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ABSTRACT
Background  In free flap transfer, size discrepancy 
between the vascular pedicle and recipient vessel can 
create a problem for microsurgeons and sometimes in-
duces postoperative thrombus formation. When there is 
a major difference between the diameters of the vascular 
pedicle and the recipient vessel, the larger vessel is often 
tapered to perform the anastomosis properly. However, 
the decision on the tapering angle used depends mostly 
on the operator’s experience. In this study, computa-
tional fluid dynamics (CFD) was used to investigate the 
optimum tapering angle.
Methods  Using ANSYS ICEM 16.0 (ANSYS Japan, 
Tokyo, Japan), simulated vessels of diameters 1.5 mm 
and 3.0 mm were designed and then used to produce 
four anastomosis models with the 3.0-mm vessel 
tapered at angles of 15º, 30º, 60º, and 90º (no tapering). 
Venous perfusion with a mean value of 13.0 mL/min 
was simulated, and this was passed through the four 
anastomosis models in both the forward direction (F), 
from the smaller to the larger vessel, and the retrograde 
direction (R), from the larger to the smaller vessel. The 
velocity, wall shear stress (WSS), and oscillatory shear 
index (OSI) were measured in these eight patterns and 
then analyzed using OpenFOAM version 5.
Results  The decrease in velocity was limiting. The 
WSS was greater in the R direction than the F direc-
tion at every tapering angle. The OSI also tended to be 
almost the same in the F direction, and lower at smaller 
tapering angles in the R direction. And, it was greater 
in the F direction than in the R direction at every taper-
ing angle. The OSI values for 15º and 30º were almost 
identical in the R direction.
Conclusion  The risk of thrombus formation is thought 
to be lower when tapering is used for anastomosis if the 
direction of flow is from the larger to the smaller vessel, 
rather than vice versa. These results also suggest that 
the optimum tapering angle is approximately 30º in 
both directions.
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Free f lap transfer is a useful surgical technique for 
reconstruction in areas including the head and neck, 
breasts, and limbs reconstruction, and it is now estab-
lished as a safe surgical procedure.1, 2 Free skin flap 
transfer requires microvascular anastomosis, and when 
the diameters of the vascular pedicle of the flap and of 
the recipient vessels are different, the tapering tech-
nique3 may be used to resolve this problem. Although it 
is believed that tapering at a gentler angle enables more 
natural perfusion, the anastomosis requires a larger 
number of stitches and thus a longer operating time. 
How to taper a large vessel is also mostly dependent on 
the operator’s experience. In this study, the optimum 
tapering angle was investigated by using computational 
fluid dynamics (CFD) to analyze the flow dynamics of 
microvascular anastomosis sites created by tapering. 
Two patterns of microvascular anastomosis, with the 
blood flowing from a smaller to a larger vessel and vice 
versa, were also analyzed.

MATERIALS AND METHODS
The simulated vessels were of diameters 1.5 mm and 
3.0 mm. The simulated suture thread used for the anas-
tomosis was 0.03 mm in diameter (equivalent to 10-0 
nylon). It was passed continuously through the vascular 
walls at the site of the three-point suture required for ta-
pering.4 Nine sutures (including the three-point suture) 
were placed at the anastomosis site, and equally spaced 
sutures were also placed in the tapered portion. The 
length of the suture thread protruding into the vascular 
lumen was 0.115 mm, and its height was 0.0225 mm. 
A groove of width 0.029 mm and depth 0.029 mm was 
created in the anastomosis site and the tapered portion 
(Fig. 1). Computational meshes were created based 
on ANSYS ICEM16.0 (ANSYS Japan, Tokyo, Japan). 
Four different models were created, with the tapering 
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angle of the 3.0-mm-diameter vessel being 15º, 30º, 
60º, or 90º (no tapering) (Fig. 2). The mesh consisted of 
1,585,649 elements and 434,492 nodes at 15º, 1,059,769 
elements and 372,645 nodes at 30º, 1,598,761 elements 
and 294,929 nodes at 60º, and 722,662 elements and 

