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Introduction

In the setting of coronary artery bypass grafting (CABG), 
anastomosis length is usually determined by the surgeon’s 
preference and experience. For the patients undergoing 
CABG, it is crucial to maintain optimal flow to the target 
native artery to avoid competition or insufficient graft 
flow (1). To achieve long-term patency, it is also very 

important to avoid intimal hyperplasia or progression 
of atherosclerosis which is believed to be induced by the 
high wall shear stress (WSS) or turbulent flow. Lumped 
parameter model and 0–1D multiscale model are proved to 
be very effective in the simulation for global hemodynamics. 
However, to get comprehensive local hemodynamic 
information, a 3D computational fluid dynamic (CFD) 
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model is required. The CFD method has been proved 
very effective to investigate the improvement for the 
cardiac surgeries (2-4). The investigation of the coronary 
bypass surgery has been carried on the patient-specific 
models, anastomosis angle, and anastomosis length (5-7). 
However, a comprehensive study on the variation on 
both anastomosis angel and anastomosis length has not 
been done yet. 

In this study, the investigation of optimal combination 
for anastomosis angle and anastomosis length has been 
carried out. The flow pattern, WSS, oscillatory shear 
index (OSI), and energy loss has been compared between 
the different geometry models. The aim of this study is to 
determine the model with the combination of optimal flow 
pattern, low WSS, low OSI, and low energy loss.

Methods 

The method of this study can be categorized into two parts: 
modeling for the geometry and the CFD simulation. In 
this study, modeling for the geometry was carried out on 
the Solid Works 13.0 (Dassault Systems SOLID WORKS 
Corp, Waltham, MA, USA), whereas the CFD simulation 
was achieved by the ANSYS CFX 16.0 (ANSYS, Inc. 
Canonsburg, PA, USA).

Geometry (Solid Works 13.0)

Different anastomosis length for the end-side anastomosis 
was taken into account. The angle between the two blood 

vessels in the end-side anastomosis model corresponded 
to the length of the incision, that is, the only the incision 
length was fixed and the angle was corresponded to the 
incision length. The anastomosis length variants from  
2 to 10 mm with an interval of 2 mm. Because the velocity 
profile became stable at the site between 30 to 40 mm from 
the inlet in the simple tube model, the distances from the 
inlets to the anastomosis and the anastomosis to the outlets 
were set to be 40 mm in all cases. Whereas, the distance 
from the anastomosis to the native stenosis site was set to 
be 10 mm in all cases to make it close to the actual surgical 
condition. Native vessels were set to be 90% stenosis. The 
radius of each of the two blood vessels was set to be 2 mm. 
Moreover, the surface fillet was used to smoothen the edge 
at the anastomosis sites and stenosis sites. The fillet radius 
was set to be 0.2 mm for all cases.

Computation (ANSYS CFX)

The geometries were imported into the geometry module 
in the ANSYS, meshes were generated with the meshing 
module in the ANSYS, and the CFD simulations were 
carried out by using ANSYS CFX. Volume meshes were 
generated for all cases. The sensitivity of the meshes was 
tested out with a simple tube model, and minimal size of 
0.009 mm was adopted in this study. The number of the 
nodes was variant from 23,034 to 52,802, and the number 
of the elements was variant from 104,479 to 263,041. 
Boundary layer was generated with a maximum number of 
5. The physiological condition of the blood was considered 
an incompressible Newtonian fluid, and laminar model for 
fluid dynamic computation was adopted. The density and 
viscosity of the blood were 1,060 kg/m3, and 0.0035 Pa/s,  
respectively. The initial flow and pressure were set to be 0 
in each case. The inlet boundary conditions in each case 
were the blood velocity taken from the transient time flow 
measurement (TTFM) during the surgery by the Veri Q 
system (Medi-stim, Inc. MN, USA). We used the typical 
inlet flow sample of the internal thoracic artery (ITA) to left 
anterior descending (LAD) artery bypass case. The velocity 
waveform was shown in Figure 1. Furthermore, the blood 
velocities at the inlet of the native coronary arteries with 
stenosis were adjusted to match the severity of the stenosis. 
The outlet boundary conditions in each case was the fixed 
relative blood pressure, which was equal to the barometric 
pressure. Moreover, the sensitivity of the time steps was also 
tested out with a simple tube model. In this study, the time 
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Figure 1 Energy efficiency of each anastomosis length (2, 4, 6, 
8, 10 mm).
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step was set to be 0.001 s and the data output frequency 
was 100 Hz in each cardiac cycle (1.0 s). Flow at the native 
outlet and the bypass outlet, and total energy efficiency 
were calculated. Streamlines, velocity vector, vortex, WSS, 
and OSI were also calculated. 

