
 

 

 
 

 
 

   
 

   

 
   

 

  
  

 
 

 

 

    
 

 

 
 

  
 

 
 

 
 

  
  

  

Effect of microcirculatory resistance 
on coronary blood flow and 

instantaneous wave-free ratio: A 

computational study 

Liu, H., Ou, S., Liu, P., Xu, Y., Gong, Y., Xia, L., Leng, X., Leung, T. W. H., 
Shi, L. & Zheng, D. 

Author post-print (accepted) deposited by Coventry University’s Repository 

Original citation & hyperlink: 

Liu, H, Ou, S, Liu, P, Xu, Y, Gong, Y, Xia, L, Leng, X, Leung, TWH, Shi, L & Zheng, D 2020, 'Effect 
of microcirculatory resistance on coronary blood flow and instantaneous wave-free ratio: A 
computational study', Computer Methods and Programs in Biomedicine, vol. 196, 105632. 
https://dx.doi.org/10.1016/j.cmpb.2020.105632 

DOI 10.1016/j.cmpb.2020.105632 
ISSN 0169-2607 

Publisher: Elsevier 

NOTICE: this is the author’s version of a work that was accepted for publication in 
Computer Methods and Programs in Biomedicine. Changes resulting from the publishing 
process, such as peer review, editing, corrections, structural formatting, and other quality 
control mechanisms may not be reflected in this document. Changes may have been made 
to this work since it was submitted for publication. A definitive version was subsequently 
published in Computer Methods and Programs in Biomedicine, 196, (2020) 
DOI: 10.1016/j.cmpb.2020.105632 

© 2020, Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/ 

Copyright © and Moral Rights are retained by the author(s) and/ or other copyright owners. A 
copy can be downloaded for personal non-commercial research or study, without prior permission 
or charge. This item cannot be reproduced or quoted extensively from without first obtaining 
permission in writing from the copyright holder(s). The content must not be changed in any way or 
sold commercially in any format or medium without the formal permission of the copyright 
holders. 

This document is the author’s post-print version, incorporating any revisions agreed during the 
peer-review process. Some differences between the published version and this version may 
remain and you are advised to consult the published version if you wish to cite from it. 

https://dx.doi.org/10.1016/j.cmpb.2020.105632
http://creativecommons.org/licenses/by-nc-nd/4.0/


      

 

 

        

 

 

 

       

  
   

 
 

 
   
  

 
 

 

 

 

Effect of microcirculation resistance on coronary blood flow and instantaneous wave-free ratio: 

a computational study 

Haipeng Liu1, Shanxing Ou2, Panli Liu3, Yuhang Xu1, Yinglan Gong4, Ling Xia4, Xinyi Leng5, 

Thomas Wai Hong Leung5, Lin Shi6*, Dingchang Zheng1* 

1 Research Centre of Intelligent Healthcare, Faculty of Health and Life Science, Coventry University, 

Coventry CV1 5FB, UK 
2 Department of radiology, General Hospital of Southern Theater Command, PLA, Guangzhou, 

China 
3 Department of radiology, Guangzhou First People's Hospital, Nansha Hospital, Guangzhou, 

China 
4 Department of Biomedical Engineering, Zhejiang University, Hangzhou, China 
5 Department of Department of Medicine and Therapeutics, The Chinese University of Hong Kong, 

Prince of Wales Hospital, Shatin, Hong Kong, China 
6 Department of Imaging and Interventional Radiology, The Chinese University of Hong Kong, 

Prince of Wales Hospital, Shatin, Hong Kong, China 

*Corresponding authors 

https://www.wikidata.org/wiki/Q11062105
https://www.wikidata.org/wiki/Q11062105


 

 

            

      

          

              

            

 

       

               

          

             

           

             

          

             

            

   

          

              

             

             

  

            

            

             

 

        

  

  

          

       

            

      

           

           

             

       

              

             

           

         

            

Abstract 

Background and Objective: The instantaneous wave-free ratio (iFR) has been proposed to estimate 

the hemodynamic severity of atherosclerotic stenosis in coronary arteries. The atherosclerotic stenosis 

in a proximal coronary artery could change its distal microcirculatory resistance (MR). However, there 

is a lack of investigation about the effect of MR variation on the blood flow and iFR of stenotic 

coronary arteries. We aim to investigate the changes of blood flow and iFR caused by distal MR 

variation. 