201,394 nodes at 90º.
Inlet blood flow into the anastomosis site and the 

tapered vessel was simulated on the basis of the venous 
perfusion measured by an ultrasound flowmeter (HT323 
surgical flowmeter, Transonic Systems, Ithaca, NY).5 

Fig. 1.  Vascular anastomosis model. Sutures are placed at nine points at the anastomosis site, including a three-point suture. Sutures are 
also placed in the tapered portion at the same intervals as in the anastomosis. The diameter of the suture thread is 0.03 mm. The length 
of the suture thread protruding into the vascular lumen is 0.115 mm, and its height is 0.0225 mm. A groove of width 0.029 mm and 
depth 0.029 mm is created in the anastomosis site and the tapered portion. F, Forward direction, from the smaller to the larger vessel; R, 
Retrograde direction, from the larger to the smaller vessel.

Fig. 2.  Models with tapering at 15°, 30°, 60°, and 90º.
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This model venous perfusion had a minimum value of 
–19 mg/min at 0.84 s, a maximum value of 45 mL/min 
at 0.14 s, and a mean value of 13 mL/min, with 1 cycle 
lasting 1 s (Fig. 3). The density of the venous blood 
was set to 1,060 kg/m3, and its coefficient of viscosity 
to 0.004 Pa-s.6, 7 The pressure gradient at the outlet was 
set to zero, and the wall surface was given a no-slip 
condition. The CFD analysis conditions were as follows. 
OpenFOAM v5.0 software was used for the analysis. 
Turbulent pulsatile flow simulation was performed with 
reference to previous hemodynamic research, as fol-
lows. The software solved the Navier–Stokes equations 
of an incompressible transient Newtonian fluid. Time 
step size was set to 5.0 times 10-5 seconds to reduce the 
Courant number to the sufficient level. The convergence 
criteria were set to 10-5, which times the residual at 
each time step.

Simulated perfusion was passed through the four 
vascular anastomosis models with 15º–90º tapering in 
the forward direction (F), from the smaller to the larger 
vessel, and in the retrograde direction (R), from the 
larger to the smaller vessel. Perfusion with a velocity of 
< 0.01 m/s in the area around the anastomosis was vi-
sualized for a total of eight patterns (15F, 30F, 60F, 90F, 
15R, 30R, 60R, and 90R). Wall shear stress (WSS) and 
the oscillatory shear index (OSI) were also analyzed. 
CFD postprocessing software (ParaView, Kitware, NY) 
was used for these analyses. The WSS is calculated 

from the tangential component of the blood flow veloc-
ity gradient at the vessel wall and the blood viscosity. 
In other words, it is the frictional force exerted by the 
blood on the vascular wall measured in Pa (N/m2).8 
The OSI expresses the size of the changes in direction 
and magnitude of the WSS. It thus indicates the degree 
of reversing direction of the WSS within a single pulse 
cycle as
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where, T is one cardiac time, WSS is wall shear stress 
vector.9

RESULTS
Velocity
In all simulated vessels, a decrease in velocity was 
evident around the suture thread protruding into the 
vascular lumen, but this did not cause major turbulence. 
In the 15º models, in both the F and R directions, the 
blood flow velocity slowed at the anastomosis site and 
along the groove where the tapered vessel was sutured. 
In the 30º, and 60º models, in both the F and R direc-
tions, a decrease in blood flow was evident around the 
groove at the anastomosis site and at the locations of 

Fig. 3.  Model venous perfusion. This is set so that the minimum value is –19 mL/min at 0.84 s, and 
the maximum value is 45 mL/min at 0.14 s. The mean value is 13 mL/min, and 1 cycle lasts for 1 s.
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sutures around the anastomosis site (Fig. 4).

