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Abstract

This study investigates the extent to which individual aspects of suture place-
ment influence local haemodynamics within microarterial anastomoses. An at-
tempt to physically quantify flow characteristics of blood past microvascular
sutures is made using Computational Fluid Dynamics (CFD) software. Par-
ticular focus has been placed on increased shear strain rate (SSR), a known
precipitant of intravascular platelet activation and thrombosis.

Measurements were taken from micrographs of sutured anastomoses in chicken
femoral vessels, with each assessed for bite width, suture angle and suture spac-
ing. Computational geometries were then created to represent the anastomosis.
Each suture characteristic was parameterised to allow independent or simultane-
ous adjustment. Flow rates were obtained from anonymised Doppler ultrasound
scans of analogous vessels during preoperative assessment for autologous breast
reconstruction. Vessel simulations were performed in 2.5mm ducts with blood as

the working fluid. Vessel walls were non-compliant and a continuous Newtonian

flow was applied, in accordance with current literature.
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Suture bite angle and spacing had significant effects on local haemodynam-
ics, causing notably higher local SSRs, when simulated at extremes of surgical
practice. A combined simulation, encompassing subtle changes of each suture
parameter simultaneously i.e. representing optimum technique, created a more
favourable SSR profile. As such, haemodynamic changes associated with op-
timum suture placement are unlikely to influence thrombus formation signifi-
cantly. These findings support adherence to the basic principles of good micro-
surgical practice.

Keywords: Microvascular; Microarterial; Anastomosis; Suture; Parameterised;

Computational Fluid Dynamics (CFD); Computational modelling; Blood flow.

1. Introduction

The first successful end-to-end anastomosis was reported by Jassinowski [1]
in 1889 using fine silk sutures to coapt sheep carotid arteries. Shortly after, in
1912, Alexis Carrel was awarded the Noble Prize for Physiology and Medicine
for his work on the triangulation method of placing vascular sutures [2]. Mi-
crovascular anastomosis was the natural progression of this pioneering work, and
was first performed in laboratory animal vessels as small as 1.4mm diameter by
Jacobson in 1960 [3]. This paved the way for the advances in microsurgery seen
in the last 50 years including replantation of limbs and digits, transplantation
surgery and routine use of free-tissue transfer for reconstructive procedures.

Many techniques have been described for performing microvascular anasto-
moses, and these are broadly classified into suture and non-suture methods.
Although simple interrupted sutures are widely regarded as the standard tech-
nique, several other sutured methods have been described including continuous,
locking, and mattress amongst others. A systematic review of the literature
concluded there was no statistical difference in short- and/or long-term patency
rates between the various sutured techniques, provided standard microsurgical
principles were adhered to, including eversion of the suture line, minimal ten-

sion, and intima-to-intima contact [4]. Non-suture methods of anastomosis are
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varied and numerous and include clips/staples [5, 6], glue [7], dissolving gels [8],
laser [9] and the more widely used venous ring-pin coupling device [10].

Computational Fluid Dynamics (CFD)! is a method by which complex fluid
flows can be simulated using sophisticated mathematical algorithms in order
to better understand flow patterns in environments which would be impossi-
ble to demonstrate such experimentally. This technology has developed rapidly
since the pioneering work of Perktold [11] and has been used to investigate local
blood flow patterns for a wide range of vascular applications [12, 13]. There has
however, been little work investigating microvascular surgical procedures, in par-
ticular microanastomoses, using CFD. Studies carried out by Al-Sukhun et al.
[14] and Rickard et al. [15] have explored this area but have not specifically ad-
dressed the effects of suture placement on local haemodynamics. Previous work
carried out by our group has accounted for suture geometry, however these were
very much idealised simulations [16]. We were unable to identify any previous
parameterised studies in the existing literature investigating anastomotic flows
or suture position.