Methods: Four three-dimensional models of coronary arteries were reconstructed from the computed 

tomography images of two normal cases and two cases with 74.9% and 96.4% (in area) stenoses in a 

large branch of left anterior descending artery (LAD). Computational fluid dynamics simulation was 

performed on each model under 6 MR variations: hyperemia as the reference situation, resting when 

MR was multiplied by 8/3 in all outlet branches, h-one-1.5 and h-one-2 when MR was multiplied by 

1.5 and 2.0 in one branch (the stenotic, or the corresponding branch in normal case) of LAD, 

h-branches-1.5 and h-branches-2 when MR was multiplied by 1.5 and 2.0 in the 

stenotic/corresponding and its cognate branches. Flow rate and iFR of each outlet branch were then 

calculated and compared between different MR situations to investigate the effect of MR variation on 

flow rate and iFR. 

Results: In 74.9% stenosed and normal cases, referring to the hyperemia situation, the increase of MR 

in any branch significantly decreased its flow rate and increased its iFR, with limited effect on the flow 

rate (<3%) and iFR (<0.01) of other branches. However, in the 96.4% stenosed case, the doubled MR 

in the stenosed branch (h-one-2) significantly increased the flow rate (>10%) and iFR (>0.05) of its 

cognate branches. 

Conclusion: The increase of MR in a normal or mildly stenosed branch of coronary artery decreases its 

blood flow and increases its iFR, with limited effect on other branches. Whereas, the increase of MR in 

a severely stenotic large branch could significantly increase the flow velocity and iFR of its cognate 

branches. 

Key words: coronary microvascular dysfunction (CMD); instantaneous wave-free ratio (iFR); 

computational fluid dynamics (CFD) 

1. Introduction 

Atherosclerotic stenosis decreases the blood flow in coronary arteries, resulting in angina and 

acute myocardial infarction. It has been reported that the luminal severity of stenosis does not reflect 

the hemodynamic severity of blood flow reduction and thus is insufficient to guide therapy (with 

sensitivity<85%, Specificity<65%) (1). Currently, fractional flow reserve (FFR), defined as the ratio 

between hyperemic and resting arterial blood flow rates, is considered to be the gold standard for 

assessing the hemodynamic significance of stenoses in coronary arteries, where FFR>0.9 and FFR<0.8 

indicate normal and severely stenotic coronary arteries, respectively (2). In clinical practice, FFR is 

simplified as the hyperemic ratio between distal-to-stenosis and aortic pressures. 

The diagnostic accuracy of FFR has been reported to be affected by the microcirculatory (or 

microvascular) resistance (MR) (3). The blood flow in an artery is related positively to the inlet blood 

pressure and negatively to the flow resistance. In coronary arteries, MR of the arterioles and capillaries 

accounts for more than 80% of the total flow resistance (4). Due to the effect of myocardial contraction 

on arterioles and capillaries, the ratio between maximum and minimum MR values in a cardiac cycle is 



             

           

        

               

            

          

            

          

       

            

            

          

       

            

         

         

               

         

           

         

             

               

     

  

      

          

              

       

             

      

         

      

             

          

           

        

           

  

         

                

            

              

          

larger than 6, resulting in FFR variation larger than 0.2 (5). Accordingly, the instantaneous wave-free 

ratio (iFR) has been proposed as a promising substitute of FFR (6). The iFR is defined as the ratio 

between distal-to-stenosis and aortic pressures measured during the wave-free period. The wave-free 

period extends from the end of first 25% period of diastole to 5 ms before the end of diastole, when 

MR is stable and minimized (6). The iFR could minimize the effect of periodic MR fluctuation on the 

estimation of arterial blood flow (7), and showed a good agreement (>60%) with the quantitative flow 

ratio derived from in vivo measurements in classifying the nonculprit coronary lesions (8). 

