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computational ability, CFD analyses can now be performed 
using general-purpose computers and CFD software.

Recently, blood flow simulations have been adopted in 
the medical field.7 In the congenital heart disease field, 
because morphology is anatomically complex and there 
are dynamic changes in blood flow after surgery, CFD has 
been used to predict hemodynamics since 1995, contributing 
to the determination of surgical indications and under-
standing postoperative hemodynamics.8,9 Moreover, most 
vascular diseases, such as thrombosis, arteriosclerosis, and 
formation of aneurysms, of the human circulatory system 
occur at junctions and in curved sections of relatively large 
vessels, as well as in the lower reaches of constricted parts. 
Clinical studies and autopsies have demonstrated that 
formation of aneurysms appear locally at sites where the 
blood flow is disturbed in a hydrodynamic view, suggesting 
that there is a relationship between blood flow and the 
onset of vascular diseases.10 Many studies have also been 
conducted in the cerebrovascular field using CFD, including 
the prediction of which aneurysm will rupture among 
unruptured cerebral aneurysms found occasionally,11 
analysis of the flow within the aortic arch, which has various 

F ractional flow reserve (FFR) is conducted to evaluate 
the need for percutaneous coronary intervention 
(PCI) for moderate stenosis of the coronary artery. 

FFR is calculated by measuring the pressure within the 
coronary artery proximal and distal to the coronary artery 
stenotic lesion. For example, an FFR of 0.50 means that 
the actual blood flow is only 50% of the maximum blood 
flow you would normally see because of the stenosis. 
Normally, PCI is used when FFR is >0.80.1–3

Computational Fluid Dynamics (CFD) is the study of 
understanding the mechanism of the “flow” created when 
the fluid represented by air and water moves, taking a 
physical and engineering approach.4–6 CFD is a simula-
tion method used to compute approximate solutions by 
discretizing the Navier-Stokes equation, an equation that 
describes the movement of viscous fluids and is used to 
understand hemodynamics. The advantages of using CFD 
are that large-scale research facilities are not needed and 
there is no cost associated with repeating analyses multiple 
times. Conversely, a disadvantage of CFD is that errors may 
be introduced as a result of the various hypotheses and 
models used in the equation. Because of the evolution in 
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Background: Fractional flow reserve (FFR) is used to evaluate the need for percutaneous coronary intervention (PCI) in cases of 
moderate stenosis of the coronary artery. Recently, diagnostic imaging support with computational fluid dynamics (CFD) analysis 
has been garnering attention. This study defines the relationship between FFR conducted for cardiac catheterization and CFD 
analyses conducted using coronary computed tomography (CT) for moderate stenosis, in addition to considering whether wall 
pressure (WP) and wall shear stress (WSS) can be used to evaluate ischemia.

Methods and Results: Cases in which FFR was measured via coronary CT and cardiac catheterization was performed within 3 
months were collected retrospectively. In the CFD analysis, WP and WSS were calculated and compared with FFR. Three groups 
were created to compare results of CFD analysis and FFR values according to the location of the stenosis: the right coronary artery, 
the left anterior descending artery, and the left circumflex artery. There was a correlation between FFR and WSS according to CFD 
analysis for moderate stenosis of the coronary artery, with a cut-off value for treatment able to be calculated.

Conclusions: The results of this study suggest that ischemia can be evaluated by conducting CFD analysis (WSS) using 
coronary CT.
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kinks, and the study of fluid dynamics with regard to the 
form of arcs and the onset of aneurysms.12–16

In the present study, we revealed the relationship between 
FFR, which is determined during intracardiac catheteriza-
tion for moderate stenosis of the coronary artery, and 
CFD analysis using cardiac computed tomography (CT), 
and then examined whether CFD can be used to evaluate 
ischemia.

Methods
Materials
Angiograms were performed using a PHILIPS Allura 
Xper FD 10/10, CT was performed using a SIEMENS 
SOMATOM Force CT scanner, 3-dimensional (3D) anal-
ysis was performed using an AMIN ZIO Station 2 work-
station, and CFD analysis was performed using Hemoscope 
2015 software. A stenosis phantom was used in the phantom 
experiment.

Patients
Information was collected retrospectively for patients with 
coronary CT-identified moderate stenosis in the coronary 
arteries and in whom FFR was measured by cardiac cath-
eterization within 3 months between January 2013 and 
March 2020 (Table).

