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a b s t r a c t

This paper presents a method for analyzing and comparing numerically Saphenous Vein Grafts (SVGs)
following Coronary Artery Bypass Graft surgery (CABG). The method analyses the flow dynamics inside
vein grafts with and without supporting using Venous External Scaffolding Technology (VEST). The
numerical method uses patients' specific computational fluid dynamics (CFD) methods to characterize
the relevant hemodynamic parameters of patients' SVGs. The method was used to compare the
hemodynamics of six patient's specific model and flow conditions of stented and non-stented SVGs,
12 months post-transplantation. The flow parameters used to characterize the grafts' hemodynamics
include Time Averaged Wall Shear Stress (TAWSS), Oscillatory Shear Index (OSI) and Relative Residence
Time (RRT). The effect of stenting was clearly demonstrated by the chosen parameters. SVGs under
constriction of VEST were associated with similar spatial average of TAWSS (10.73 vs 10.29 dyn/cm2), yet
had fewer lesions with low TAWSS, lower OSI (0.041 vs 0.08) and RRT (0.12 vs 0.24), and more uniform
flow with less flow discrepancies. In conclusion, the suggested method and parameters well demon-
strated the advantage of VEST support. Stenting vein grafts with VEST improved hemodynamic factors
which are correlated to graft failure following CABG procedure.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Cardiovascular disease remains the leading cause of death in
the U.S (Murphy et al., 2013). The treatment of choice for patients
with severe coronary artery disease is Coronary Artery Bypass
Grafting (CABG) surgery (Mohr et al., 2013). The most commonly
used conduits in CABG procedures, the Greater Saphenous Veins
(GSVs), suffer from relatively low patency rates. Early vein graft
failure occurs in as many as 20% of the cases within the first year
post-surgery. Late vein graft failure 5–10 years after surgery,
occurs in more than 40% of vein grafts, while only 50% of the
patent vein grafts are free of significant stenosis (Motwani and
Topol, 1998). The main reason for late vein graft failure is intimal
hyperplasia that eventually leads to graft occlusion. Vein graft
failure significantly increases the patient's risk for myocardial
infarction or death and may result in cardiac re-interventions
such as percutaneous coronary interventions and redo CABG
operations (Motwani and Topol, 1998).

Vein failure due to intimal hyperplasia is often attributed to graft
hemodynamics. Regions with low and oscillatory Wall Shear Stress

(WSS), as in the case of lumen irregularities and curvatures, are more
susceptible to aggressive intimal hyperplasia foci (Bluestein et al.,
1999; Chatzizisis et al., 2007; Davies, 2009; Kassab and Navia, 2006;
Malek et al., 1999). On the other hand, physiological level of WSS with
uniform directed flow is beneficial in preventing advancement of
intimal hyperplasia (Chiu and Chien, 2011).

To characterize the different flow environments acting on the
inner wall of the CABG conduit, several hemodynamic parameters
have been developed and investigated. These parameters, which
include low WSS, high Oscillatory Shear Index (OSI) (Chatzizisis
et al., 2011; Ethier, 2002; Ku et al., 1985; Samady et al., 2011) and
high Relative Residence Time (RRT) (Himburg et al., 2004; Lee
et al., 2009) have been shown to be associated with atherosclerotic
disease. The frictional force determined by blood flow impacting
on the endothelium is represented by WSS, while OSI represents
the oscillation in both magnitude and direction of WSS and RRT
indicates the relative time of residence the particle spent at
endothelium (Himburg et al., 2004). Disturbed flow with vortices
is characterized with changes in flow direction with time and
space, including flow separation and reattachment.

To eliminate the fluid dynamic triggers of intimal hyperplasia,
the concept of a constrictive external support mesh applied during
surgery for vein grafts was suggested as early as in 1963 (Human
et al., 2009). Several groups have showed that external support of
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SVGs significantly mitigates intimal hyperplasia and medial thick-
ening (Angelini et al., 2002; Krejca et al., 2002; Zurbrugg et al.,
1999) by preventing dilatations, reduction of wall tension and
prevention of flow disturbances. The Venous External Scaffolding
Technology or VEST (Vascular Graft Solutions Ltd., Tel Aviv, Israel)
is a cobalt–chromium braided mesh with a unique combination of
different wire types (Taggart et al., in press). The VEST can elongate
without recoil to cover the entire length of a vein graft and
provides mildly constrictive radial support while maintaining
crush and kink resistance. The device is applied externally to the
vein graft during surgery in less than a minute without affecting
the current grafting technique. Examples of VEST deployed over
SVGs are shown in Figs. 1 and 2.