MR changes pathologically due to the atherosclerotic stenosis in proximal coronary arteries (4). In 

some chronic cardiac diseases, because of the thickened small intramural arteries with narrowed 

lumens, hyperemic MR could increase by 40% (9). A clinical study has shown that iFR remains stable 

irrespective of the changes in MR (10). However, another study on FFR has indicated that the abnormal 

hyperemic MR may affect the diagnostic reliability when using iFR (11). Therefore, the effect of MR 

on iFR needs further investigation before achieving diagnostic application. 

Computational fluid dynamics (CFD) has been widely used for simulating blood flow in coronary 

arteries. Combined with cardiovascular imaging, CFD simulation enables detailed characterization of 

flow fields and the computation of hemodynamic parameters which are difficult to be directly 

measured such as pressure, flow velocity, and FFR (12). A growing body of evidence has validated the 

diagnostic accuracy of CFD-derived FFR compared with invasive FFR (13). Furthermore, it has been 

reported that the iFR values derived from CFD simulation were consistent with in-vivo measured FFR 

(6). However, to the best of our knowledge, there is no CFD study investigating the effect of 

physiological and pathological variations of MR on iFR and blood flow velocity in coronary arteries 

with atherosclerotic stenosis. In this study, the effect of MR on iFR and blood flow velocity in normal 

and stenotic coronary arteries will be comprehensively investigated. 

2. Methods 

2.1. Geometric model reconstruction from imaging data 

In this computational study, the geometric models for CFD simulation were reconstructed from 

the computed tomography (CT) imaging data of two male patients with coronary stenosis and two 

normal controls (one male and one female). The imaging data were collected in General Hospital of 

Guangzhou Military Command of PLA from 2015 to 2016 with approval from the local ethics 

committee. Individuals were well informed with consent form signed. 

The three-dimensional (3-D) models of left coronary arteries were reconstructed from the CT 

images using the software MIMICS 18.0 (Materialise N.V., Belgium). The 3-D geometric models 

started from the inlet of left main coronary artery (LMCA) on the aorta and extended to the distal 

branches of left anterior descending artery (LAD) and left circumflex artery (LCX), with small 

branches (diameter<1mm, or blurred structure) trimmed off. The geometry was smoothed with errors 

(self-intersections, spikes, small holes, etc.) amended in software Geomagic Studio 12.0 (3D Systems, 

Rock Hill, South Carolina, USA). Finally, the inlet and outlets were sectioned vertically to the local 

arterial centerlines. 

Figure 1 shows the reconstructed 3-D models (2 stenotic arterial models and 2 normal controls). 

The stenosis located in a major branch of LAD in Case 1 and Case 3 (branch 1 in Fig.1). The four cases 

were coupled into two groups according to the number of their outlets. The first and second models 

(Case 1 and Case 2) were stenotic and normal control cases, respectively, and each model contained 6 

outlets. Similarly, the third and fourth models (Case 3 and Case 4) were stenotic and normal cases, 



         

           

           

     

        

  

 

              

               

              

        

           

        

    

    

           

             

               

         

     

          

       

respectively, with 11 outlets. The coupled patient-specific models enabled us to comprehensively 

investigate the effect of MR variation on blood flow and iFR in normal and stenotic coronary arteries. 

For each stenosis, the diameter severity (DS) and area severity (AS) were defined as 

diameter at stenotic throat
1-

normal diameter
DS  and cross-sectional area at stenotic throat

1-
normal cross-sectional area

AS  . Case 1 had a 

mild stenosis (DS: 46.5%, AS: 74.9%) while Case 3 had a more severe stenosis (DS: 73.8%, AS: 

96.4%). 

Figure 1. 3-D models of coronary arteries reconstructed from CT images. Cases 1 and 3 have mild and 

severe stenoses in left anterior descending artery (LAD), with cases 2 and 4 as normal controls. Cases 1 

and 2 have 6 outlets, while cases 3 and 4 have 11 outlets. Yellow rectangles indicate the largest branch 

distal to the stenotic segment, with green rectangles indicating its cognate branches (and their 

counterparts in corresponding normal cases). LMCA: left main coronary artery. LAD: left anterior 

descending artery. LCX: left circumflex artery. DS: diameter severity. AS: area severity. 