Basic Examination Using a Stenosis Phantom
CFD analysis was conducted for constricted parts using a 
stenosis phantom with known stenosis rates. The blood 
vessel diameter of the stenosis phantom was 5.00 mm and 

Table. Patient Characteristics

Sex (n)

  Male 167

  Female   62

Age (years) 72±11

Location of stenotic lesion (n)

  RCA   52

  LAD 134

  LCx   43

QCA

  % Stenosis 51.7±18.7

  MLD (mm) 2.3±0.7

  Plaque volume (mm3) 29.9±11.8

  MLA (mm2)   3.1±0.39

No coronary risk factors   24 (10.5)

Hypertension 163 (71.2)

Diabetes   93 (40.6)

Hyperlipidemia 22 (9.6)

Dyslipidemia 102 (44.5)

Smoking (including past smoker)   70 (30.6)

Hyperuricemia   34 (14.8)

Old myocardial infarction   84 (36.7)

Chronic renal failure   48 (21.0)

Family history of coronary event   29 (12.7)

Unless indicated otherwise, data are given as the mean ± SD or 
as n (%). LAD, left anterior descending artery; LCx, left circumflex 
artery; RCA, right coronary artery; MLA, minimum lumen area; 
MLD, minimal lumen diameter; QCA, quantitative coronary 
angiography.

Figure 1.  Results of the computational fluid dynamics (CFD) analysis of wall pressure (WP) and wall shear stress (WSS) using a 
stenosis phantom.
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flow was used for the analysis. The finite volume method 
was used for analysis of the flow equation. A 3D unsteady 
calculation method was used. The computational mesh of 
the major area consisted of a tetra mesh with a model 
length of 0.2 mm. The mesh of the boundary layer area was 
a prism mesh of the wall-nearest grid (height 0.05 mm, 
width 0.2 mm). The time acceleration item of the Navier-
Stokes equation was calculated using the Euler equation, 
whereas the space acceleration item was a second-order 
upwind differencing scheme.

Relationship Between FFR and CFD Analysis
The WP and WSS of CFD analyses calculated using FFR 
were compared with the results of coronary CT in patients 

the stenosis rates were 50% and 75%. Contrast medium 
was loaded inside the stenosis phantom and images were 
obtained using CT. The CT images obtained were then 
used to created volume rendering images. CFD analysis 
was conducted on the volume rendering images and the 
behavior of wall pressure (WP) and wall shear stress (WSS) 
on the stenotic lesion were confirmed. The WP and WSS 
thresholds were fixed. Blood flow simulation was conducted 
using a CT image (512×512 pixels, slice thickness 0.75 mm, 
slice interval 0.6 mm). CFD analysis software hemoscope 
2015 was used to extract blood vessels. The half-value 
method was used to evaluate blood vessels. Blood was 
defined as an incompressible Newtonian fluid with a density 
(ρ) of 1,050 kg/m3 and viscosity (μ) of 0.004 Pa · s. A steady 

Figure 2.  Correlation between fractional flow reserve (FFR) and (A) wall pressure (WP) and (B) wall shear stress (WSS), 
determined by computational fluid dynamics analysis, in the right coronary artery.

Figure 3.  Correlation between fractional flow reserve (FFR) and (A) wall pressure (WP) and (B) wall shear stress (WSS), 
determined by computational fluid dynamics analysis, in the left anterior descending artery.
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Receiver Operating Characteristic Analysis of WSS
Cardiac catheterization yielded 120 lesions with FFR <0.08 
deemed positive and 109 lesions with FFR ≥0.80 deemed 
negative. Receiver operating characteristic (ROC) analysis 
was performed on each coronary artery to determine the 
WSS cut-off value.

Statistical Analysis
The significance of differences in WSS between patients in 
whom PCI was performed and those in whom it was 
deferred was determined using a Wilcoxon rank-sum test. 
ROC analysis was used to define cut-off values by minimizing 
the expression (1 − sensitivity)2 + (1 − specificity)2. Statistical 
analyses were performed using JMP pro 14. Two-sided 
P<0.05 was considered significant.

Ethical Considerations
This study was approved by the Ethics Committee of 
Showa University, Japan. The study was conducted in 
accordance with the ethical principles based on the Decla-
ration of Helsinki and the ethical guidelines for human 
medical research, and complied with this study implemen-
tation plan.

Results
Basic Examination Using a Stenosis Phantom
CFD analysis using a stenosis phantom revealed increasing 
WP on the proximal side of the constriction site as the 
stenosis rate of the stenosis phantom increased, and 
decreasing WP on the distal side. The WSS at the constric-
tion site was also increased with an increasing stenosis rate 
of the stenosis phantom (Figure 1).