Energy loss (8):

21( )
2in in in inE Q P Vρ= +

21( )
2out out out outE Q P Vρ= +

loss in outE E E= −

Energy efficiency:

out
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in
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=

Results

Flow end energy efficiency

Energy loss and energy efficiency have been calculated in 
all cases. The results of energy loss and energy efficiency 
are shown in Figures 1,2, respectively. The lowest energy 
loss and the highest energy efficiency are presented in the 
anastomosis length of 8 mm. Therefore, in the end-side 
anastomosis, an anastomosis length of 8 mm was the ideal 
length.

Streamline, velocity vector, vortex

The streamlines in the end-side anastomosis for a 90% 
stenosis of the anastomosis length of 2, 4, 6, 8, 10 mm were 
presented in Figures 3-7, respectively. The swirling at the 
outlet of the stenosis site and the anastomosis were shown 
in all cases. Moreover, stagnation at the bottom of the outlet 
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Figure 2 Energy loss of each anastomosis length (2, 4, 6, 8, 10 mm).

Figure 3 Stream line of 2-mm incision model was shown (9). 
Available online: http://www.asvide.com/article/view/30101

Figure 5 Stream line of 6-mm incision model was shown (11). 
Available online: http://www.asvide.com/article/view/30103

Figure 4 Stream line of 4-mm incision model was shown (10). 
Available online: http://www.asvide.com/article/view/30102

Video 1. Stream line of 2-mm incision 
model was shown 
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Video 2. Stream line of 4-mm incision 
model was shown 
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Video 3. Stream line of 6-mm incision 
model was shown 
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of the stenosis was presented in the anastomosis length 
of 10 mm. High velocity can be observed at the bottom 
of the anastomosis site, and it decreases as the length of 

anastomosis increases. Furthermore, the case of anastomosis 
length of 8 mm shows the weakest stagnation among all 
anastomosis length.

The OSI, which is timely change of WSS, was calculated 
in all models. High OSI is thought to be related to the 
future intimal hyperplasia. High OSI can be observed 
at the stenosis and the anastomosis sites. As the velocity 
of the blood flow increases, the OSI in the bypass graft 
and the native coronary outlet increase correspondingly. 
The high OSI region decrease, as the anastomosis length 
increase until 8 mm of incision length. However, when the 
anastomosis length is greater than 8 mm, the OSI region 
did not decrease significantly (Figure 8).

Discussion

As a result of the SYNTAX trial, Serruys et al. reported 
that CABG remains the standard therapeutic option for 
patients with a triple vessel or left main disease since the use 
of CABG resulted in lower rates of the combined end of 
major adverse cardiac and cerebrovascular events at 1 year 
compared to percutaneous coronary intervention (PCI) (14). 
Thereby the most CABG patients have more complex and 
multiple lesions and needs multiple bypass grafting. That 
is why it is crucial to employ various graft designs. Because 
sometimes we need to revascularize the moderate stenotic 
lesions, graft design strategies are important especially in 
preventing the incidence of reverse or competitive flow (1). 
In the field of PCI, fractional flow reserve (FFR)-guided 
PCI is becoming the standard of care to determine the need 
for revascularization (15). Similarly, in the setting of CABG, 
we should consider the graft design to avoid the competitive 
flow when we need to revascularize low FFR lesions.

Richter described that flow explains the form and 
function of the heart and the blood vessels (16). As Richter 
described, the CFD model has been an important solution 
in achieving optimal blood flow of various configurations of 
CABG (16-19). The CFD model gives us useful information 
from the clinical point of view. When you focus on flow, 
optimal flow to the native outlet is important to gain early 
patency in the first place. In the setting of native stenosis 
model, flow competition is a matter of concern. 

Tsukui et al. reported about the quality of the long 
distal anastomosis using the training simulator model (7). 
They reported that the 10-mm distal anastomosis provided 
a higher quality of distal anastomosis which yielded 
lower energy loss at distal anastomosis than 4-mm distal 
anastomosis. According to their study, we hypothesized that 

Figure 6 Stream line of 8-mm incision model was shown (12). 
Available online: http://www.asvide.com/article/view/30104

Figure 7 Stream line of 10-mm incision model was shown (13).
Available online: http://www.asvide.com/article/view/30106
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Figure 8 Oscillatory shear index of each anastomosis length (2, 4, 
6, 8, 10 mm). OSI, oscillatory shear index.

