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The effect of coronary arterial wall curvature on non-
invasive assessment of stenosis severity was studied by 
examining the fractional flow reserve (FFR), pressure 
drop coefficient (CDP) and lesion flow coefficient 
(LFC) under different angles of curvature of the arte-
rial wall models. Computational simulation of hy-
peremic blood flow in curved arteries with different 
angles of curvature (0, 30, 60, 90 and 120) was 
developed in three severe categories of stenosis of 70% 
(moderate), 80% (intermediate), and 90% (severe) 
area stenoses (AS) to evaluate the effect of curvature 
on FFR, CDP and LFC. The numerical study showed 
that for a given percentage of AS, the curvature of the 
arterial wall augmented the flow resistance in addition 
to the resistance caused by the stenosis. Also, there are 

significant differences in FFR, CDP and LFC between 
a straight and a curved section. With an increase in 
artery wall curvature from 0 to 120, FFR signifi-
cantly decreases by 5%, 8% and 20% in 70%, 80% 
and 90% AS respectively. For a fixed stenosis  
severity, CDP significantly increases, whereas LFC 
decreases as the angle of curvature changes from 
straight to curved section. We conclude that the sig-
nificant differences in FFR, CDP and LFC confirms 
that the functional significance of stenosis assessed 
non-invasively could lead to misjudgment of its sever-
ity. This will notably influence the intermediate steno-
sis severity. So the arterial wall curvature should be 
considered when assessing the significance of stenosis 
as an alternative to FFR. 
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ATHEROSCLEROSIS is a chronic disease which involves 
the build-up of fatty deposits and cholesterol within the 
arterial wall, eventually leading to lumen narrowing, i.e. 
stenosis. This condition impairs blood flow to the heart 
muscle and results in life-threatening myocardial infarc-
tion1. Atherosclerotic plaque formation develops and pro-
gresses in the arterial branches, arterial bend segments, 
aortic T-junctions and artery bifurcations where the zones 
of complex spiral secondary flow and recirculation are 
formed2,3. The curvature or radius of curvature is defined 
as the degree of artery vessel deviation from being 
straight at a given point, which refers to the radius of a 
circle that mathematically best fits the curve at that 
point2. Thus, a coronary vessel with a small radius bends 

more sharply than a vessel with a large radius. From a 
macroscopic perspective, these vessels differ from each 
other in dimension and shape. Therefore, studies of func-
tional significance of stenosis formed in the curved  
section of the artery are significant. 
 Assessing the functional significance of intermediate 
stenosis severity remains a challenge for cardiologists4. 
In the current clinical setting, fractional flow reserve 
(FFR; which is the ratio of the distal pressure to the aorta 
pressure under maximal hyperemia) is a clinically well-
proven parameter for measuring the functional severity of 
stenosis5. Numerous clinical trials showed that stenoses 
with FFR < 0.75 benefit from coronary intervention in 
single-vessel coronary artery disease (CAD)6, whereas 
stenoses with FFR > 0.8 are not associated with exercise-
induced ischemia5,7. A cut-off value of 0.8 was used in 
FAME1 (fractional flow reserve versus angiography for 
multi-vessel evaluation 1) and FAME2 study8, which is 
currently considered as the accepted standard for assess-
ing hemodynamic significance in both single and 
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Figure 1. Schematic diagram of a curved artery with stenosis. 
 
 
multi-vessel disease. The recently proposed futuristic  
parameters such as pressure drop coefficient (CDP) and 
lesion flow coefficient (LFC), which are derived from the 
basic fluid dynamic principles9, are useful in diagnosing 
stenosis severity. Researchers have shown that CDP has a 
wide range of values for moderate, intermediate and  
severe stenosis10 and LFC has a wider variability between 
the pre-percutaneous coronary intervention (PCI) and 
post-PCI groups in comparison with FFR11. So they can 
be used as a diagnostic index and thus, they have their 
own clinical importance. 
 Several experimental, analytical and computational  
simulation analyses conducted on the hemodynamic 
changes in stenotic arteries and computing the severity of 
stenosis have been reported by many researchers in an ax-
isymmetric stenotic straight tube10,12–14. A limited number 
of studies focused on the influence of the curved stenosed 
arterial wall on physiological diagnostic parameters. 
Here, 3D computational models of 70%, 80% and 90% 
area stenoses (AS) in the curved arteries with different 
angles of curvature have been used for a comparative 
study on the physiological diagnostic parameters. It is 
expected that the geometry of the artery plays a substan-
tial role in evaluating physiological significance of steno-
sis severity in vitro as an alternative to FFR. 