Relationship Between FFR and CFD Analysis
No correlation was seen between WP determined by CFD 
analysis and FFR for each segment of the RCA in 52 
patients with ischemic heart disease, with a correlation 
coefficient (r) of 0.23 (Figure 2A). There was a tendency for 
WP to be higher on the proximal side of the lesion as the 

included in this study. The parameters of CFD analysis 
were the same as described above. A telediastolic volume 
rendering image from the coronary CT was used in the 
CFD analysis. The CT imaging conditions were 120 kV, 
automatic milliamperes, and pitch 1.5. In the CFD analysis, 
WP and WSS were calculated and compared with FFR. 
Three groups were created for comparison of the results of 
CFD analysis and FFR values depending on the location 
of the stenotic lesion: the right coronary artery (RCA), the 
left anterior descending artery (LAD), and the left circum-
flex artery (LCx). The results of CFD analysis and FFR 
values were compared in each group.

Figure 4.  Correlation between fractional flow reserve (FFR) and (A) wall pressure (WP) and (B) wall shear stress (WSS), 
determined by computational fluid dynamics analysis, in the left circumflex artery.

Figure 5.  Comparison of wall shear stress (WSS) between 
patients who underwent percutaneous coronary intervention 
(PCI) and those in whom PCI was deferred, using a cut-off 
value of <0.08 for fractional flow reserve (FFR). The boxes 
show the interquartile range, with the median value indicated 
by the horizontal line; whiskers show the range.
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was a correlation between WSS determined by CFD anal-
ysis in each segment of the LCx and FFR (r=0.69; 
Figure 4B). Setting a cut-off value for FFR of 0.80, WSS 
was significantly higher in the group of patients in whom 
PCI was performed than in those in whom the procedure 
was deferred (Figure 5).

ROC Analysis of WSS
Using ROC analysis of cut-off values of WSS at an FFR 
of <0.08 revealed that the sensitivity and specificity of a 
WSS cut-off value of 598 kPa (5.9 atm) were 100% and 
97.2%, respectively, in the RCA (Figure 6A) and 81.9% and 
94.1%, respectively, in the LAD (Figure 6B). At a cut-off 
value of 588 kPa (5.8 atm) for WSS in the LCx, sensitivity 

degree of stenosis. Conversely, the WSS of CFD analysis 
in each segment of the RCA was correlated with FFR 
(r=0.81; Figure 2B).

Similarly, for each segment of the LAD in 134 patients 
with ischemic heart disease, there was no correlation 
between WP determined by CFD analysis and FFR 
(r=0.006; Figure 3A). There was a tendency for WP to be 
higher on the proximal side as the rate of stenosis increased, 
similar to findings in the RCA. Conversely, there was a 
correlation for WSS determined by CFD analysis in each 
segment of the LAD and FFR (r=0.71; Figure 3B).

WP determined by CFD analysis in each segment of the 
LCx in 43 patients with ischemic heart disease was not 
correlated with FFR (r=0.07; Figure 4A). Conversely, there 

Figure 7.  Representative images showing wall pressure (WP; A) and wall shear stress (WSS; B) in clinical cases. Arrows indicate 
the site of the stenotic lesion. FFR, fractional flow reserve.

Figure 6.  Results of receiver operating characteristic (ROC) analysis for calculating the wall shear stress (WSS) cut-off value. 
AUC, area under the curve.
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cut-off value of WSS when the stenosis rate was 75%, which 
is considered a significant stenosis in coronary arteries, was 
608 kPa (6.0 atm). The cut-off values for WSS calculated by 
ROC analysis in clinical cases were 598 kPa (5.9 atm) for 
the RCA and LAD and 588 kPa (5.8 atm) for the LCx, 
which are equivalent to the value determined in the phantom 
experiment. Therefore, the WSS cut-off value for each 
coronary is considered to have high validity. Thus, evalu-
ating ischemia by calculating the WSS using CFD analysis 
for moderate stenosis of the coronary artery is considered 
possible.

We believe that a comparison of the diagnostic accuracy 
following evaluation of FFR in CT angiography is neces-
sary. Driessen et al reported a diagnostic accuracy, sensi-
tivity, and specificity of 87%, 90%, and 86%, respectively, 
for FFRCT <0.80 identifying stenosis >90%.18 Conversely, 
Nakazato et al reported a diagnostic accuracy, sensitivity, 
and specificity of 71%, 74%, and 67%, respectively, for 
lesions of intermediate stenosis severity.19 CFD analysis 
using FFR with a WSS cut-off value <0.80 has a high 
per-vessel sensitivity and specificity, and can be considered 
a useful technique.

The present study has some limitations. First, CFD 
analysis is significantly affected by the images used in the 
analysis. It is unclear to what degree blood vessel diameter 
and CT value of the 3D construction image affected the 
results of the CFD analysis in this study.

Conclusions
We revealed the relationship between FFR, which is calcu-
lated during intracardiac catheter testing for moderate 
stenosis of the coronary artery, and CFD analysis using 
cardiac CT images. The findings suggest that evaluating 
ischemia of coronary arteries is possible by calculating the 
WSS using CFD analysis of cardiac CT images.
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