2.2. CFD modeling of MR variation 

The geometric models were input into the software ANSYS ICEM-CFX-15.0 (ANSYS, Inc., 

Canonsburg, PA) for meshing and CFD simulation. Tetrahedron elements were used for meshing. The 

maximum element length was 0.25mm globally and 0.1mm at inlet and outlets. We have performed the 

mesh density dependence study in our published work in which the maximum element length of 1mm 

at the vessel wall and 0.2mm at coronary artery outlet has been proven to be reliable for the simulation 

of trans-stenotic pressure drop and FFR (14). 

The fluid domain was modeled using the incompressible, steady, and Newtonian Navier–Stokes 

equations: 
2
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, where  is the fluid density (1060kg/m^3), 



          

            

           

             

       

         

         

            

          

  

         

            

          

    

          

             

        

           

       

        

           

          

    

          

     

     

          

            

        

      

    

              

        

           

              

           

          

             

               

 is the fluid viscosity. u and p are the fluid velocity and pressure respectively. The laminar flow 

assumption was used as in the existing study on CFD simulation of stenosed coronary arteries (15). 

Although blood is essentially a non-Newtonian fluid due to its shear-thinning effect, the rheological 

influence on pressure and flow rate is negligible (14). Therefore, in this study, blood was modeled as a 

Newtonian fluid with a constant viscosity of 0.0035Pa.s. 

Boundary condition and simulation: The diastolic aortic blood pressure of 80mmHg was applied 

at the inlet of LMCA. In vivo measurement showed that the diastolic aortic blood pressure is 77.9± 

12.9 mmHg (mean±SD) (16). The non-slip and solid wall assumption was used. MR was applied as 

outlet condition. Six situations of MR (hyperemia, resting, h-one-1.5, h-branches-1.5, h-one-2, 

h-branches-2) were simulated: 

	 The reference “hyperemia” situation was simulated by distributing the normal hyperemic MR 

value of left coronary artery to all outlet branches according to the modified Murray’s law: 
7

3
1 1

2 2

Q D

Q D

 
  
 

, where Q1 and Q2 are the flow rates, while D1 and D2 are the diameters of 

two distal branches at a bifurcation (17). 

 The “resting” situation was simulated by multiplying normal hyperemic MR values of all 

outlets by 8/3, which is approximating to the averaged value in adults with FFR>0.5 (18). 

	 In the “h-one-1.5” situation, the mild MR increase (multiplying normal hyperemic MR by 1.5) 

was applied to the stenotic branch (or its counterpart in corresponding normal model) of LAD 

(outlets with yellow rectangles in Fig.1). 

	 In the “h-branches-1.5” situation, mild MR increase (multiplying normal hyperemic MR by 

1.5) was applied to the stenotic branch and all its cognate branches, or their counterparts in 

corresponding normal cases (outlets with green and yellow rectangles in Fig.1). 

 The severe MR increase (“h-one-2” and “h-branches-2”, multiplying normal hyperemic MR 

by 2) was simulated similarly as in “h-one-1.5” and “h-branches-1.5”.
 

In all CFD simulations, the convergence criterion was 1.0E-4.
 

2.3. Hemodynamic parameters: flow rate and iFR 

For each outlet branch, the flow rate was quantified as the area-averaged flow velocity on the 

cross-section of outlet. The iFR was measured during the wave-free period in diastole as 

wave-free period

d

a

P
iFR

P
 , where Pa and Pd are aortic and distal-to-stenosis pressures, simplified as the 

area-averaged pressure values of inlet and outlet. 

2.4. Model validation: hyperemic flow velocity 

In order to validate the simulation results, for each case, the flow velocities of all outlet branches 

in hyperemia situation were calculated and compared with the normal physiological range of 

hyperemic flow velocity in coronary arteries (18), (19). The Pearson correlation coefficient (Pearson’s 

R) between outlet cross-section area and flow velocity of each case was calculated to see if Murray’s 

law is conformed, which indicates that a larger outlet branch has a higher flow velocity. 

