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CFD Simulation of Hemodynamics in Sequential and Individual

Coronary Bypass Grafts Based on Multislice CT Scan Datasets
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Abstract—There is still controversy over the differences in
the patency rates of the sequential and individual coronary
artery bypass grafting (CABG) techniques. The purpose of
this paper was to non-invasively evaluate hemodynamic
parameters using complete 3D computational fluid dynamics
(CFD) simulations of the sequential and the individual
methods based on the patient-specific data extracted from
computed tomography (CT) angiography. For CFD analysis,
the geometric model of coronary arteries was reconstructed
using an ECG-gated 64-detector row CT. Modeling the
sequential and individual bypass grafting, this study simulates
the flow from the aorta to the occluded posterior descending
artery (PDA) and the posterior left ventricle (PLV) vessel with
six coronary branches based on the physiologically measured
inlet flow as the boundary condition.

The maximum calculated wall shear stress (WSS) in the
sequential and the individual models were estimated to be 35.1
N/m’ and 36.5 N/m’, respectively. Compared to the individual
bypass method, the sequential graft has shown a higher
velocity at the proximal segment and lower spatial wall shear
stress gradient (SWSSG) due to the flow splitting caused by
the side-to-side anastomosis. Simulated results combined with
its surgical benefits including the requirement of shorter vein
length and fewer anastomoses advocate the sequential method
as a more favorable CABG method.

L INTRODUCTION

There are two common surgical techniques for patients
with multi vessel coronary disease: sequential and
individual. According to the past researches, sequential
saphenous vein graft (SSVG) has a better patency rate than
individual saphenous vein grafts (ISVGs) in general [1,2].
In case of SSVG, a higher patency rate of the side-to-side
anastomosis compared to the end-to-side anastomosis has
been reported as well [3]. Intimal hyperplasia (IH) in the
first year after surgery, and the formation and development
of atherosclerosis in the years thereafter are probably
causing the blockage of the graft and decreasing its patency
rate. There are many factors that impact the initiation and
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progress of the anastomotic IH including: mismatch
between the graft and the coronary artery, surgical injury,
local hemodynamics and etc [4,5]. From the IH formation
viewpoint, hemodynamic parameters include low wall
shear stress (WSS), high WSS, large spatial wall shear
stress gradient (SWSSG) and long residence time of blood
cells [6,7,8,9,10,11]. 3D geometric reconstruction of
coronary arteries and the estimation of the hemodynamic
parameters distribution based on CFD modeling can be a
non-invasive and an inexpensive solution to locate the IH
and atherosclerosis risk areas. Most of the previously
reported coronary artery bypass grafting (CABG)
simulations have been limited to a subsection of the bypass
grafts mainly the distal anastomosis [10,12]. Nevertheless,
modeling a complete bypass including both proximal and
distal anastomosis results in noticeably different velocity
distribution as shown by Lee [13]. Sankaranarayanan et al.
[14] investigated blood flow in aorta-left coronary bypass
graft methods based on a simplified geometric model
instead of a realistic patient-specific model. The results for
the multiple bypass graft model have shown that compared
to the sequential bypass graft model the peak magnitudes
of the SWSSG are higher. In both models, the maximum
WSS was observed at the toe of distal end-to-side
anastomosis. In addition, a clinical study by Vural [1]
implies a higher patency rate of sequential methods
compared with that of an individual one. Despite a general
inclination for sequential bypass grafting, there is no
general consent regarding the optimal bypass grafting
technique with the saphenous vein (SV) graft. As a result,
the purpose of this work is to non-invasively evaluate
hemodynamic parameters using complete 3D CFD
simulations of the sequential and the individual methods
based on the patient-specific data extracted from CT
angiography for the first time and identify the optimal
method.

1. METHODOLOGY
A. Computed tomography data acquisition

A 63 year old male patient with history of hypertension
and typical chest pain underwent coronary CT angiography
in TABA imaging center (Shiraz, Iran) by multislice CT
scan (64-detector row scanner, GE VCT, USA) set at the
following parameters: a detector collimation of 64x0.625
mm, the tube potential at 120 kV and a tube current of 678
mA. A bolus injection of 150 cc contrast (lopromide,
Ultravist 300) was followed by 30 cc saline solution via



superficial vein. Synchronized to the electrocardiogram
(ECG), the images were captured with slice thickness of
0.625 mm and the table feed of 7.2 mm/rotation. The
period for each gantry rotation was about 0.35 s.