Video 4. Stream line of 8-mm incision 
model was shown 
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Video 5. Stream line of 10-mm incision 
model was shown 
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the longer the end-side anastomosis was, the higher the 
energy efficiency. However, our current study revealed that 
an anastomosis length of 8 mm was the ideal length with 
less flow complexity, low WSS and OSI, and less energy loss 
and high energy efficiency. In the model of 10-mm incision 
length, stagnation at the bottom of the outlet of the stenosis 
was presented, which would cause the reduction of energy 
efficiency in 10-mm incision model. We believed that the 
longer the incision is, the better the energy efficiency is. But 
our current study showed that the very long anastomoses 
would not provide any benefits. 

The energy efficiency reflects flow dynamic energy loss 
such as the vortex and turbulent flow. The streamline was 
also smoother when the anastomotic angle was gentler, 
seen in the longer anastomosis. The difference in the vector 
between the top and the bottom was smaller when the 
anastomotic angle was gentler, seen in longer anastomosis. 
So, in that sense, the longer the anastomosis was, the higher 
the energy efficiency was in the end-side anastomosis, but 
the total energy efficiency was highest in the 8mm incision 
model. This was because of the stagnation at outlet bottom 
in 10-mm incision model. Further individual optimized 
CFD models will give us more information in detail. 

Long-term patency is also very important in CABG. 
Gibson et al. reported in 1993 that distribution of WSS may 
explain the atherosclerotic progression in multiple lesions (20).  
Since then, there have been many reports about the 
relationships between shear stress and atherosclerotic changes 
or hyperplasic progression or plaque disruption (5,6,20-29).  
Ramaswamy et al. reported that the time-mean WSS and 
the OSI may provide more realistic predictions on the 
progression of atherosclerotic disease (5). Samady et al. 
concluded that low-WSS segments developed greater 
plaque and necrotic core progression and constrictive 
remodeling, while high-WSS segments developed greater 
necrotic core and calcium progression, regression of fibrous 
and fibrofatty tissue, and excessive expansive remodeling, 
suggestive of transformation to a more vulnerable 
phenotype (22). In general, the extremely high or low shear 
stress which is high OSI, and the spatial and temporal 
variation of the shear stress would cause the atherosclerotic 
change. 

In this current study, we took notice of the distribution 
of OSI. This result showed that OSI was high at the outlet 
top in most models. Therefore, we should be meticulous 
with anastomosis at the outlet top. We need to be careful 
about future atherosclerotic change, neointimal hyperplasia 

and plaque rupture at this point. It might be a reasonable 
option to choose a specific anastomosis to avoid high OSI 
at severely diseased target vessels. And the high OSI region 
decreases as the anastomosis length increased until 8 mm 
of incision length. However, when the anastomosis length 
is greater than 8 mm, the OSI region did not decrease 
significantly. An anastomosis length of 8 mm was the ideal 
length with less flow complexity, low OSI.

There are other factors that affect flow or shear stress. 
Vimmr et al. reported that in the case of sequential grafts, 
the resulting flow field and shear stimulation are strongly 
influenced by the diameter of the vessels involved in the 
bypass (27). In this study, we fixed the diameter of the 
graft and native coronary vessels. These factors should be 
considered for future CABG CFD models.

Limitations

There were several limitations to this study. Although this 
study was ideal CFD model which was reconstructed only 
the computer, the individually reconstructed CFD model 
which is reconstructed by the radiographic data taken 
from the real CABF patients is necessary for validation. 
We used the inlet flow of the real typical ITA-LAD model. 
More variation in inlet flow patterns should be taken into 
consideration to demonstrate the various models. Although 
we focused on the individual end-side bypass grafting, we 
evaluated only one anastomosis in each model. And to 
simplify the study, we studied 90% stenosis only. We need 
to consider about moderate stenosis model in future studies.

Although this present study was very simple model, to 
simulate the humans blood vessels, we need to consider the 
vasoreactivity, microvasculature, flow demand, biological 
parameters metabolism, and so on. Future studies should 
consider these factors as well. Furthermore, it will be 
necessary to compare these optimal model study and animal 
study in the future.

Conclusions

In the end-side anastomosis, an anastomosis length of 8 mm 
was the ideal length with less flow complexity, low WSS and 
OSI, and less energy loss and high energy efficiency. 
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