Computational fluid dynamics (CFD) is the most common
method to explore complex flow mechanics and to investigate
the WSS distribution in vessels, including coronary arteries and
bypass grafts (Nordgaard et al., 2010). Combining various topo-
graphic and anatomic features with real and theoretical hemody-
namic conditions using computer based modeling provides a
mechanism to investigate these potential interactions (Ricotta
et al., 2008). Therefore, the aim of the present study is to introduce

and establish a patient-specific CFD method to investigate numeri-
cally the hemodynamics of stented and non-stented SVG and to
calculate the different corresponding flow parameters. The pre-
sented model is the first to analyze and compare hemodynamics of
patients' based grafts with external support device using CFD.

2. Methods

2.1. Model reconstruction

Six numerical models of unsupported (A, B and C) and supported (D, E and F)
vein grafts were built based on patients' data. The geometry reconstructions of the
models were based on 6 angiographic images, collected from VEST trial (Taggart
et al., in press) 12 months post-transplantation, as listed in Table 1. The first step
was to reconstruct 3D geometric models from the images. An example of a model
geometry reconstruction can be seen in Fig. 3. Reconstruction of the grafts excluded
anastomoses and the graft was assumed planar and axisymmetric (Dur et al., 2011;
Katritsis et al., 2010; Mohammadi and Bahramian, 2009; Shim et al., 2000), except
clear asymmetric luminal irregularities. Grafts dimensions were calibrated using
the diameter of the catheter. The geometry reconstruction utilized the commercial
software SOLIDWORKS.

2.2. The numerical models

The flow was assumed 3D, time-dependent, incompressible and laminar
(Nordgaard et al., 2010). Blood was assumed Newtonian and homogenous with
viscosity of 3.5 cP and density of 1.056 g/cm3 (Nordgaard et al., 2010; Santamarina
et al., 1998). Gravitational force assumed to be negligible. The governing equations
were the continuity equation:

∇Uu¼ 0 ð1Þ

Fig. 1. Stented vein graft with VEST (left) and the VEST device (right) (Vascular Graft Solutions, Tel Aviv, Israel).

Fig. 2. Image of a stented (left) and non-stented vein graft (right).

Table 1
List of grafts' models.

Graft type Bypass Symbol

Control RCA A
Control RCA B
Control LCx C
Support RCA D
Support RCA E
Support LCx F

RCA–Right coronary artery, LCx–Left circumflex
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and the Navier–Stokes equation:

ρ
∂u
∂t

þρ uU∇ð Þu¼ �∇pþμ∇2u ð2Þ

where u is the velocity vector, t is the time, p is the pressure, ρ is the density and μ
is the dynamic viscosity.

The boundary conditions for the models included patient's specific flow rate.
For each model, the patient's averaged flow rate was used to scale the time-
dependent inlet velocity time-function. In order to prevent the effect of heart rate
(HR) variations and pulsatility index, all cases used the same velocity waveform
(shown in Fig. 4) of typical coronary flow with HR of 60 BPM (Schmidt et al., 2013)
and with flat inlet velocity profile (Santamarina et al., 1998). The velocity
magnitudes were scaled according to patient's TIMI Grade Flow measurements.
The imposed inlet velocity was calculated to be proportional to the graft's inlet
cross-section in respect to the average cross section. At the graft outlet, stress free
conditions were imposed and the graft walls were assumed rigid with no slip and
no penetration conditions.

The commercial software ABAQUS FEA was used to solve the set of fluid
equations using the finite-element scheme. The numerical mesh models consisted
of about 1 million tetrahedral fluid elements with uniform mesh density. The
cardiac cycle was divided into 100 equally spaced time steps of 10 ms. Three cardiac
cycles were computed to obtain results independent of the initial conditions. The
results of the third calculated cycle were fully periodic. Convergence is achieved
when all mass, velocity component and energy changes, from iteration to iteration,
achieved less than 10�6 error.

2.3. Hemodynamics parameters

The Time-Averaged WSS magnitude (TAWSS) is defined (Lee et al., 2009) as,

TAWSS¼ 1
T

Z T

0
wssij jdt ð3Þ

where wssi is the instantaneous shear stress vector, T is the time period of the flow
cycle and t is time.