B.  Geometric reconstruction

The 3D arteries model without any stenosis was
reconstructed using ScanIP, a commercial package by
Simpleware Ltd., employing a collection of digital images
in DICOM format (276-slice). The blood arteries of
interests were segmented semi-automatically combined
with a manual segmentation to reconstruct small branches.
Thresholding was performed as the firststep of the
segmentation to identify the dynamic range of the image
pixels. Subsequently, portions of the patient's arteries,
bones and other tissues which were non-relevant to the
study were omitted. Afterwards, the inner wall surfaces of
the arteries were covered by a triangular mesh using the
marching cube algorithm. The final step of the
reconstruction included the model
smoothingwhich reduced the surface roughness. Figure la
depicts one of the original CT-scan images in which all the
pixels within the specified dynamic range are highlighted.
The final reconstructed model is shown in Figure 1b where
the arteries of interest can be seen.

Figure 1A single slice of the original CT-scan data with the
highlighted dynamic range (left) and the reconstructed model
of the coronary arteries (right).

The extracted volumeswere imported into the pre-
processing GAMBIT package. Two 90% stenoses were
implemented at the posterior descending artery (PDA) and
the posterior left ventricle (PLV) in the proximity of the
right coronary artery (RCA) bifurcation. SV grafts were
subsequently added to both sequential and individual
models (Figure 2).

Individual model

Sequential model

Figure 2 Created Individual and Sequential Bypass Methods

The mean diameter, length, and the location of the
SV’s suture are realistic and based on surgical observation
(Figure 3). Due to the deformation of the larger diameter
graft sutured to the smaller vessel as observed in the
surgery, the intersection between the graft and the host
artery has an elliptical shape. The curvature of the grafts
has been considered in such a way to overlay them
perfectly over the heart. All these points have been
considered in the present study.

Figure 3 Surgical Observation of SV Grafting

The corresponding models were subsequently meshed
and the mesh quality was further improved by applying
various size functions across the model. The anatomy of
coronary arteries is very complex and can only be
reconstructed by an unstructured meshing. Tetrahedral
elements were used in this study and about 2,002,000
elements were selected as the optimal meshing size. The
average and maximum equiangle skew and equisize skew
of the meshing were about 0.3 and 0.78, respectively which
implies a high mesh quality.

C. Model assumptions and boundary conditions

Coronary arteries branches that have been modeled in
this study include: left anterior descending (LAD), major
diagonal, proximal of circumflex (CX) and ramus
intermedius (RI), PDA and PLV. Although the RI artery
exists in only one third of patients [16], the studied patient
had an abnormally large one. This study simulated the mid-
diastole point (t =0.58 s) at which the aortic valve is fully
closed and there is a maximum perfusion in the coronary
arteries. A uniform inlet flow was assumed in the proximal
part of ascending aorta. The velocity profile was estimated
based on the flow rate waveforms in the cardiac cycle
[17,18]. In this model, the flow through the six outlets was
based on Murray law [19] (outflow boundary condition).
The blood flow was modeled as a 3D, steady-state,
incompressible and laminar flow considering the Reynold’s
number of about 300 in the small arteries.Newtonian flow
can approximate the effect of the blood viscosity well in
case of medium to high average shear rates [20]. Therefore,
the blood was modeled as a Newtonian fluid with the
viscosity and the density of 0.0035 Pa.s and 1060 Kg/m’,
respectively. Walls  were  modeled as rigid and
impermeable and no-slip boundary condition was applied
at the walls.
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D. Computational fluid dynamics

The mesh data and the boundary conditions specified in
GAMBIT were imported into the main CFD solver
FLUENT. A numerical code solved the

flow governing equations; continuity and momentum
equations as follows:

V-v=0 (0]
pv-Vv=-V-T—VP 2)

In these equations, v, P, p and T are the velocity
vector, the pressure, the density and the shear stress tensor,
respectively. Implicit formulation was used to linearize the
equations which were then solved by the segregated
method. SIMPLE technique was chosen as the pressure-
velocity coupling and the pressure and the momentum were
descritized by the first order and the second order
discretization, respectively. A node-based gradient
evaluation is more accurate than cell-based schemes for
unstructured meshes and as a result, green-gauss node-
based method was used to evaluate the gradients.
Convergence criterion was met when the residuals of
velocity components reduced below 10™ which typically
takes place after 1200 iterations.