Whilst intravascular stasis undoubtedly contributes to thrombus formation
[17], Shear Strain Rate (SSR), defined as the rate of change of strain when a
shear stress is applied, is more reliable than flow-rate or velocity when evaluat-

ing coagulation within flow [18]. This is because surface transport phenomena

! Abbreviations

ANOVA - Analysis of Variance

CAD - Computer Aided Design

CATTA - Computer Aided Three-Dimensional Interactive Application
CFD - Computational Fluid Dynamics

CI - Confidence Interval

DIEA - Deep Inferior Epigastric Artery

Fisher’s LSD - Fisher’s Least Significant Difference
FSI - Fluid Structure Interaction

SSR - Shear Strain Rate

WSS - Wall Shear Stress

PSV - Peak Systolic Velocity
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govern the SSR and demonstrates the velocity change as distance from the wall
increases [19]. SSR is proportional to Wall Shear Stress (WSS), which is the
tangential force of flowing blood on the vessel endothelium, and is a known con-
tributor to formation of atherosclerosis [20, 21, 22, 23]. Both high WSS and SSR
are known to activate platelets within flowing blood [17, 24, 25, 26, 27|, which is
critical when investigating intravascular thrombosis, as activated platelets be-
come adherent, forming aggregates and subsequently thrombus. To compound
these effects, shear-induced platelet thrombus formation activates coagulation
factors which in turn promotes further fibrin generation [28]. Excessive genera-
tion of fibrin is itself a direct precipitant of thrombosis. Platelets activated by
high shear elicit procoagulant activity [29] and also bind preferentially to ex-
posed subendothelium and injured vascular endothelium [18], although do not
have the same affinity for pristine vessel walls [30].

It is difficult to put an absolute value on the point at which thrombosis
is initiated, however SSRs of greater than around 1000s~' have been shown to
cause direct platelet activation in studies by Roth [26] and Shen [25]. In addition,
a positive relationship was identified between SSR and thrombus accumulation
rates at high SSRs, with thrombus growth rates being up to four times greater
in high SSR simulations i.e. up to 6000s~ ', than for physiological shear rates of
less than 400s74(31].

1.1. Scope of study

The present study represents an evolution from previous work comparing
flow characteristics in idealised sutured and coupled microvascular anastomoses
[16]. The parameterised geometries used here more closely resemble clinical
practice and will examine blood flow properties through microarterial sutured
anastomoses, specifically with the aim of evaluating the effect of suture place-

ment, and position on intravascular flow.
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2. Materials and methods

A range of factors were taken into consideration when designing this study
in an attempt to create realistic geometries for the computational simulations.
Each of these will be discussed in detail and creation of the computational

models subsequently described.

2.1. Suture characteristics

A series of microarterial anastomoses, consisting of 45 individual sutures, was
performed on chicken femoral arteries under an operating microscope using 9/0
Ethilon (Ethicon, Johnson & Johnson, Somerville, NJ 08876, USA) microsuture.
Each anastomosis was performed end-to-end using a standard interrupted suture
technique and microsurgical instruments. A strip of 1mm microgrid background
material was placed behind each anastomosis to provide a consistent objective
scale for subsequent imaging. This model was chosen as the chicken femoral
artery closely represents the Deep Inferior Epigastric Artery (DIEA) which is
commonly anastomosed during breast reconstructive surgery using free-tissue
transfer. The intralumenal surface of each anastomosis was then exposed and a
micrograph image produced, Figure 1, to analyse suture placement properties
including: number of sutures, size of bite, distance between sutures and angle
of bite. Measurements of each of these characteristics was made by analysing
micrographs using the Computer Aided Three-Dimensional Interactive Appli-
cation (CATIA) Computer Aided Design (CAD) code, as shown in Figure 2.
The variation of each parameter was analysed, with the upper and lower limits

at the 95% confidence interval (CI) calculated. F

2.2. Vessel flow rates

Blood flow was measured in 10 DIEAs using Doppler ultrasonography as
part of pre-operative assessment for free-tissue transfer breast reconstruction.
A Phillips iU22 ultrasound scanner and 1.9-3 probe (Philips Healthcare, 5680
DA Best, The Netherlands) was used to obtain these values. Vessel diameter

and Peak Systolic Velocity (PSV) were recorded for each DIEA and calculated
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Figure 1: Micrograph of chicken femoral arterial anastomosis demonstrating suture positioning

(1mm microgrid background)

means of these values were used as inlet properties for the vascular simulations.
Only raw data specifically pertaining to vessel characteristics and flow rates

were provided for this purpose with all patient-identifiable details withheld.

2.3. Computational model

Specific steps taken to produce the computational simulations are presented
individually including creation of the vessel geometry and application of the
appropriate boundary conditions. Post simulation analysis methods are also

given herein.