Methods 

Stenosis geometry 

To examine the influence of artery wall curvature, we 
considered 70%, 80% and 90% AS (percentage AS = 
100%  (reference lumen area – minimum lumen area)/ 
reference lumen area) artery models with different angles 
of curvature. Figure 1 shows a general geometrical form 
of an ideal model of the curved stenosed rigid artery. The 
internal diameter of the unobstructed lumen is 3 mm. The 
angles of curvature () for the curved arteries are 0 
(straight section), 30, 60, 90 and 120 (ref. 15). The 
geometry of the stenosis considered for the analysis is 
identical to that of the geometry described by Dash et 
al.16. It has been developed in a concentric method with 
length L and is given by 
 

 ( ) 1 sin , ,z h z d d z d L
a a L




      
 

     (1) 

 
where ( )z   is the radius of the lumen, a the radius of an 
unobstructed artery (1.5 mm), d the axial distance meas-
ured along the z axis ( )z  between the start of curvature 
and the start of stenosis at the bend, and h is the maximum 
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projection of the stenosis into the lumen. The throat  
diameters for 70%, 80% and 90% AS were 1.64, 1.34 and 
0.94 mm respectively. Lesion length of L = 10 mm has 
been considered, which is a categorized cut-off length as 
a sensitive prediction index for a categorized cut-off FFR 
value of 0.75 (ref. 17). For all the curvature models, we 
assume appropriate fixed lengths L1 = 18, L2 = 18 and 
L3 = 60 mm are the straight entrance length prior to the 
curve, the axial length of the curved section and straight 
distal length immediately after the curve respecti-
vely14,18,19. To provide complete assessment of the curva-
ture effect on FFR, CDP and LFC, three different 
locations of stenosis such as central, proximal and distal 
positions at the bend have been taken into consideration. 

Computational blood flow modelling 

Blood flow through the coronary artery is assumed to be 
incompressible, unsteady and governed by the Navier–
Stokes equation 
 

 ,P
t


   
        

 (2) 

 
and the continuity equation for the incompressible flow is 
given by 
 
 0,    (3) 
 
where  is the three-dimensional velocity vector, t the 
time,  the blood density, P the pressure and  is the 
stress tensor. In this study, blood is assumed to be non-
Newtonian and follows the Carreau model14, whereas 
blood viscosity μ is given in poise (P) as a function of the 
shear rate   (s–1) and expressed as 
 

 2 ( 1)/2
0( )[1 ( ) ] ,n     

       (4) 
 
where  = 3.313 s; n = 0.3568, 0 = 0.56 P,  = 
0.0345 P, and blood density () is assumed as 1050 kg/m3. 
A finite volume software CFX14.0 (ANSYS Inc.) was 
used for flow simulations. 

Meshing and boundary conditions 

Computational domains were initially meshed with the 
hexahedral elements as shown in Figure 2. The total 
number of elements ranged from 200,000 to 250,000 for 
the 70%, 80% and 90% AS models. In order to ensure 
that the 3D numerical analysis was realistic, digitized  
data of velocity u(t) (Figure 3)14,20 and stress-free bound-
ary condition21 were applied at the inlet and outlet  
respectively. No slip condition was applied at the arterial 
wall. The velocity profiles for 70%, 80% and 90% AS 

were obtained from the mean hyperemic flow rate ( )Q  of 
175, 165 and 115 ml/min respectively14,22. The mean 
Reynolds number for 70%, 80% and 90% AS was 354, 
333, and 232 at proximal (2 / )Q a  respectively, and 
610, 747 and 742 at throat (2 /( ( ))Q a h   respectively. 
The kinematic viscosity  was considered as 0.035 (ref. 
23). Under these conditions of stenosis severity, the 
probability of shear layer instabilities occurring at a rela-
tively low Reynolds number is high because of the possi-
ble disturbances in the cardiac pulse and irregularities in 
the plaque anatomy under hyperemic flow conditions23,24. 
A shear stress transport turbulence model of the k– 
model family was adopted for flow modelling because of 
its accuracy and robustness in overcoming the near-wall 
treatment errors for low Reynolds number turbulence 
flow25. The throat diameters for 70%, 80% and 90% AS 
were 1.64, 1.34 and 0.94 mm respectively. 
 