III. RESULTS AND DISCUSSION

The aortic valve is fully closed at the mid-diastole point
and the back flow perfuses primarily the left main coronary
artery (LMCA) through the ascending aorta and partly
enters the grafts. Combining the conservation of mass and
the Murray law [18] indicates that approximately 67.7% of
the back flow from the ascending aorta enters the
LMCA. The corresponding blood flow is distributed
among branches of the CX, major diagonal, the distal part
of the LAD and RI at 16.8%, 21.7%, 24.4% and 37.1%
rates, respectively. The large flow through the RI artery is
attributed to its unusually large diameter in the patient. A
negligible flow is permitted into the distal end of PDA and
the PLV by the RCA as a result of the 90% stenosis at their
proximal portions. Consequently, the grafts supply the
majority of the flow in the distal branches of PDA and
PLV. 66.1% of the grafts input flow is streamed into the
PDA and the remaining to the PLV.Along the grafts, the
blood flow is skewed and peaks near the outer wall of the
grafts.Figure 4 depicts the simulated velocity profile at
various cross-sections along the grafts. Figure 5 compares
the maximum velocity values along the lengths of the
investigated grafts. As evident from this figure, a higher
velocity is observed at the proximal segment in case of the
sequential graft (~34 cm/s) in comparison with the
individual bypass grafts (~22 cm/s and 11 cm/s). The
sudden increase in the velocity at the end of the grafts is
due to the deformation of the larger diameter graft sutured
to the smaller vessel. In contrast, the blood velocity
decreases at the bridge portion of the sequential graft as a

result of the flow division to the PDA artery through the
side-to-side anastomosis.
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Figure 4 Simulated blood velocity profiles in sequential and
individual grafts. proximal segment of the sequential graft
showed higher velocity in comparison with that in the
individual grafts.
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Figure S Comparison of the maximum velocity along the
studied grafts: sequential graft provides a significantly greater
blood velocity in comparison with the individual grafts

Malek et al. [21] have shown that the proatherogenic
endothelial phenotype and the endothelial quiescence are
stimulated at WSS values below 0.4 N/m® and above 1.5
N/m’, respectively. WSS of higher than 10 N/m” may
causetheendothelial disruption which could lead to
atherosclerosis.

Peak WSS is seen at the toe of the individual end-to-
side anastomosis. Other regions that experience high WSS
are the distal ends of the LAD which may be attributed to
the tapering of the vessels. This study states that at any
flow divider, the low WSS prevails at the walls opposite
the junction. On the contrary, the values of the WSS at the
flow divider are most probably exerting a protecting role
on the endothelium. The negligible flow at the proximal
portion of the PDA and the PLV results in very low WSS
and insignificant WSS variations. In addition, almost no
shear stress can be seen at the heel and on the bed across
from it. In both models, strong variations in the WSS can
be seen in the anastomotic region and the maximum WSS
values are estimated to be 35.1 N/m” and 36.5 N/m” in the
sequential and the individual models, respectively (Figure
6).

A better graft patency may be contributed to a uniform
hemodynamic environment caused by the low SWSSG
associated with a uniform flow. A high SWSSG stimulates
IH, atherosclerosis and thrombosis and a threshold of
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25000 N/m’ has been suggested by Lei et al [22] as the
critical SWSSG value.
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Figure 6 The simulated contour plots for WSS in the
Sequential and the Individual bypass methods. The WSS in
the toe of end-to-side anastomosis is 35.1 N/m” and 36.5 N/m”
in the sequential and the individual models, respectively.

The maximum value of SWSSG in the side-to-side
anastomosis in the sequential model is calculated to be
12124 N/m’ while this parameter in the toe of the graft-
PLV junction in individual grafts is around 40000 N/m”.
Also high SWSSG values are observed at the toe of the
most distal anastomosis in both models. In the sequential
bypass graft model, lower SWSSG values are obtained in
comparison with the individual bypass graft model (Figure
7).
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Figure 7 The simulated contour plots for SWSSG in the
Sequential and the Individual bypass methods. lower SWSSG
values are achieved in sequential model.

The side-to-side anastomosis which is exclusive to the
sequential model causes a flow splitting which induces a
well-distributed velocity profile at the bridge section and
improves the WSS distribution. The side-to-side
anastomosis has a smoother flow with smaller spatial
gradients of WSS as compared to the end-to-side
anastomosis. In this modeling, the vein length for two
bypasses in SSVG was 58% of the length of the ISVGs
which translates into a complete revascularization with a
shorter vein segment. Considering the fewer anastomoses
requirement, the sequential bypass has shorter operation
time in comparison with the individual bypass.

Iv. CONCLUSION

In summary, we have presented novel CT-based
models for two CABG techniques. We conclude that the
sequential grafting results in more favorable hemodynamic
parameters that correlate with lowering the risk of

restenosis and IH development. Consequently, these
findings suggest that the sequential bypass grafting is more
favorable than the individual type at least in theory.
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