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Abstract 

Coronary diameter and tortuosity are two important morphological parameters that both affect 
the local haemodynamics. However, previous studies on tortuous coronaries neglected any potential 
associated effects from vascular diameter variations. Here, we investigate the differences in 
coronary haemodynamics due to diameter variation in tortuous coronaries. 28 models were derived 
from modifications of four non-bifurcating and bifurcating coronaries each. For the non-bifurcating 
coronaries, we first generated a uniform cross-sectional diameter model, before scaling it by + and -
1 mm.  For the bifurcations, we only scaled the models by + and -1 mm. The computational results 
showed that the vascular diameter had a great effect on the haemodynamics of torturous arteries. 
For non-bifurcating models, the modified geometries with constant diameters exhibited a small 
change in the local velocity field and a smaller percentage vessel area exposed to adverse time-
average wall shear stress (TAWSS%), compared to their original coronaries with varying diameters. 
Moreover, the TAWSS% increased in the modified geometries with constant diameters as the 
diameter increased. For the bifurcating models with varying diameters, both helicity intensity (ℎଶ) 
and TAWSS% were 24%, 33% less in -1 mm-smaller models, and 31%, 44% larger in +1 mm-
larger models, compared to the original equivalents. Overall, the effect of tortuosity on 
haemodynamics, commonly measured as centreline index, cannot be considered independently of 
the vessel diameter and potentially other shape characteristics. This may explain contradicting 
findings in previous literature to date and thus warrants future studies. 

1. Introduction  

Coronary artery tortuosity is a phenomenon commonly observed in vivo, which affects the local 
blood flow patterns and haemodynamics of clinical relevance (Kahe et al. 2020). However, the 
effect of coronary tortuosity remains inconclusive, with contradicting findings from both in vivo 
and computational studies. Specifically, some in vivo studies reported that coronary tortuosity is 
associated with plaque formation (El Tahlawi et al. 2016; Kahe et al. 2020), whereas others have 
shown a protective effect against plaque formation (Li et al. 2018; Khosravani-Rudpishi, 
Joharimoghadam, and Rayzan 2018). Likewise, some computational studies revealed that adverse 
haemodynamics are prominent in severely tortuous regions (Xie et al. 2014; Buradi and 
Mahalingam 2020; Xie, Wang, and Zhou 2013), whereas others claimed that tortuosity can reduce 
the area exposed to adverse time-averaged wall shear stress (TAWSS) (Rabbi, Laboni, and Arafat 
2020; Vorobtsova et al. 2016). 

Tortuosity as a measure has not been commonly defined until recently, and in a recent study, the 
absolute curvature was recommended as a benchmark measure (Kashyap et al. 2022). Regardless of 
the measurement method used, tortuosity is simply a centreline index that does not take into 
account any concomitant variations in other shape parameters, such as the changing cross-sectional 
vascular diameter — an important coronary morphological parameter especially for tortuous arterial 
segments (Muller et al. 2012). Previous studies on tortuosity have either used idealised models with 
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constant diameters (Xie et al. 2014; Buradi and Mahalingam 2020; Xie, Wang, and Zhou 2013; 
Rabbi, Laboni, and Arafat 2020), or assessed haemodynamic changes with respect to tortuosity 
only, without considering the concomitant effects of diameter (Vorobtsova et al. 2016). To the best 
of our knowledge, no other study to date has considered the effect of diameter variations in tortuous 
coronaries, yet it is clear that tortuosity and diameter would both affect the local haemodynamics 
(Beier et al. 2016). Therefore, we sought to analyse the haemodynamic changes with respect to 
vascular diameter in a range of tortuous coronary arteries.  

2. Methods 

2.1 Vessel Geometries 

A total of 28 models were constructed from eight patient-specific coronary geometries — four 
were left main (LM) bifurcations, and an additional four non-bifurcating arteries, including two Left 
Anterior Descending (LAD) and two Left Circumflex (LCx).  