2.3.1. Geometry creation and meshing
The sutured anastomosis geometry was created using the Design-Modeler
module within ANSYS Workbench v14.5 simulation code. A vessel of diam-

eter 2.5mm and length 10mm was formed, and a series of 8 suture bites of
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Figure 2: Measurement of suture parameters using CATTA (lengths (mm), angles (degrees))

0.04mm diameter material (simulating 9/0 Ethilon microvascular suture) were
placed circumferentially around the central portion of the vessel to resemble
the anastomotic site. Each suture bite consisted of a cylindrical longitudinal
portion, with curved leading and trailing edges, set partially into the vessel wall
to account for the deformation of the intimal surface. The bite width, orienta-
tion, and spacing of each suture being parameterised such that each could be
individually adjusted within the limits set by statistical analysis of the mea-
sured micrographs. Geometries were modified to include a portion of the vessel
representing just less than half of the volume and surface with an appropriate
symmetry condition applied in the longitudinal axis, see §§§2.3.2. This permit-
ted excellent visualisation of the internal flows in post-processing and reduced
computational expense and simulation time. In addition, analysis of this vascu-

lar section also allowed demonstration of a range of suture configurations on a
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single simulation. Meshes for each geometry were subsequently created within

ANSYS Meshing v14.5 using tetrahedral cells.

2.3.2. Boundary conditions

In keeping with current literature [11, 32, 33, 34], blood was modelled as
a Newtonian fluid with a density of 1060kgm 3, viscosity of 3.5uPas, and in a
steady-state. The vessel wall was non-compliant with no-slip conditions and was
simulated using a laminar solver due to the low Reynolds number (Re ~500).
Despite opinions within the literature regarding the need for non-Newtonian
solvers when simulating blood flow [35], we have demonstrated, using the non-
Newtonian Carreau-Yasuda model, that results are universally unaffected by this
in our geometries (§§3.5). As such, we have continued to use a Newtonian model

for simplicity. Both inlet and outlet velocities were set to 70cms™!

, as calculated
from the mean DIEA PSV provided by preoperative Doppler ultrasound scans.
A paraboloid inlet configuration was applied to ensure fully developed flow prior
to the anastomosis. As mentioned in Geometry creation and shown in Figure

3, a symmetry boundary condition was applied to the internal surfaces.

ANSYS

R14.5

Academic

0 0001 0,002 (m) A x
_—— .

0.0005 0.0015

Figure 3: Vessel geometry - Demonstrating three sutures within the wall, blood flow direction

(black arrows), and symmetry (red arrows)

2.3.3. Simulation and post-processing
Three simulations were carried out investigating the influence of each suture

parameter i.e. bite width, spacing and angle on intravascular flow properties.
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Individual simulations contained three sutures, each with a statistical maximum,
mean, or minimum value calculated at the 95% CI from the micrographic mea-
surements. A fourth simulation was performed encompassing a smaller degree of
change in all of the parameters to more closely resemble clinical practice, with a
final simulation using the non-Newtonian Carreau-Yasuda model to investigate
its significance in our geometries

Blood is well known to be a non-Newtonian fluid [36] meaning that the shear
stress at any point in the fluid is not proportional to the velocity gradient or,
in the case of a fluid undergoing pure shear, the strain rate. Due to chemical
and physiological phenomena, at low strain rates [37] and in very small diam-
eter vessels (20-500um) [38], blood may exhibit non-Newtonian shear-thinning
behaviour.

The ANSYS-CFX software used to perform the computational modelling
calculations in this work has seven non-Newtonian models at its disposal, of par-
ticular interest to shear-thinning blood rheology is the Carreau-Yasuda model.
In the non-Newtionian simulations conducted in this work the Carreau-Yasuda
was employed:

MZMOO—I—% (1)

{1+ (M) e

where p, is the low shear viscosity, pio is the high shear viscosity, A is the
time constant and a is the Yasuda exponent. The advantage of this model
is that the transitions from non-Newtonian to Newtonian behaviour, at both
high and low shear rates, are adequately described. Additionally, as evident in
the literature [39, 40, 41, 35, 42, 43|, this particular model is favoured when
simulating non-Newtonian blood flows.