The Oscillatory Shear Index (OSI) clarifies the WSS vector deflection from blood
flow predominant direction, during cardiac cycle. Thus, OSI is defined (Ku et al.,
1985) as,

OSI¼ 1
2

1�
R T
0 wssidt

���
���

R T
0 wssij jdt

8<
:

9=
; ð4Þ

The OSI value can vary from zero, for no-cyclic variation of WSS vector, to 0.5,
for 1801 deflection of WSS direction.

The Relative Residence Time (RRT) is defined (Himburg et al., 2004) as,

RRT¼ 1
TAWSS� 1�2� OSIð Þ ð5Þ

The results are presented as normalized values; therefore the proportionality of
RRT is of relative importance. The OSI modifies the TAWSS effects on the RRT at a
given region of the inner wall of the conduit. Henceforth, the RRT parameter
includes the effects of both OSI and TAWSS. Although RRT highly correlates with
TAWSS and OSI, the parameter has more tangible connection to the biological
mechanism underlying atherosclerosis (Himburg et al., 2004; Lee et al., 2009).

Identification of areas with visible vortices was performed and the number of
these areas was noted per graft. Small areas with flow discrepancies were not
considered. The observation of vortices was performed on the symmetry plane
when the flow is near peak diastole, during time instance 2.5 s.

3. Results

In order to investigate the effect of stented and non-stented
grafts on the distribution of hemodynamic parameters, TAWSS,
OSI and RRT values were calculated for the grafts wall, and their
results during the third cycle (2 soto3 s) are presented in Fig. 5.
In addition, Fig. 6 presents examples of regions with disturbed
flow of a non-stented graft on the symmetry plane.

Comparison of the TAWSS, as presented at the top row of Fig. 5,
demonstrates uniform distribution of stresses in stented grafts
compared to the non-stented group. The uniformity is more
prominent at grafts D and E. In contrast, non-stented grafts have
more variations and fluctuations in stress values. Lower TAWSS are
found at dilated or wide areas, while higher values are found at
constricted areas. Low values below 4 dyn/cm2 are pronounced
especially at graft C in some areas of graft A and to a lesser extent
at graft F, while values above 20 dyn/cm2 are pronounced at the
proximal half of graft B.

Comparisons of the OSI, as presented at the middle row of Fig. 5,
demonstrate higher prevalence of values above 0.2 in the non-stented
group compared to the stented group. This is prominent especially
along grafts A and C. Areas with OSI ranging close to zero, in both

Fig. 3. Graft reconstruction: (a) angiography scan (b) geometry reconstruction and (c) resulted geometric model.

Fig. 4. Normalized coronary inlet pulse wave.
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groups, are found along most of the grafts. Highest values close to OSI
upper limit of 0.5 are located at the dilated areas at each of the non-
stented grafts.

Comparisons of the RRT, as presented at the lower row of Fig. 5,
demonstrate similar distribution to OSI results. The stented grafts
are characterized with lower RRT values and more uniform

Fig. 5. TAWSS, OSI and RRT results for 6 grafts: control grafts A, B and C (upper row) and supported grafts D, E and F (lower row).

Fig. 6. Visible velocity vortices demonstrating non-uniform flow at two areas of non-stented graft C.
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distributions which range around zero, especially in grafts D and E.
The non-stented grafts are characterized with higher RRT values
which are mostly found at dilations and luminal irregularities.
Maximal RRT values with more extensive distribution are notice-
able at graft C with values ranging above 0.8.

Flow disturbances occurred more frequently and more signifi-
cantly in the non-stented group compared to the stented group.
Disturbed flow with recirculation eddies occurred at regions with
luminal irregularities. Examples of areas with flow disturbances
and vortices can be seen at Fig. 6. The figure shows velocity vectors
plot along the non-stented graft C in a cross section view, during
near peak flow (t¼2.5 s). The plot depicts vortices at two seg-
ments where the luminal irregularity occurs. Observation of the
vortices shows a clear view of flow separation.

In order to compare the distribution of hemodynamic parameters
quantitatively, the spatial average of the grafts' hemodynamic para-
meters and the number of vortex formations along the graft, are
calculated and listed in Table 2. The spatial averages for oTAWSS4 ,
oOSI4 and oRRT4 are calculated by the total integral value of the
parameters over the boundary, divided by the number of surface
elements, assuming uniform mesh density. The amount of vortices
does not distinguish between different vortex sizes.