 
 

Figure 2. Computational mesh used for numerical study in the curved 
stenotic artery model. 
 

 
 

Figure 3. Physiological velocity applied at the inlet14,20. The peak  
velocity up–t corresponds to a normalized velocity of 1.0, so that the  
ratio of mean to peak velocity p i/u u   is 0.537. 
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Numerical methodology 

The CFD simulation was first run with steady-state flow 
analysis and then with transient flow analysis based on 
the results of the steady-state analysis as the initial esti-
mate25,26. For the steady-state analysis, values of the  
following parameters were set at the inlet and outlet: 
 
 Mean blood flow model velocity at the inlet a( ) :U  

0.413, 0.389, and 0.271 m/s corresponding to 70%, 
80% and 90% AS. 

 Stress-free boundary condition at the outlet. 
 
Periodic flow was ensured by running the transient flow 
analysis for 320 time steps (0.01 s per time step and a 
maximum of 10 internal iterations were solved per time 
step). It represented four cycles (0.8 s each) of pulsatile 
flow with each time step converging to a residual target 
of 1  10–4. Without-guide-wire condition was considered 
in all cases. Figure 4 shows a mesh sensitivity analysis 
graph for the straight artery model having 80% AS. In 
this model, three grid densities with elements 246,620, 
290,345 and 334,728 were considered and simulated for 
finding the pressure drop across the stenosis. The differ-
ence in the pressure drop between the last two grid sys-
tems was 0.3%; so the last fine grid system in the flow 
domain was adopted for computation of FFR, CDP and 
LFC. Similarly, mesh sensitivity analysis was carried out 
for the rest of the models. 

Pressure drop in curved arteries 

In all the curvature models, the overall transient pressure 
drop p = pa – pd was taken during the cardiac cycles 3 and 
4 (where ap and dp are instantaneous pressures measured  
 
 

 
 

Figure 4. Mesh sensitivity analysis graph for the straight artery  
model having 80% area stenosis. 

at 3 mm before the arterial wall begins to bend and at dis-
tal recovery region along the axis of the coronary artery 
respectively). No significant difference in pressure drop 
was found between the cycles 3 and 4 and the average re-
sults reported here are from third and fourth cycles. Fig-
ure 5 shows the overall transient pressure drop in 0 and 
120 curvature wall models having 80% AS. Time-
averaged pressure drop was calculated as a dp p p      
(where ap  and dp  are time-averaged instantaneous pres-
sures of ap  and dp  respectively). 

Diagnostic parameters 

Fractional flow reserve: FFR is defined as the ratio of 
hyperemic flow in the stenotic artery to the maximum 
flow if the same artery had been normal. This flow ratio 
is also expressed as the ratio of the distal pressure to the 
aortic pressure5,6: 
 

 d

a
FFR ,

p
p





 (5) 

 
where ap is the time-averaged proximal stenotic pressure 
(mm Hg) and dp  is the time-averaged distal stenotic 
pressure (mm Hg) measured when the end of flow rever-
sal has occurred14. 

Pressure drop coefficient 

At hyperemia, CDP is a dimensionless functional para-
meter derived from the principles of fluid dynamics by 
considering the time-averaged pressure drop ( )p  and 
velocity proximal to the stenosis9,14. 
 

 2
a

CDP ,
0.5

p
U





  (6) 

 
where a d( )p p p      (N/m2) and aU  is the inlet proxi-
mal velocity of blood (m/s). CDP is associated with the 
viscous loss and loss due to momentum change in blood 
flow through the stenosis. 