For each of the LM bifurcation (n = 4), we up- and down-scaled the geometry by 1 mm in 
centreline diameter corresponding to the original model (Figures 1[c]), forming a collection of 12 
bifurcating geometries (4 × 3). Whereas for the non-bifurcating LAD or LCx segments (n = 4), we 
first modified these to exhibit a constant diameter by sweeping a circular cross section along the 
centreline with a diameter equivalent to the original mean diameter (Figure 2[a]). These were then 
both scaled-up and -down by 1 mm in orthogonal direction each (Figure 2[b]), forming a collection 
of 16 non-bifurcating geometries (4 × 3 plus 4 original varying cross-sectional diameter models). 
All final diameter variations were within the normal physiological range (Medrano-Gracia et al. 
2016). 

Since tortuosity is a centreline-based parameter, all modified geometries exhibited the same 
tortuosities as their original ones, as the shape of centrelines had not been changed. For all models, 
the inlet was extended 1.5 times the respective inlet diameter to assure a fully developed flow 
profile generated in the region of interest.  

Modify based 
on centreline 

Scale the diameter 
by ±1mm 

a.  b. 

-1mm 
Smaller 

+1mm 
Larger 

Original with 
varying diameter 

Modify to constant 
diameter 

c. 
Varying diameter Constant diameter 

-1mm 
Smaller 

Average  +1mm 
Larger Original 

Non-bifurcating models 
Bifurcating models 

Original 

+1mm Larger 

-1mm Smaller 

d. 

+1mm -1mm 

-1mm 
Smaller 

Original 
+1mm 
Larger 

e.  
Varying diameter 

Figure1. Geometry modelling: (a) reconstruction of idealised non-bifurcating arteries. Circular cross-
sectional lumen areas were generated based on centreline, which resulted the idealised models by 
sweeping. (b) Idealised models with smaller and larger constant diameters. (c) Diameter-scaled non-
bifurcating models (d) Illustration of inflation and deflation (e) Diameter-scaled bifurcating models.  
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2.2 Computational Simulations 

All models were numerically resolved using the commercially available Navier-Stokes solver 
ANSYS-CFX (Canonsburg, PA). The flow was assumed to be laminar, with the blood modelled as 
a Carreau-Yasuda non-Newtonian fluid (Gijsen et al. 2019). A pulsatile flow profile was specified 
at the inlet, and a reference pressure condition of 0 Pa was adopted at all the outlets (Beier et al. 
2016). An allometric scaling law was used to scale the average coronary inflow with the artery 
diameter (Gijsen et al. 2019): 
 𝑄 = 1.43𝑑ଶ.ହହ (1) 

where Q is the cycle-averaged flow rate entering the artery and d is the mean diameter of the 
inflow segment. The vascular wall was assumed to be rigid, and a no-slip condition was applied. 
The simulations were first run in a steady-state condition, with the result employed to be the initial 
condition for the subsequent transient simulation of four consecutive cardiac cycles. All 
haemodynamic parameters were extracted from the fourth cycle to minimise the transient start-up 
effects. 

2.3 Post-Processing 

Streamlines and TAWSS of all models were visualised. Helical flow (HF) was examined using 
iso-surfaces corresponding to the local normalised helicity (LNH), where a positive value (red) 
indicates the right-handed rotational patterns, and a negative value (blue) indicates the left-handed 
flow rotation. The helicity intensity (ℎଶ) was calculated as follows: 

 ℎଶ =
ଵ

் ௏
∫ ∰ |𝒗(𝒙, 𝑡) ∙ 𝝎(𝒙, 𝑡)|𝑑𝑉𝑑𝑡

  

௏

்

଴
 (2) 

where 𝒗(𝒙, 𝑡) and 𝒘(𝒙, 𝑡) are the respective velocity and vorticity vectors, T is the cardiac cycle, 

V is the volume of the fluid domain, and  ∰  
  

௏
 represents the volumetric integral over the fluid 

domain. Low WSS has adverse impact on endothelium functions, which was reported to induce 
formation and progression of atherosclerosis (Gijsen et al. 2019; Secomb 2016) . Here, we 
calculated the percentage of the vascular surface (TAWSS%) exposed to adversely low TAWSS (< 
0.5 Pa) (Beier et al. 2016; Gijsen et al. 2019) according to: 