4. Discussion

The present research includes investigation of the time-dependent
flow developed in stented and non-stented SVGs following CABG
surgery, using numerical simulations. This study presents patients'
specific SVG models based on 3D geometry reconstruction of 2D
angiography images 12 months post-transplantation. Boundary con-
ditions of inlet velocity were derived from physical measurements
using TIMI frame count collected from the Venous External Support
Trial. The use of patient specific anatomical and physiological para-
meters makes this study as close as possible to real life SVG flow
pattern analysis.

The numerical method presented here has a few limitations. The
effects of vessel elasticity, fluid–structure interaction and structure–
structure interaction between the stent and vessel are not investigated
in this study. The wall motion due to cardiac contraction is ignored in
this study, as it is shown that the effects of pulsatile flow dominates
the TAWSS patterns and hemodynamic aspects, while the motion of
the vessel has only minor effect (Zeng et al., 2003). Whereas mean
inlet velocity of each model is based on real-life data, inlet pulse wave
assumed to follow a typical physiological inlet waveform to eliminate
temporal effects of HR and pulsatility. The following factors might also
influence the calculations and should be taken into account. Geome-
trical reconstruction is based on 2D angiographic scans and assumes
planar and axisymmetric grafts; blood rheologic properties were

simplified; and possible error due to the numerical model. Yet, despite
these limitations, the method provides a significant insight on stresses
and flow patterns developed in SVGs, and enables the comparison
between stented and non-stented vein grafts.

The hemodynamic parameters including TAWSS, OSI and RRT
are calculated and vortices are enumerated within 3 stented
models and compared with 3 non-stented models. The calculated
TAWSS values in the stented grafts were found to be more
uniformly distributed with fewer and smaller lesions of low shear
stresses as shown in Fig. 5. However, there is no clear trend
between the two groups in mean spatial TAWSS as noted in
Table 2. This could be expected, as WSS is dominated mainly by
the flow rate and the mean diameter of the vessel (Box et al.,
2005). The flow depends mostly on the degree of competitive flow
and stenosis of the distal anastomosis (Nordgaard et al., 2009,
2010). This result is evidence that the improvement in WSS
parameters is not a result of graft narrowing, but a result of
improvement in graft geometry. These improvements are best
shown by OSI levels. The distributions of both OSI and RRT values
were found to be notably lower in the stented grafts (Fig. 5).
Similarly, the mean spatial averages of OSI and RRT values for the
stented grafts were found to be lower compared to the non-
stented group (Table 2). These findings indicate a greater degree of
unidirectional flow with less shear stress oscillation along the
conduit wall. Correspondingly, the stented group did not develop
any visible vortex along the grafts, while the non-stented group
has over 5 vortices with complex flow in average. The absence of
focal flow disturbances in the stented group strengthens the
unidirectional flow pattern while the high prevalence of focal flow
disturbances reinforces the multidirectional flow pattern of the
non-stented group.

The resulted TAWSS, OSI, RRT and vortex count delineate the
effect of local luminal irregularities on the graft's hemodynamics.
Examining the hemodynamics reveals the potential mode of
action of external support on the flow regime in SVGs. By
constricting the vein graft, these meshes provide mechanical
support that significantly improves its lumen uniformity (Ben-
Gal et al., 2013) through the elimination of luminal irregularities
reducing the degree of multidirectional and disturbed flow, and
thus may slow progression of venous disease (Chiu and Chien,
2011). This protective effect may slow the progression of venous
disease while the unsupported vein grafts may be at higher risk of
developing future disease.

5. Conclusions

In order to improve patency rates and decrease Saphenous Vein
Graft failure following CABG surgery, the leading causes of intimal
hyperplasia should be treated. The numerical method presented
may help to understand and establish the advantages of the
external mesh support and to evaluate the effects of the external
support on the leading causes of graft failure.

Future work

A large scale numerical analysis may provide a wider perspec-
tive and statistical significance to the study. Therefore, future work
will implement the presented method on all applicable SVGs from
VEST trial.
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Table 2
Comparison of grafts spatial averages of hemodynamic parameters and No. of
vortices.

Type Symbol oTAWSS4
dyn=cm2
� � oOSI4 oRRT4 No. of

vortices

Non-
stented

A 9.41 0.069 0.203 8
B 14.23 0.067 0.138 3
C 7.22 0.094 0.367 5

Average 10.29 0.08 0.24 5.33

Stented D 12.08 0.030 0.095 0
E 10.74 0.045 0.114 0
F 9.36 0.047 0.140 0

Average 10.73 0.041 0.116 0

TAWSS–Time Average Wall Shear Stress. OSI–Oscillatory Shear Index. RRT Relative
Residence Time
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