In keeping with our previous work on this subject [16], we elected to create
near-wall (boundary layer) velocity profiles to visualise flow in the region of the
anastomosis, as well as pressure, WSS and SSR profiles to gain an appreciation

of potential for platelet activation and thus thrombosis.
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3. Results

The results of each simulation are presented in turn, with specific focus
on the SSR. As WSS is directly proportional to SSR, values for both are not
presented separately as any change in one is reciprocated in the other. With
respect to velocity and pressure, the overall profiles remain consistently un-
changed throughout the portion of vessel simulated in all geometries. There are,
as would be expected, slight alterations in boundary layer (near-wall) velocity
at the sutures themselves (Figure 4), although the magnitude is not signific-
ant. Throughout this section simulations comprising three variable groups i.e.
bite width, angle and the combined geometry, have been subjected to statistical
analysis using the analysis of variance (ANOVA) technique, with those having
two variable groups i.e. suture spacing, undergoing the Student’s ¢-test. Mean
and maximum SSR values were obtained from the vessel wall in the immediate
vicinity of each suture via a defined ’user surface’ function within ANSYS CFX

Post software.

Figure 4: Near-wall (boundary) velocity streamlines at the anastomosis

3.1. Suture bite width

Three different bite widths were evaluated, these were small (0.35mm), in-

termediate (0.385mm) and large (0.42mm) as calculated from measured suture

10
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bites on the micrographed anastomoses. In these simulations bite width was
the only variable considered, with suture spacing and angle remaining constant.
The SSR distribution is shown in Figure 5, which demonstrates an increase in
SSR around each suture, although this does not appear to be specifically related
to the size of suture bite. Mean SSRs for small, intermediate and large bites
were 1196571, 119451, and 1167s~! respectively. Statistical analysis using the
ANOVA tool confirmed this observation.

Figure 5: SSR. distribution at suture sites after variation in bite width

3.2. Suture bite angle

Again, three sutures were simulated to investigate the effect of angle on local
haemodynamics, with their values being set to minimum (-20°), average (0°)
and maximum (20°). This angle represents deviation from the standard suture
perpendicular to the line of the anastomosis and was the only variable changed
in this simulation. Areas of higher SSR are found surrounding the sutures
with greater deviation from 0°, either in the positive or negative direction, as
demonstrated in Figure 6. Mean SSR for angled sutures is 11955~ and 119151
for 20° and -20° respectively, with the mean for 0° being 1128s~!. Statistical
evaluation using ANOVA revealed a highly significant difference between the
SSRs of different bite angles in this group.

11
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These mean values can be verified by comparing with those obtained from a
cogent analytical model for rigid pipe flow (Poiseuille), the ratio of shear stress

(7(r)) to viscosity, thus [44]:

_oT(r)  dm g
m wpr3 w3

(2)

where, 1 = prR?u(z), is the mass flow-rate, p is the blood density (1060
kgm—3) and spacial coordinate r (radius) is the distance from the centre to the
shear layer of blood within the vessel; additionally Q represents the volumetric
flow rate. Direct application of equation (2) with the spacial coordinate set to
the inner (lumenal) radius of the vessel gives v(R;) = 1120s~! which compares
favourably with the value of 11154 39s~! for a pristine vessel (at the 95%

confidence level).

Figure 6: SSR distribution at suture sites after variation in bite angle

3.8. Suture spacing

Distances between three sutures were modelled giving two parameters la-
belled as wide (0.82mm) and narrow (0.48mm). All sutures had identical bite
widths and were orientated perpendicularly to the anastomosis. High concentra-
tions of SSR were found in the areas surrounding the sutures with a particular
focus in the region between the closely placed sutures (mean SSR 1168s~!) com-

pared to the wider gap (mean SSR 1101s7!) as shown in Figure 7. Statistical

12



220

230

235

evaluation using the Student’s ¢-test revealed a highly significant difference in

this group.

Figure 7: SSR distribution at suture sites after variation in suture spacing

3.4. Combined suture parameters

This simulation also consisted of three sutures, again with the same overall
geometry, however each suture had been parameterised to minor variations in
each of bite width, angle and spacing simultaneously in order to most accur-
ately represent a realistic microsurgical anastomosis. The variation has been
kept within the extremes of practice i.e. within one standard deviation of the
mean for each parameter. Top, middle and bottom sutures had bite widths of
0.35mm, 0.42mm, and 0.39mm, and angles of -10°, 10°, and -5° respectively.
Suture spacing was 0.6mm between top and middle, and 0.7mm between middle
and bottom sutures. This simulation demonstrates areas of higher SSR in the
vicinity of the sutures (Figure 8) although there was no statistical significance

between individual sutures.

