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Abstract: The tapering technique is one of the useful methods of
anastomosing 2 vessels with large discrepancies during microanas-
tomoses. When the tapering technique is used, a three-point suture
is always present. The authors analyzed the most appropriate suture
technique for this using computational fluid dynamics. This aspect
has not previously been addressed. Three different suture techni-
ques were simulated:(1)Three single-knot sutures (Type I);(2)Two
single-knot sutures forming an X-shape (Type II); and(3)A single
continuous ligature through the vascular wall (Type III).

Vascular models of these 3 types were created. The streamline,
wall shear stress, and oscillatory shear index at the anastomosis site
were measured using a previously prepared venous model. Stream-
line disruption was most severe for Type II. In all 3 types, the
highest wall shear stress was recorded at the suture peak protruding
into the vessel. The maximum oscillatory shear index was highest in
Type II, and lowest in Type III. The present results suggest that
Type III is the best three-point suturing method for the tapering
technique.

Key Words: Computational fluid dynamics, free flap,
microanastomosis, microsurgery, tapering technique

(J Craniofac Surg 2021;32: 2749–2752)

lthough microsurgery has become a common procedure,1,2 the
A choice of the technique still depends on microsurgeons’ expe-
rience rather than evidence. The tapering technique is often used
when microsurgeons perform anastomoses of the vessels with large
discrepancies.3 The larger-diameter vessel is cut obliquely in a
funnel shape. As this portion is sutured together to reduce the vessel
diameter, a three-point suture is always present when the vessels are
anastomosed. This three-point suture site is susceptible to blood
leakage. If the number of sutures is increased to prevent such
leakage, there is the risk of thrombosis. Therefore, we compared
three different types of suture techniques for the three-point suture
site by using computational fluid dynamics (CFD), to evaluate the
suture thread’s effect from a hemodynamic point of view. From the
results, we investigated the effects of each suture thread on blood
flow at the microanastomosis site to ascertain the most appropriate
method for the three-point suture site.
MATERIALS AND METHODS
We established a model of vascular anastomosis 2 mm in diameter
with the suture thread of 0.03 mm diameter. The diameter of the
suture thread is equivalent to 10-0 nylon. The three types of sutures
to be used at the three-point suture site during the tapering technique
were defined (Fig. 1) as follows:
� T
hree single-knot sutures (Type I)

� T
wo single-knot sutures forming an X-shape (Type II)

� A
 single continuous ligature through the vascular wall

(Type III)
ture techniques. In Type I, the suture is formed by
is formed by 2 stitches in an X-shape. In Type III, it is
ous stitch.
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FIGURE 3. Model venous waveform. The period is 1 second, maximum flow is
45.0 mL/min, minimum flow is –19.0 mL/min, and mean flow is 13.0 mL/min.
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At 10 locations (including a three-point suture), sutures were
placed around the junction of the vessels, with the thread extending
into the lumen at the height of 0.025 mm and length of 0.115 mm. In
Type I, 2 sutures out of three were lined up in parallel with the three-
point suture at intervals of 0.015 mm and in Type III, at intervals of
0.05 mm. The height of the crossing threads at the three-point suture
in Type II was 0.02 mm. These geometries were constructed by
using computer-aided design (CAD) software (Fusion 360, Auto-
desk, Inc., USA), and the computational meshes were created using
commercial meshing software (ANSYS ICEM16.0, ANSYS Japan,
Tokyo, Japan). The mesh consisted of 723,211 elements and
201,167 nodes in Type I; 722,622 elements and 201,394 nodes
in Type II; and 700,890 elements and 198,467 nodes in Type III
(Fig. 2).

Inlet blood flow was created using an ultrasound flowmeter
(HT323 surgical flowmeter, Transonic Systems, Ithaca, NY) with a
period of 1.0 second, based on the venous waveform.4 Inlet blood
flow was set up to facilitate 45 mL/min at 0.14 seconds (maximum
value), �19.0 mL/min at 0.84 seconds (minimum value), and
13.0 mL/min (mean value) (Fig. 3). The wall surface was given a
no-slip condition and the pressure gradient at the outlet was
stipulated as zero. OpenFOAM v5.0 software was used for CFD
analysis. The turbulent pulsatile flow simulation was performed
with reference to previous hemodynamic research. The software
solved the Navier–Stokes equations of an incompressible transient
Newtonian fluid. We set the time step size up to 5.0 times
10�5 seconds to reduce the Courant number to a sufficient level,
and we set the convergence criteria to10�5 which timed the residual
at each time step. Blood density was 1,060 kg/m3, the coefficient of
viscosity was 0.004 Pa-s to simulate blood.5,6 Streamlines (SL),
wall shear stress (WSS), and oscillatory shear index (OSI) were
visualized and analyzed by using CFD postprocessing software
(ParaView, Kitware, NY).