2.5. Effect of MR variation on flow rate and iFR in stenotic and normal cases 

The effect of MR variation on blood flow rate and iFR was estimated by comparing the blood 

flow and iFR values among six situations of MR, in both the stenotic and normal cases. Flow rate was 



          

        

  

        

          

            

         

         

            

           

             

           

           

         

         

          

 

           

          

  

 

 

  

  

  

  

   

  

 

       

      

       

      

 

      

         

   

           

        

   

            

                

            

   

              

             

             

              

               

               

calculated and normalized as the relative value referring to the “hyperemia” value. In each case, flow 

rates of all outlet branches were juxtaposed radially in a radar diagram. 

3. Results 

3. 1. Validation results of hyperemic blood flow velocity 

Table 1 shows the blood flow velocity distribution under the reference “hyperemia” situation, 

respectively for each case. The inlet flow rates and velocities were within 3.7-7.5ml/s and 0.25-0.50m/s, 

respectively. The simulated range of flow rate covered the healthy hyperemic LMCA flow rate 

(approximately 4.5 ml/s) (19). According to the results of Doppler echocardiography, the peak diastolic 

velocity of LMCA varied from 1.16±0.28m/s to 0.29±0.12m/s in normal and stenosed LMCAs (20). 

Our simulation results were within this wide range. The outlet flow velocity of the four cases ranged 

from 0.19 to 0.49m/s, which was in accordance with the clinically measured range during hyperemic 

wave-free period (0.21-0.614m/s) (18). In an earlier study, the average hyperemic velocity measured by 

Doppler angioplasty was 0.19±0.12m/s and 0.45±0.12m/s in stenosed and normal distal segments of 

coronary arteries, respectively (21). Our simulation results were in accordance with existing 

physiological studies. For the outlets, the velocity was positively correlated with cross-sectional area 

(Pearson’s R overall four cases: 0.793, and >0.61 in each case). 

Table 1. The inlet velocity, maximum and minimum of outlet velocities, and Pearson correlation 

coefficient (Pearson's R) between outlet area and velocity in each case. 

Case number Inlet Maximum outlet Minimum outlet Pearson’s R between 

velocity velocity (m/s) velocity (m/s) outlet area and 

(m/s) velocity 

1 (mild stenosis) 0.25 0.29 0.33 0.99 

2 (normal) 0.50 0.38 0.49 0.62 

3 (severe stenosis) 0.24 0.19 0.30 0.62 

4 (normal) 0.35 0.23 0.33 0.91 

3.2. Effect of MR variation on blood flow rate 

Fig.2 shows the relative flow rate with different MR variations, in comparison with reference 

“hyperemic” value. 

Firstly, resting situation always had the lowest flow rate (about 40% of hyperemia values) when 

compared with the other four situations with MR increase (h-one-1.5, h-one-2, h-branches-1.5, 

h-branches-2) (Fig.2). 

Secondly, MR variation in a branch significantly changed its flow rate. In all the four cases, when 

MR of an outlet branch was doubled (in branches 1, 2, and 3 for h-branches-2, and in branch 1 for 

h-one-2), its relative flow rate decreased by more than 40 % (cyan and purple lines in Fig.2, compared 

with red lines). 

Finally, MR variation in a branch did not lead to any significant effect on the flow rates of other 

branches without MR variation, except in Case 3 with severe stenosis (96.4% in area). In cases 1, 2, 

and 4, in the branches without MR variation (for h-branches-1.5 and h-branches-2: branches 4-6 in 

cases 1 and 2, branches 4-11 in Case 4; for h-one-1.5 and h-one-2: branches 2-6 in cases 1 and 2, 

branches 2-11 in Case 4), the reduce of flow rate was within 3% compared with the hyperemic value 

(Fig.2). Whereas, in Case 3, when MR of branch 1 was doubled (h-one-2), the flow rates of its cognate 



          

   

               

         

         

       

          

 

              

         

            

          

     

 

 

branches increased significantly (>10% and about 8% in branches 2 and 3), resulting in the “branch 

steal” phenomenon. 