Lesion flow coefficient 

Banerjee et al.9 developed the normalized and non-
dimensional functional diagnostic parameter LFC at  
hyperemia by considering the functional end-points and 
geometric parameters. LFC ranges from 0 to 1, and is the 
ratio of %AS and the square root of CDP evaluated at the 
stenosis site. 
 

 
2
(a h)
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Figure 5. Overall transient pressure drop in straight and 120 stenosed curved artery having 80% AS. 
 
 
where 2

(a h)U 
  is the mean velocity of blood at the stenosis 

site (m/s). 

Statistical analysis 

Computed data were collected as continuous and cate-
gorical from the numerical study. The ,p  FFR, CDP 
and LFC values obtained from all the configurations were  
entered into SPSS 22.0 (SPSS, Inc, Chicago, IL, USA) 
for statistical analysis. A P-value of <0.05 was consid-
ered statistically significant. A one-way repeated measure 
ANOVA between groups with post-hoc comparison was 
used for analysis of computed data to determine the dif-
ferences in the curvature. 

Results 

Comparison of diagnostic parameters 

For a given %AS, there were significant differences in 
,p FFR, CDP and LFC between straight and curved  

artery models as tested with one-way repeated measure 
ANOVA (P < 0.05). The post-hoc test indicated that ,p  
FFR, CDP and LFC between 30 and 60 (P > 0.05), 60 
and 90 (P > 0.05), and 90 and 120 (P > 0.05) were not 
significant. However, these parameters in the remaining 
pairwise combinations of curvature were statistically sig-
nificant (P < 0.05). There was no significant difference in 

p /FFR/CDP/LFC between stenosis location changed 
from upstream to central and central to downstream posi-
tion at the bend for a given %AS and for a given angle of 
curvature. All computed ,p  FFR, CDP and LFC values 

reported in the following sections were obtained with the 
stenosis located centrally at the bend. 

Effect of curvature on flow and pressure drop 

Table 1 provides the computed p  across the stenosis in 
70%, 80% and 90% AS for the various angles of curva-
ture. For a given angle of curvature of the arterial wall, 

p  increases as %AS increases. There is also an addi-
tional increase in p  as the angle of curvature increases 
for a given %AS and this is significant (Figure 6 a). 
 As the angle of curvature changes from 0 to 120, the 
corresponding p  increases from 8.09 to 11.98 mm Hg 
(48%), 17.5 to 23.04 mm Hg (32%), and 40.92 to 
49.8 mm Hg (22%) in 70%, 80% and 90% AS respec-
tively. This finding indicates that the presence of curva-
ture elevates the flow resistance in addition to the 
resistance caused by the stenotic lesion. Therefore, the 
major pressure drop is due to the stenosis, which is higher 
at the region of the minimal area of cross-section and the 
curvature of the arterial wall contributes to additional 
pressure drop in the curved artery. 

Effect of curvature on coronary diagnostic  
parameters 

Effect of curvature on FFR: The computed FFR  
decreases as %AS increases. For a given %AS, FFR  
decreases significantly when the angle of curvature of the 
artery increases (Figure 6 b). As the angle of curvature 
changes from 0 to 120, FFR decreases from 0.91 to 
0.86 (5%), 0.8 to 0.74 (8%), and 0.54 to 0.43 (20%) in 
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Table 1. Effect of different angles of curvature on ,p  FFR, CDP and LFC 

  70% AS 80% AS 90% AS 
 

Angle of ap  p     ap  p     ap  p     
curvature () (mm Hg) (mm Hg) FFR CDP LFC (mm Hg) (mm Hg) FFR CDP LFC (mm Hg) (mm Hg) FFR CDP LFC 
 

  0 87 8.09 0.91 12 0.67 87.04 17.5 0.8 29.4 0.74 88 40.92 0.54 141.5 0.77 
 30 87.28 10.12 0.88 15 0.60 87.35 20.79 0.76 34.9 0.68 88 44.71 0.49 154.6 0.74 
 60 87.13 10.8 0.88 16.1 0.58 87.31 22.18 0.75 37.2 0.66 88 47.35 0.46 163.7 0.72 
 90 87.29 11.35 0.87 16.9 0.57 87.27 22.69 0.74 38.1 0.65 88.02 47.88 0.46 165.6 0.71 
120 86.79 11.98 0.86 17.8 0.55 87.11 23.04 0.74 39 0.64 87.99 49.8 0.43 172.2 0.70 

 
 
 

 
 

Figure 6. (a) Variation of time-averaged pressure drop across the stenosis in 70%, 80% and 90% AS for various angles of curvature. 
Variation of (b) fractional flow reserve (FFR). (c) Pressure drop coefficient (CDP) and (d) recession flow coefficient (LFC) with angle of 
curvature in 70%, 80% and 90% AS models. 