Wall shear stress
The maximum WSS value was 53.9 Pa for the 15F 
pattern, 84.9 Pa for 15R, 47.1 Pa for 30F, and 125.0 Pa 
for 30R, 42.2 Pa for the 60F pattern, 178.5 Pa for 60R, 
21.5 Pa for 90F, and 126.7 Pa for 90R, each recorded at 
0.15 s when the perfusion was greatest. In all models, 
the maximum WSS was observed near the peak of the 
suture thread at the anastomosis site (Fig. 5).

Oscillatory shear index
The local maximum OSI value recorded was 0.50 for 
the 15F pattern, 0.22 for 15R, 0.49 for 30F, 0.22 for 30R, 
0.47 for 60F, 0.35 for 60R, 0.47 for 90F, and 0.39 for 
90R. For all tapering angles, the OSI was higher in the 
F direction than in the R direction. For the 15F pattern, 
the site of the local maximum OSI value was along the 
groove at the suture site where the vessel was tapered. 
For the 30F pattern, the sites of the local maximum OSI 
value were at the base of the suture thread of the three-
point suture and along the vascular wall on its distal 
side. For the 60F and 90F patterns, the site of the local 
maximum OSI value was at the suture thread of the 
three-point suture and along the groove at the vascular 
anastomosis. For 60F, 60R, 90F and 90R, the OSI was 
also high at the tip of the tapered portion. In the R direc-
tion, the OSI was high at the base of the suture thread of 
the three-point suture for every angle (Fig. 6).

DISCUSSION
Improvements in computer function and advances in 
simulation techniques have allowed the application of 
CFD techniques to the analysis of blood flow. The use of 
blood flow analysis by CFD to assess the risk of cerebral 
aneurysm rupture has been widely reported.10–12 Other 
studies have described the value of CFD for microvas-
cular anastomoses,4, 5, 13 but the present study is the first 
to focus on investigating the optimum tapering angle.

Visualization at a velocity of < 0.01 m/s around the 
anastomosis site showed that the velocity was decreased 
by the sutures used in the anastomosis. Although the 
risk of thrombus formation cannot simply be predicted 
from this decrease in velocity alone, if the suture is 
loosely tied or blood f low is generated by a suture 
thread, this might conceivably induce thrombus forma-
tion. In the area around the sutures used in tapering, 
sutures closer to the anastomosis site did decrease the 
velocity somewhat, but those more distant from the 
anastomosis site had little effect in slowing the veloc-
ity. This suggested that, although more suture thread 
was used for tapering at smaller tapering angles, this 
increase in the amount of suture thread had almost no 
effect in reducing blood flow.

WSS is known to inhibit thrombus formation.14 
WSS is a stress that acts tangentially to the blood vessel, 
and should a thrombus form near the peak of the suture 
thread, where the WSS is high, it would immediately be 
detached by the blood flow, making it more difficult for 

Fig. 4.  Visualization of velocity. Vectors of < 0.01 m/s are displayed. The arrows indicate the direction of flow.
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Fig. 5.  Wall shear stress (WSS). In every model, the maximum WSS is near the peak of the suture thread at the anastomosis site. The 
arrows indicate the direction of flow.

Fig. 6.  Oscillatory shear index (OSI). The arrows show the direction of flow. For the 60F pattern, the site of the local maximum OSI 
value is at the peak of the suture thread of the three-point suture and along the vascular anastomosis. For the 60F, 90F, and 60R, 90R 
patterns, the OSI is also high at the tip of the tapered portion (*).
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thrombus formation to occur.
The highest WSS value in every pattern was re-

corded near the peak of the suture thread. Although the 
suture thread contributed to decreasing blood flow, we 
suppose the magnitude of the shear force near the suture 
thread acts to hinder thrombus formation. At every 
angle, the WSS value was higher in the R direction than 
in the F direction, suggesting that although the stress 
on the anastomosis site was greater in the R direction, 
thrombus formation was less likely to occur.