Streamlines is represented by the lines connecting velocity
vectors to visualize blood flow directions and vortex structures.
WSS is a frequently-used indicator in blood flow research because
stress is known to relate to plaque and aneurysm development.7

WSS is calculated as a velocity gradient by using longitudinal
velocity, distance from the wall, and viscosity. In other words, it is
the frictional force exerted by the blood on the vascular wall and
measured in Pa (N/m2)8 OSI that expresses the changes in the
FIGURE 2. Suture modeling process. At 10 locations (including the three-point
suture site), sutures are inserted around the circumference of the vessel, with the
thread extending into the lumen at a height of 0.025 mm and length of
0.115 mm. In Type I, two sutures of the three are lined up in parallel with the
three-point suture at intervals of 0.015 mm, and in Type III at intervals of
0.05 mm. The height of the crossing threads at the three-point suture site in
Type II is 0.02 mm. The asterisks (�) indicate the three-point suture sites.
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direction of the WSS. This indicates the degree of direction reversal
of the WSS within a single pulse cycle9 (Fig. 4).

RESULTS

Streamlines
In Type I, SL disruption was evident near the thread ligated

perpendicular to the blood flow at the three-point suture. Disruption
of SL flow was similarly evident as it passed through each line of
the three sutures on the outlet side. The blood flow rate decreased at
each time point (0.14, 0.52, and 0.84 seconds) around the sutures
and when the blood passed through the three-point suture site and
over the line of the three sutures on the outlet side. SL disruption and
a decreased blood flow rate were similarly evident at the three-point
suture site and around the line of the three sutures on the outlet side
in Type II. The SL disruption around the suture threads as they
crossed in an X-shape at the three-point suture in Type II was more
severe than that seen in Types I and III. In Type III, some SL
disruption was evident at the three-point suture site and around the
sutures on the outlet side. However, almost no decrease in the blood
flow rate was shown at these sites. The SL of the blood flow passing
over the suture threads lined up in parallel with the three-point
suture site was also more consistent than in either Type I or II at
each time point (0.14, 0.52, and 0.84 seconds) (Fig. 5).

Wall Shear Stress
In all three suture methods, the maximum WSS was recorded at

0.14 seconds, that is the time of maximum blood flow, at the peaks
of the exposed suture threads in the lumen. The maximum value was
15.24 Pa in Type I, 21.07 Pa in Type II, and 14.03 Pa in Type III
(Fig. 6).

Oscillatory Shear Index
In Type I, an OSI of 0.199 was recorded on the vascular wall at

the base of the suture running perpendicular to the blood flow. In
1 -
1

2
OSI =

FIGURE 4. Formula for calculating the oscillatory shear index (OSI).
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FIGURE 5. Streamline (SL). The blood flow rate decreases at each time point
(0.14, 0.52, and 0.84 seconds) when the blood passes through the three-point
suture site and over the line of the 3 sutures on the outlet side. The SL disruption
around the suture threads that cross in an X-shape at the three-point suture site
in Type II is more severe than that seen in Types I and III (asterisks). The SL is
smoothest in Type III.

FIGURE 7. Oscillatory shear index (OSI): The peak value is 0.199 in Type I,
0.206 in Type II, and 0.193 in Type III. In all 3 types, the highest OSI is seen at the
point where the suture exits the vascular wall (arrows).
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Types II and III, the maximum values recorded at the base of the
sutures were 0.206 and 0.193, respectively (Fig. 7).

DISCUSSION
The vessels of microanastomoses in a free flap transfer are usually
larger than 1 mm in diameter. Therefore, it is not a technical
difficulty. When there are large size differences between the
vessels, so that it is not possible to correct the mechanical expan-
sion, the tapering technique is used to solve the problem. In the
tapering technique, a three-point suture is necessary where suture
threads are crowded. We assumed that the three-point suture site is a
predilection site for thrombosis after microanastomoses. In this
study, we analyzed which suture method was the most preferred at
the three-point suture site when performing the tapering technique,
via CFD.