 𝑇𝐴𝑊𝑆𝑆% =
௔௥௘௔ ௘௫௣௣௢௦௘ௗ ௧௢ ௔ௗ௩௘௥௦௘ ்஺ௐௌௌ

௧௢௧௔௟ ௦௨௥௙௔௖௘ ௔௥௘௔ ௢௙ ௚௘௢௠௘௧௥௬
 (3) 

3. Results 

3.1 Non-bifurcating models 

The streamlines colour-coded by velocity and TAWSS contours of a representative non-
bifurcating coronary with the geometries derived from it are shown in Figure 2. Compared to the 
original diameter-varying coronary, the model with a constant diameter equivalent to the original 

Figure 2. Velocity streamlines plots and TAWSS contours of non-bifurcating models 
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mean diameter showed less changes within the tortuous segments (indicated as a red rectangle in 
Figure 2.a), in terms of the velocity. Observed from the TAWSS contours within the tortuous 
segments (Figure 2.b), the original changing diameter models exhibited a larger TAWSS% (more 
blue area). 

For the constant diameter models (Figure 2.c), the TAWSS% increased with respect to the 
increase in diameter. However, the original models with varying cross-sectional diameters had the 
highest TAWSS%, larger than any of the models derived from them, regardless of the size of the 
diameter (Figure 2. C).  

3.2 Bifurcating models 

Figure 3.a shows the LNH plots of all bifurcating coronaries with their derived geometries. A 
pair of counter-rotating HF with apparent asymmetry existed in each model. Smaller models exhibit 
smaller HF structures (Figure 3.a), which gradually increased with respect to the diameter scale 
changing from the smaller, to the medium, then to the larger, also evident by the changes in ℎଶ 
(Table 1). Compared to the medium models, ℎଶ was reduced by 24% in the smaller models and 
increased by 31% in the larger models.  

The TAWSS distributions (Figure 3.b) showed the same tendency that the models with a larger 
diameter had a larger TAWSS% (more blue area). The TAWSS% was reduced by 33% in the 
smaller diameter models and increased by 44% in the larger model compared to their medium size 
equivalents.   

4. Discussion  

This study has investigated the haemodynamic effects of diameter variation in tortuous patient-
specific coronary arteries. Overall, results showed that vessel diameter plays an important role 
alongside the vascular tortuosity, which cannot be assessed independently of each other when their 
impact on the local haemodynamics is studied. Not only differences in the magnitude of the 
vascular diameter, but also variations in the diameter along the centreline would lead to drastic 
alterations of the local haemodynamics, in terms of the HF and TAWSS%. 

Figure 3. Visualisations of the LNH and TAWSS for bifurcating models 
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Models with constant diameters manifested less flow disturbance and a reduced TAWSS% 
compared to those with varying diameters, although they had exactly the same tortuosities (Figure 
2.a). For all models, an increase in diameter was associated with increases in the adverse TAWSS 
and HF (Figure 2.c, Table 1). Out of relevant literature considering tortuosity, four previous studies 
(Xie et al. 2014; Buradi and Mahalingam 2020; Xie, Wang, and Zhou 2013; Rabbi, Laboni, and 
Arafat 2020) have investigated the changes in haemodynamics with respect to tortuosity without 
considering the diameter effect by assuming constant diameters. In the context of our findings, their 
conclusions would then need to be reconsidered in terms of vessel diameter.  

Some limitations of this work should be noted. First, we tested the diameter only, whereas it is 
likely that other shape characteristics also play a role in affecting the resulting haemodynamics and 
should be considered in combination (Beier et al. 2016) Second, further studies are warranted into 
the role of frequency of the variation in diameter along with other shape characteristics and their 
possible overall effects on the resulting overall haemodynamics. Moreover, flow conditions may 
vary in vivo, whereas no patient-specific inflow condition was available, although for illuminating 
the effect of shape characteristics our computational approach can be considered current best 
practice.  

4. Conclusion  

A change in diameter influences the resulting haemodynamics, even for vessels with the same 
tortuosity, suggesting that studies on patient-specific tortuosity also need to consider the variations 
in diameter and possibly other vessel shape characteristic. This may explain contradicting findings 
in previous literature where tortuosity and its haemodynamic effects were assessed independently of 
other vessel shape characteristics. 
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