The OSI, another important CFD index, was also 
analyzed. A high OSI is believed to cause the genera-
tion of active oxygen species.15 Vascular endothelial 
cells suffer severe oxidative stress during post-ischemic 
reperfusion, and vascular endothelial cell damage 
caused by active oxygen species is likely to be involved 
in thrombus formation.16–18

In the simulations in the present study, a higher OSI 
was recorded in the F direction than in the R direction at 
every angle. Although many surgeons may believe that 
the risk of thrombus formation is normally increased 
when a larger vessel is joined to a smaller vessel in the 
creation of a microvascular anastomosis, the results of 
the present simulation showed the opposite. This may 
have been because venous perfusion was modeled, 
which includes a retrograde flow for some time. In the 
F direction, when the blood is flowing in the antegrade 
direction, the flow separation19 results in an area of 
reduced flow along the tapered portion compared with 
the amount of blood flowing in, whereas when the blood 
is flowing in the retrograde direction, the blood flows 
directly along the tapered portion, both increasing the 
difference in the WSS and increasing the OSI.

For the 15R and 30R patterns, the OSI values re-
corded were almost identical. This suggests that, during 
a vascular anastomosis in the R direction, a 30º tapering 
angle may be ideal. There is also a site of locally high 
OSI at the base of the suture thread forming the three-
point suture in the R direction. However, the OSI values 
for every angle were lower than those for the F direc-
tion, suggesting that, in terms of fluid mechanics, taper-
ing in the R direction entails a lower risk of thrombus 
formation than does tapering in the F direction.

For all F direction patterns OSI values are the OSI 
values recorded were almost same. And, for the 60F 
and 90F patterns, high OSI values were recorded at 
the peak of the three-point suture. The flow velocity 
also decreased at this site, placing it at increased risk 
of thrombus formation. This suggests that a tapering 
angle of 30º or less may be required in the F direction. 
As seen for the 60F, 90F, and 60R, 90R patterns, sites 
recording a high OSI are also present at the peaks where 

the large vessel is sewn together, and the 90F pattern 
had the highest risk of thrombus formation.

Because postoperative thrombus formation tends 
to occur more frequently at venous anastomoses than at 
arterial anastomoses,20 a model venous waveform was 
used in our CFD analysis. Differences between venous 
flow and arterial flow are that arterial flow volume is 
larger than venous one and that arterial blood flows only 
in antegrade direction. So, it is expected that OSI in 
arterial anastomoses is lower than venous anastomoses. 
This may be one reason that thrombus formation is 
more likely to occur at venous anastomoses than at arte-
rial anastomoses in microvascular anastomoses.

CFD analysis is useful from the viewpoint of 
animal protection, as no experimental animals are 
used. However, one limitation of this study is that it is 
difficult to recreate in vivo conditions exactly by CFD. 
Consistency between the calculated values and actual 
measured values is extremely important in CFD analy-
sis, but when applying CFD analysis in vivo, validation 
experiments are highly problematic. This issue can 
be resolved by adding further conditions to diminish 
the gap between CFD results and real-world clinical 
practice. Other problems include the treatment of the 
simulated blood vessels as rigid bodies. To enable a 
closer approximation of reality will require the incorpo-
ration of detailed patient or individual vascular data into 
the conditions used. Although it is technically complex, 
the use of fluid structural interaction (FSI), which ana-
lyzes blood vessels as elastic bodies that change shape 
depending on the amount of blood flowing through 
them,21, 22 may resolve this issue.

In conclusion, CFD was used to conduct blood 
flow analysis of microvascular anastomoses created 
by tapering. The present results suggest that the risk of 
thrombus formation is lower when blood flows from 
a larger to a smaller vessel than when it flows from a 
smaller vessel to a larger one in venous microvascular 
anastomoses. They also suggested that the optimum 
tapering angle may be approximately 30º in both the F 
and R directions.

The authors declare no conflict of interest.
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