 
 
70%, 80%, and 90% AS respectively. This finding indi-
cates that the presence of curvature contributes to a de-
crease in FFR. A more significant effect is observed when 
the severity changes from intermediate to severe stenosis. 
 
Effect of curvature on CDP and LFC: CDP and LFC 
are computed using the pressure, flow and lesion geome-
try in all the severity models. Figure 6 c and d shows the 
variation in CDP and LFC respectively, as the angle of 
curvature gradually varies from straight to a more curved 
section. For a given %AS, CDP increases from 12 to 17.8 
(48%), 29.4 to 39 (33%), and 141.5 to 172.2 (22%) in 
70%, 80% and 90% AS respectively, whereas LFC shows 

a decreasing trend as the angle of curvature of the arterial 
wall gradually varies from straight to a more curved sec-
tion. LFC decreases from 0.67 to 0.55 (18%), 0.74 to 0.64 
(14%), and 0.77 to 0.7 (9%) in 70%, 80% and 90% AS 
respectively. 

Discussion 

The primary objective of this work was to numerically 
examine the effect and consequences of angle of curva-
ture of the stenosed arterial wall on FFR, CDP and LFC 
for a given %AS. This finding provides additional infor-
mation about hemodynamic effect of stenosed curved  
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artery. Hence, it improves our understanding of in vitro 
assessment of stenosis severity as an alternate to FFR. 
 The p  value across the stenosis increases as %AS  
increases. This is due to the momentum changes caused 
by the increase in flow velocity across the stenosis con-
figuration. Statistical analysis shows that for any fixed 
%AS, there is significant difference in p  and pressure-
derived FFR values between straight and curved arteries. 
The axial flow velocity skewed caused by centrifugal 
pressure gradient associated with secondary flow, tends 
to push the flow in the curving plane toward the outer 
wall causing additional pressure drop in addition to the 
pressure drop due to area constriction (Figure 7), so p  
in the curved vessels significantly increases with increase 
in the angle of curvature of the vessel. This finding is 
consistent with the results of Yao et al.15. The p  values 
obtained in the straight stenosed arteries (0 in curvature) 
with the rigid plaque models under all severity cases in 
this numerical study are in close agreement with those of 
Konala et al.14 (Figure 8 a). 
 FFR derived from the pressure drop across the stenosis 
decreases as %AS increases and this finding is consistent 
with a previous in vivo study27. The present study reveals 
that the computed FFR value is significantly higher in the 
straight section of the stenotic coronary artery than in the 
120 angle of the curvature stenotic models for a fixed 
%AS and flow. The FFR values obtained in the straight 
stenosed artery models for 70%, 80% and 90% AS in the 
rigid artery with the rigid plaque model (Figure 8 b) 
closely concur with the numerical results of Konala et 
al.14. Kristensen et al.28 have reported a two-dimensional 
 

 
 

Figure 7. Without and with secondary flow in (a) straight and (b) 
curved artery models respectively. 