We used a venous model because thrombosis after a micro-
anastomosis occurs more frequently in venous rather than in arterial
anastomoses.10 In this study, CFD analysis was conducted using a
model venous waveform. Size discrepancy between the anasto-
mosed vessels may make microanastomoses difficult. The tapering
technique3 is used to correct the anastomosing vessels’ shape to
decrease discrepancy. Although this is an effective technique in the
microanastomosis of vessels of different sizes, it creates a three-
point suture site. More thread is needed to suture the oblique portion
than is used in a conventional end-to-end anastomosis. In this study,
a simplified analysis simulating an anastomosis between two
FIGURE 6. Wall shear stress (WSS): The peak value recorded at 0.14 seconds is
15.24 Pa in Type I, 21.07 Pa in Type II, and 14.03 Pa in Type III.
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vessels of the same diameter was carried out to investigate the
effect of the suture threads at the three-point suture site on blood
flow. Three different types of the three-point suture were also
simulated. Type I required 3 stitches but the threads protrude only
a small distance into the vascular lumen. Type II required two
stitches and the threads protrude further into the vascular lumen, but
blood is less likely to leak from the three-point suture site. Type III
consisted of only a single stitch but required continuous needle
movement, and it was the most technically difficult of all three ms.
Blood is unlikely to leak from the three-point suture site, and the
threads protrude only a little way into the lumen, but they are
packed closely together. Each of these suture types has its advan-
tages and disadvantages. In this study, it was possible to evaluate
their characteristics in terms of fluid dynamics using CFD analysis.

Computational fluid dynamics has been made possible thanks to
advances in diagnostic imaging technology and computer simula-
tion techniques. Computational fluid dynamics has been used for
analyzing the mechanism including the origin, growth, and rupture
of cerebral aneurysms.11–13 A previous report revealed that micro-
anastomoses using a coupling device showed less SL disruption
because coupling devices do not require a suture thread.14 Our study
suggested that SL disruption was the largest for the Type II three-
point suture, although SL disruption occurred close to the suture
threads on the outlet side and WSS was higher at the microanas-
tomosis using suture threads rather than a coupling device. This
suggests that the higher distance to which the thread protruded into
the vascular lumen induces SL disruption. Complex or loose knots
may cause SL disruption because of the thread protruding further
into the lumen.

Wall shear stress prevents the occurrence of thrombosis. Wall
shear stress is a force that acts at a tangent to the vessel wall which
would remove clots, even if thrombosis was to begin to form.15 As
friction between the vascular wall and the blood flow reduces the
blood flow rate near the vascular wall, the highest value of the WSS
was recorded at the peak of the threads used for the Type II three-
point suture, which was furthest from the vascular wall.

The OSI is another important CFD parameter. A high OSI has
been implicated in the generation of oxygen free radicals.16 Vas-
cular endothelial cells receive severe oxidative stress during post-
ischemic reperfusion.17 Damage to vascular endothelial cells by
oxygen free radicals is likely related to the formation of thrombosis.
In all three methods of three-point sutures, the OSI was highest near
the base of the suture threads. The area close to the base of the
thread is therefore susceptible to the formation of thrombosis. Since
the flow of venous blood reverses with the beating of the pulse,
during the retrograde phase, it collides with the anastomosis,
generating eddies. This flow pattern may be why the value was
ehalf of Mutaz B. Habal, MD 2751
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comparatively high on the outlet side. Arterial blood generally
flows in one direction, and therefore, the OSI should be compara-
tively lower at arterial anastomoses than at venous anastomoses.
This situation may be one factor that increases the likelihood of
thrombosis formation at venous microanastomoses than at arterial
microanastomoses.

CONCLUSIONS
Computational fluid dynamics analysis of the three-point suture site
during the tapering technique showed that SL disruption was
greatest for Type II. In all 3 suture types, the OSI was highest
near the vascular wall at the three-point suture site. The OSI was
highest in Type II and lowest in Type III. These results suggest that
Type III is the optimum three-point suture method for the
tapering technique.

In a native vessel, these parameters of fluid mechanics are like a
straight tube and should be almost the same in space. As mentioned
above, some research studies have indicated the different distribu-
tion of SL, WSS, and OSI effects in some biological situations.
Around these anastomoses, there are different distributions of
indicators and in this study, we investigated how they affected
the suture types.
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