Fig.3 illustrates the change of flow velocity in stenotic cases 1 and 3 with doubled MR (in branch 

1 for h-one-2, and in branches 1-3 for h-branches-2). For both cases, the branches with doubled MR 

have obvious velocity changes. No significant flow change was observed in branches without MR 

doubling, except in h-branches-one situation of Case 3 where there were minor but observable changes 

of flow velocity (0.05-0.1m/s) in branches 2 and 3. 

Figure 2. The relative flow rates of all outlet branches under six MR situations in four cases. The colors 

differentiate six MR situations. The numbers according to the radius in each subfigure indicate 

corresponding outlet branches in Fig.1. For each case, hyperemia is the reference situation. For an 

outlet branch, the flow rates in other situations are shown as relative values compared with the 

corresponding value in hyperemia situation. 



 

           

              

               

         

 

     

          

             

                

              

                   

             

          

           

                

              

Figure 3. The velocity variations due to MR increase in cases 1 and 3. In h-2-branches situation, the 

MR values of branches 1, 2, and 3 (with yellow or green rectangle) were doubled. In h-2-one situation, 

the MR value of branch 1 (with yellow rectangle) was doubled. The second and fourth rows show the 

corresponding difference in velocity of h-2-branches and h-2-one situations compared to the hyperemia 

situation. 

3.3. Effect of MR variation on iFR 

Fig.4 illustrates the iFR values of all the outlet branches of the four cases in six different situations 

of MR. In normal cases 2 and 4, the difference in iFR were within ±0.05 among all situations. In 

mildly stenotic Case 1, the maximal iFR difference was 0.07 in branch 1, and smaller than 0.05 in the 

other branches. In severely stenotic Case 3, the maximum iFR difference was 0.168, 0.169, and 0.155 

in branches 1, 2, and 3, respectively, and was within 0.06 in other outlets. The branches 1, 2, and 3 

were distal to the severe stenosis (Fig.1), revealing the combined effects of MR and stenosis on iFR. 

On the one hand, the increase of MR in a branch caused the increase of its iFR. In all the outlet 

branches, the resting and hyperemia (reference) situations had the highest and lowest iFR values. When 

MR was partially increased (in branch 1 for h-one-1.5 and h-one-2, in branches 1, 2, and 3 for 

h-branches-1.5 and h-branches-2), for any branch, its iFR values in these situations were between the 



           

            

                

              

            

              

   

            

    

          

            

    

  

             

         

           

            

corresponding values in hyperemia and resting situations. On the other hand, the MR variation in a 

branch did not influence the iFR of the other branches without MR variation, except in Case 3 with 

severe stenosis (96.4% in area). In cases 1, 2, and 4, with the increase of MR in branch 1 (h-one-1.5 

and h-one-2), significant increase of iFR (>0.02) was observed in branch 1 only (change of iFR<0.01, 

or <1% compared with hyperemia iFR in other branches). Whereas, in Case 3, the increase of MR in 

branch 1 (h-one-1.5 and h-one-2) resulted in significant increase of iFR (>0.05) in its cognate branches 

2 and 3. 

In situations h-branches-1.5 and h-branches-2, the increase of iFR was limited to branches 1, 2, 

and 3 in all the cases. 

Figure 4. The variation of iFR in different MR situations. For each case, the colors differentiate the iFR 

values in six situations of MR. The numbers according to the radius in each subfigure indicate 

corresponding outlet branches in Fig.1. 

4. Discussion 

The CFD simulation showed that MR increase in an outlet branch led to the decrease in its flow 

rate and the increase in its iFR. In different cases, we observed a difference in the effect of MR 

variation in a branch on the flow rate and iFR of its cognate branches. 

It has been generally accepted that the flow rate of a coronary artery is sensitive to the change of 

http:iFR<0.01


              

                 

              

            

               

     

          

              

          

           

            

             

                

              

             

              

           

            

            

               

           

         

               

              

             

         

        

            

                

            

          

           

                

           

                

          

               

       

         

          

          

           

     

           

its MR. The change of flow rate in six MR situations showed similar patterns between corresponding 

cases with and without stenosis in paired cases (cases 1 and 2, cases 3 and 4, in Fig.2). In cases 1 (with 

74.9% stenosis in area), 2 (normal), and 4 (normal), the increase of MR in an outlet branch reduced its 

flow rate, without any observable effect on any other branch. However, in Case 3 (with 96.4% stenosis 

in area), branch steal was observed where the increase of MR in the stenotic branch resulted in the 

increase of flow rate in its cognate branches. 