3.5. Newtonian vs. non-Newtonian simulation

Analogous geometries were formed to explore the influence of blood as a

non-Newtonian fluid on our simulations. Two identical geometries were given

13



Figure 8: SSR distribution at suture sites after variation in all parameters

identical boundary conditions with the exception of their viscous fluid prop-
erties. As for the previous simulations, there was no discernible difference in
any of the primary parameters i.e. velocity or pressure fields. Whilst the same
picture of elevated SSR is seen surrounding the sutures (Figure 9) the differ-
ence between Newtonian and non-Newtonian solutions is negligible. Mean SSR
readings at identical points in the simulations were 1106s~% and 1104s~! for
Newtonian and non-Newtonian fluids respectively, demonstrating no statistical

significance between the groups using the Student’s t-test.

14
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Figure 9: SSR distribution at suture sites in comparative Newtonian (left) and non-Newtonian

(right) simulations

4. Discussion

The aim of this study was to investigate the extent to which individual
aspects of suture placement influence local haemodynamics within microarterial
anastomoses. A parameterised computational simulation has been created with
realistic geometries in an attempt to address this question, as to do so in vivo
would present tremendous difficulty.

The interrupted suture method is largely regarded as standard practice, al-
though microsurgical suture techniques vary widely. It has been found clinically
that provided sound microsurgical principles were adhered to, patency rates of
these alternative methods do not differ significantly [4]. For this reason, we
feel it acceptable to use the conventional interrupted technique as a basis for
the suture geometry creation. Available literature examining microvascular ana-
stomotic flow is limited, confined to a few computational studies [14, 15, 45],
with the effect of suture placement on intravascular flow being negated. Previ-
ous work by our group has taken into consideration sutures at the anastomotic
site [16], although these were idealised geometries. There have been more recent
attempts at imaging anastomotic flow intraoperatively to more closely examine

their characteristics [46] however, despite this excellent technology, the anastom-

15
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osis can not be visualised in sufficient detail to evaluate the impact of suture

placement on flow.

4.1. Key findings

The present study has individually parameterised each key variable within
the suture technique, namely bite width, bite angle, and suture spacing to es-
tablish any influence on flow. Of these factors, suture bite angle and suture
spacing had significant effects on the local haemodynamics, causing notably
higher SSRs in these regions. At the maximum and minimum limits (20° and
-20°) of suture angle variation, SSRs had significantly increased from those in
ideal perpendicular placement (0°). These findings were confirmed statistically
using an ANOVA (Table 1) at the 5% confidence level (p-value 0.00004) fol-
lowed by Fisher’s LSD post-hoc test. Interpretation of this link between bite
angle and high SSR implies that at the extremes of practice there may be a in-
creased risk of platelet activation and hence thrombus formation. Whilst there
are no previous studies with which to directly compare our results, this finding
is in keeping with conventional teaching of microsurgical principles and practice

[47, 48] i.e. to ensure sutures are placed perpendicular to the anastomosis.

Source of Variation SS df | MS F p — level | F — critical

Between groups 14269 | 2 | 7134 | 26.45 | 0.00004 3.89

Within groups 3237 | 12 | 269 - - -
Total 17506 | 14

Table 1: ANOVA table for suture angle SSR

Similar reasoning can be given for the findings related to suture spacing,
where literature is sparse. In our simulations we demonstrated a statistically
significant increase in SSR when spacing between sutures was narrow compared
to wide. Data were analysed using a Student’s ¢-test (Table 2) at the 5% con-
fidence level (p-value 0.00002). We can therefore surmise that sutures placed

closely to one another produce high SSRs, which has the potential to activate

16
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Degrees of freedom 8 Hypothesized Mean Difference 0

Test statistics (¢t — value) 8.19 Pooled Variance 165.4

One-tailed distribution

p — level 0.00002 t — critical(5%) 1.86

Table 2: Student’s t-test table for suture spacing SSR.

platelets and promote blood clotting. Simulations were again performed at the
extremes of surgical practice and, whilst these data would imply that large gaps
should be left between sutures, of course this must be balanced with the need
for a well-sealed anastomosis.

