distal longitudinal eccentricity, and cross-sectional eccentricity.
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to 70% diameter stenosis was functionally insignifi-
cant. Even in more severe stenoses with 71% to 90% 
diameter, 20% of the lesions did not show functional 
significance.18 A few pilot studies showed that lesion 
factors, such as the degree of stenosis, lesion length, 
and various geometries, were associated with FFR.6,17,21

Computational simulation studies provided impor-
tant insight to better understand the visual–functional 
mismatch. That is, even in the same degree of stenosis, 
different lesion geometry can make a different FFR val-
ue. The impact of lesion geometry on FFR value can be 
explained by the vortex structure. Energy loss of blood 
flow by vortex results in decreased FFR value, and lon-
ger vortex length after stenosis indicates larger energy 
loss. The vortex length became longer according to the 
different geometric simulation, such as distal LE, CE, 
and surface roughness even in the same degree of ste-
nosis, which resulted in lower FFR. Figure IB in the Data 
Supplement visualized the increased vortex length by 
the degree of LE.

Therefore, the results of clinical and simulation study 
provide further insight on the reason why there are so 
many mismatches between angiographic diameter ste-
nosis and FFR. The visual–functional mismatch between 
coronary angiography and FFR could be attributable to 
these lesion-specific geometric factors on top of the 
size of perfused myocardial mass and the degree of 
stenosis. Consideration of local geometry will improve 
understanding of the functional status of coronary 
artery disease. Further study is warranted to investigate 
the clinical impact of the lesion geometries.

Previous smaller studies reported that plaque rup-
ture was associated with reduced FFR,4,22 whereas plaque 

rupture was not associated with reduced FFR in this 
study. In simulation, narrow and deep rupture was 
associated with reduced FFR by additional vortex inside 
rupture whereas wide rupture was not (Figure II in the 
Data Supplement). Overall number of ruptures was lim-
ited, so larger studies will be necessary to evaluate the 
impact of plaque rupture on FFR.

This study has several limitations. First, there is the 
inherent limitation of observational registry study. 
Because FFR and IVUS evaluation was at discretion of 
operator, this might introduce selection bias (Tables I 
and II in the Data Supplement). Second, FFR measure-
ment was not reviewed in core laboratory. Third, in the 
simulation study, the vessel was assumed to be a rigid 
wall.

CONCLUSIONS
The coronary lesion geometries of distal LE, CE, and 
surface roughness were independently associated with 
reduced FFR value. The visual–functional mismatch 
between coronary angiography and FFR could be partly 
attributable to lesion-specific geometric factors.
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Figure 4. The fractional flow reserve (FFR) 
by computational fluid dynamics simulation 
according to various lesion geometries with 
70% of diameter stenosis. 
 A, Longitudinal eccentricity (LE) was defined 
as x/L. B, Cross-sectional eccentricity (CE) was 
defined as M/m. C, Surface roughness. RO was 
defined as h/D (h was the height of the bumps 
at the lesion surface, D was vessel diameter).
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