Coronary branch steal appears when a non-stenotic branch between proximal and distal stenoses 

shunts flow away from a parallel stenotic daughter branch (15). In this case, the blood supply of the 

myocardium distal to the stenotic daughter branch will be reduced, resulting in ischemia (22). 

Especially, in bifurcations of coronary arteries, branch steal occurs when a proximal artery and one of 

its distal branches are simultaneously stenotic (22). In Case 3 with 96.4% stenosis, the increase of MR 

in the stenotic branch has the similar effect of a distal stenosis on the blood flow. Therefore, the blood 

flow is supposed to be shunted away to outlets 2 and 3. However, we did not observe branch steal in 

stenotic Case 1. Firstly, the area ratio between outlet 1 and outlets 2 and 3 was higher in Case 3 (3.47: 

(2.11+0.77), in comparison with 4.47: (3.37+3.94) in Case 1). According to Murray’s law, branch 1 had 

a much higher share of blood flow in Case 3 than in Case 1. Since MR accounts more than 80% of total 

flow resistance (4), the MR increase in branch 1 will cause an obvious decrease in the total flow rate of 

LAD in Case 3, resulting in the decrease in trans-stenotic pressure drop. Secondly, in Case 3, the severe 

stenosis (>90% in area) had a non-linear relationship between its trans-stenotic pressure drop and its 

flow rate (18). The flow resistance of the stenosis is positively related with its flow rate. With lower 

flow rate, the flow resistance of the stenosis was decreased, which significantly reduced the 

trans-stenotic pressure drop due to the non-linear relationship between flow rate and trans-stenotic 

pressure drop, resulting in the increase of inlet pressure in branches 2 and 3. Therefore, flow rates of 

branches 2 and 3 increased. In contrast, both area ratio and severity of stenosis were lower in Case 1. 

Therefore, increased MR at outlet 1 did not obviously elevate the pressure at inlets of branches 2 and 3, 

which eliminated the occurrence of branch steal phenomenon. The interaction between stenotic and 

microcirculatory resistances which caused branch steal phenomenon deserves further investigation. 

In an outlet branch, the increase of its MR caused corresponding increase of iFR. The changes of 

iFR among six situations of MR were within 0.05 in most branches except for those distal to the severe 

stenosis in Case 3. Comparatively, FFR value is sensitive to MR variation, therefore could not 

independently detect the decrease in blood flow after percutaneous coronary intervention (PCI) (23), 

(24). The fitting results of in-vivo measurement of 255 coronary arteries indicated that, with MR 

doubled from 1.5 to 3 mmHg.s/cm, the increase of FFR ranged between 0.03 to 0.15 even in cases with 

mild stenosis (<58% in diameter, <83% in area) (3). Generally, MR variation in one branch showed 

limited influence on the iFR of other branches (<0.02 in cases 1, 2, and 4). Whereas, in Case 3 (Fig.4) 

where branch steal was observed, the doubled MR at outlet 1 (h-one-2) significantly increased the iFR 

(>0.06) of cognate LAD branches 2 and 3. However, in Case 3, iFR values of branches originated from 

LCX or other non-cognate arteries were still unaffected (changes<0.02). A study on swine models 

showed that, FFR values in the LAD and the LCX were independent without significant influence from 

each other’s stenotic severity (25). Therefore, iFR could be a stable hemodynamic parameter to 

estimate the severity of stenosis without being affected by MR variation, but cautions should be taken 

in severely stenotic coronary arteries. The effect of MR variation on iFR needs further investigation 

especially in severely stenotic arteries. 