Interestingly, suture bite width alone did not produce a significant difference
in anastomotic SSRs, even at the extremes of practice. In fact, SSR distributions
around sutures of varied bite width were almost identical. Conventional teaching
advocates evenly placed bites either side of the anastomosis approximately 1.5
times the thickness of the wall from the open vessel end [47, 48], permitting
sufficient tissue to grasp whilst preventing bunching. Our results neither support
nor reject current practice, as we have not considered the elastic properties of the
vessel wall and hence not investigated the potential impact of vessel bunching.
It would therefore be reasonable to state that bite width does not independently
influence local haemodynamics in these simulations, but is likely to be significant
both in clinical practice and in future simulations when addressing vascular wall
compliance.

Although suture bite angle and suture spacing produced statistically signif-
icant differences in their results, the findings of our combined simulations were
also notable. Sutures were parameterised to produce smaller, more clinically re-
alistic changes in all aspects i.e. avoiding the extremes of practice. Lower overall
mean SSRs were identified in these models (~1130s~!) compared to those found
at the limits of normal practice in the individual parameter models ~1195s~!
for angle, and ~1170s~! for spacing. SSRs were largely similar in the vicinity

of each suture in the combined simulation, indicating that subtle variances in

17
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suture placement are unlikely to influence thrombus formation. Whether the
lower SSR in the combined simulation would reflect a significant reduction in
thrombus formation is difficult to predict from the available data. What can
be stated is that as SSR increases, platelet activation occurs and thrombus
growth rates increase [26, 31|, hence a technique that may improve the local
haemodynamics and thereby reduce SSR, should be adopted.

In addition, in an attempt to ensure the symmetry boundary condition did
not influence results, a whole vessel was also constructed and simulated, see Fig-
ure 10. This produced mean SSRs of comparable magnitude and distribution to
those in the symmetry boundary condition, thereby demonstrating appropriate

use of the symmetry boundary.

Figure 10: SSR distribution in a whole vessel geometry

Comparison of our simulations using both Newtonian and non-Newtonian
fluid solvers revealed almost identical values for each of the baseline outputs
i.e velocity and pressure profiles, as well as project specific outputs including
WSS and SSR. We can therefore conclude that the Newtonian assumption is

appropriate in the simulations performed here (§§3.5).

18
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4.2. Limitations

Although great care has been taken to ensure that geometries created herein
represent, clinical practice as closely as possible, several assumptions have been
made regarding the boundary conditions which do not transfer directly to an
in vivo context. The key assumptions made here are steady-state blood flow
and non-compliant vessel walls, in keeping with previous studies [11, 32, 33, 34,
15, 16]. Although these conditions are not seen in real blood vessels, they per-
mit evaluation of important flow properties pertinent to thrombosis formation,
amongst others. The addition of pulsatile blood flow and vessel wall compliance
to these simplified, yet robust, simulations will be addressed in our subsequent

work.

5. Conclusions

Several conclusions can be drawn from these computational simulations, with

both suture angle and suture spacing independently affecting anastomotic SSR.

e Greater suture angles cause greater SSRs; and as suture angles approach
zero i.e. more perpendicular to the anastomosis, SSRs are kept to a min-

imum.

e Close suture spacing increases SSR; and wider suture spacing minimises
SSRs, although balance needs to be obtained to maintain a well-sealed

anastomosis.

e Small variance in all parameters i.e. optimum surgical practice, does not
significantly influence flow properties in these steady-state, non-compliant

models.

Our computational medical mechanics group are currently exploring the natural
progression of these models i.e. pulsatile flow, incorporating vessel wall com-
pliance, and fluid-structural interactions (FSI), with the aim of providing more

realistic microvascular flow simulation.

19
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Microarterial anastomoses: a parameterised computational study examining the
effect of suture position on intravascular blood flow

Highlights:

e Haemodynamics of microarterial anastomoses were modelled using
Computational Fluid Dynamics (CFD)

e High Shear Strain Rates (SSR) are a known precipitant of platelet
aggregation

e Greater suture angles from the standard perpendicular placement cause
greater SSRs

e Sutures placed closely together cause greater SSRs

e Small variance in all parameters does not significantly influence flow
properties