plot of % AS versus FFR for individual hemodynamic 
clinical data, from which the FFR data around 70% AS 
were digitized and compared with those of the present 
study (Table 2). It is found that the numerical data in this 
study are in close agreement with the clinical data. 
 In the case of intermediate stenosis severity, the FFR 
values vary around the cut-off value of 0.75 owing to var-
iations in hemodynamic conditions, which could lead to a 
dilemma for the clinician in distinguishing intermediate 
lesions that require stenting or simply need appropriate 
medical therapy. The FFR grey zone comprises a mere 
5% difference (i.e. 0.75 to 0.80), which falls under inter-
mediate stenosis severity. The present model confirms 
that any variation in the angle of curvature significantly 
affects p  and hence FFR for a given %AS. The thresh-
old of FFR is determined in a large patient study; so cur-
vature is already incorporated in this threshold. 
Nevertheless, measuring FFR in strongly curved arteries 
may lead to misjudgment (overestimate) of plaque sever-
ity and a correction may be applied when FFR values of 
0.75–0.8 are obtained. 
 Numerically obtained CDP and LFC values in the 
straight sections of the artery models in this study were 
also compared with those of Konala et al.14 (Figure 8 c 
and d respectively). Similar to FFR, CDP and LFC values 
vary with various angles of curvature in 70%, 80% and 
90% AS (Figure 6 c and d). These are not clinically used 
as diagnostic parameters on their own, but are useful to 
get the complete picture of the functional significance of 
the stenosis severity in addition to FFR. However, for 
measuring these parameters, a combined flow/pressure 
wire is needed, while FFR needs only pressure wire. For 
clinical evaluation, the cut-off values for these parame-
ters should be established, and related issues should be 
subjected to clinical research29. 
 The results of this study support the idea that a single 
anatomic parameter such as percentage diameter steno-
sis/area stenosis is not equivalent to FFR for assessing 
functional significance of stenosis severity since the en-
tire complex details of morphology of the geometry/ 
stenosis play a role in FFR, measured by the pressure 
wire. Coronary computed tomography angiography 
(CCTA) has emerged as a non-invasive technique to 
evaluate the presence of coronary artery disease and non-
invasive FFR derived from it, shows high diagnostic per-
formance for the detection of ischemic stenosis30,31. From 
a clinical study by Kristensen et al.28, %AS obtained from 
CCTA was found to be clinically useful and significantly 
correlated with FFR. Notably, the percentage difference 
between FFR of 0 and 120 curvature models was 7.5 in 
80% AS (considered intermediate stenosis). This signifi-
cant FFR variation caused by arterial wall curvature will 
notably affect the anatomical assessment of intermediate 
stenosis and it is probably near the region of diagnostic 
uncertainty. The effect of curvature should not be ignored 
when assessing stenosis severity by CCTA as an alternative 
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Figure 8. Comparison of numerically obtained ,p  FFR, CDP, LFC values with those of Konala et al.14 in the 
straight section of stenotic coronary artery models for 70%, 80% and 90% AS. 

 
Table 2. Comparison of clinical FFR data with the present numerical data 

    Present study 
    70% area stenosis 
  Kristensen et al.28   Angle of curvature () 
 Percentage of area stenosis (% AS) measured 
 around 70 with unknown angle of curvature 0 30 60 90 120 
 

FFR 0.86 (69.03% AS) 0.91 0.88 0.88 0.87 0.86 
  0.84 (70.08% AS) 
  0.89 (71.02% AS) 

 
 

to FFR, despite the possibility that straight artery could 
result in FFR = 0.8. 
 The present study has significant limitations as well. 
Factors affecting the diagnostic parameters, such as  
arterial wall compliance14, multiple bends, dynamic cur-
vature variations due to heart motion32, wall roughness, 
lesion eccentricity, diffused disease and tandem lesion 
have not been included in the study. Furthermore, in  
future studies, realistic coronary artery model need to be 
used, which will overcome the limitations to analyse the 
influence of artery wall curvature on anatomical assess-
ment of stenosis severity. 

Conclusion 

This computational fluid dynamic simulation study has 
investigated the effects of angle of curvature on the coro-

nary diagnostic parameters in 70%, 80% and 90% AS 
coronary artery models under hyperemic flow conditions. 
The results show that the changes in diagnostic parame-
ters FFR, CDP and LFC from the straight to curved sec-
tion of the artery model are significant for a given %AS. 
As the artery wall curvature varies from straight section 
to 120 curved section, the computed diagnostic parame-
ter FFR decreases by 5%, 8% and 20% in 70%, 80% and 
90% AS respectively. These variations in the diagnostic 
parameter confirm that the non-invasive assessment of 
stenosis leads to misjudgment of its severity. Aside from 
the plaque size, shape and its components, the curvature of 
the arterial wall influences the visual assessment of stenosis 
severity, particularly for the intermediate stenosis. 
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