In our study the laminar flow assumption was used in all the four cases. The peak Reynolds 

http:changes<0.02
http:3.37+3.94
http:2.11+0.77


            

         

            

            

             

             

                

            

            

             

       

           

            

          

         

       

              

            

       

         

      

           

         

           

            

        

 

          

        

          

         

          

      

           

            

          

         

            

         

 

 

               

                

number in a coronary stenosis is typically much smaller than that leading to the laminar-to-turbulent 

transition (approximately 2300). It has been proven that the errors due to the Newtonian and laminar 

approximations are negligible for stenosis severities leading to FFR values around the threshold 0.8 

(26). In the tube flow, the Reynolds number is proportional to the diameter and flow velocity. Abbasian 

et al. calculated the Reynolds number in three coronary artery models with stenosis of 30%, about 50% 

and more than 60% in diameter (27). The authors did in vivo measurement of coronary flow rate and 

found that the Reynold number was less than 750 with maximum measured velocity (0.80 m/s) and 

maximum arterial diameter (3.1 mm). Similarly, Rajabi-Jaghargh simulated the blood flow in stenosed 

coronary arteries and found that the throat Reynolds number was 734 in the artery with 90% stenosis in 

area at hyperemic flow condition (28). In our simulation of the most severe stenosis in Case 3, the 

highest velocity was about 2.18m/s (cross-sectional average velocity: approximately 1.54 m/s) while 

the diameter was about 1.29 mm at the stenotic throat and 3.78mm in the normal segment distal to the 

stenosis. Compared with Abbasian et al.’s results, the maximum Reynolds number in our simulation 

was about 1762, which was much lower than the threshold of laminar-to-turbulent transition. Therefore, 

the laminar model is reasonable in our current study. The turbulent models could be considered in 

future studies focusing on post-stenotic areas where minor turbulent effect could be observed (26). 

Currently there is no clinical cut-off value or normal range of MR (3). The increasing factors of 

MR variation (8/3, 1.5, and 2) were based on recent physiological and clinical studies, as detailed 

below. With chronic cardiac diseases, due to thickened small intramural arteries and narrowed lumens, 

hyperemic MR could increase by 40%, which leads to the MR increase factor 1.5 (9). Some 

pathophysiological factors such as age, diabetes, smoking habit, and hypertension, as well as the 

proximal coronary stenoses, could cause dysfunction in coronary microcirculation (4) where the 

increase of hyperemic MR could exceed 200% (3). Reversely, when stenotic lesions were released by 

PCI, abnormal MR could significantly decrease (23) by 29% within 2 months (29). The MR value 

could reflect not only the risk of ischemia but also the prognosis of PCI, therefore it is clinically 

important to further investigate the relationship between MR and other hemodynamic parameters (30), 

(31). 

The limitations of this study include, first, the solid-wall assumption in CFD simulation. The 

myocardial contraction could compress the arterioles and capillaries, increasing MR in coronary 

arteries. Secondly, the static simulation was adopted in this study. In reality, the aortic pressure, MR, 

and geometry of coronary arteries change periodically. Therefore the conclusions are applicable 

exclusively to the wave-free period. Thirdly, the MR values from the literature were used. 

Unfortunately we didn’t have the patient-specific MR values whose measurement is difficult therefore 

not performed in most cases. Additionally, limited by the number of cases we had, it was difficult to 

find the paired cases (stenosed and normal) with the same numbers of major branches and similar 

structures. Therefore only four cases were included in this pilot study. In future studies, the elasticity of 

arterial wall, the periodic fluctuation of MR, as well as the patient-specific MR values could be derived 

from in vivo measurement and applied in the CFD simulation of more cases covering a wider range of 

coronary artery stenosis to improve the accuracy of estimating the hemodynamic effect of MR 

variation. 

Conclusion 

This simulation study demonstrated that, firstly, the increase of MR in an outlet branch of 

coronary artery reduced its flow rate with minor increase in its iFR value. Secondly, MR variation in an 



           

               

 

 

           

 

 

           

          

       

 

            

        

      

          

 

            

       

          

 

        

    

 

              

        

         

 

                 

         

 

  

           

        

    

 

        

 

           

        

          

 

        

outlet branch has limited effect on the flow rate and iFR of other branches, except in a large branch 

with severe stenosis when both the flow velocity and iFR of its cognate branches could be significantly 

increased. 
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