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Abstract—Patch angioplasty is the most common technique
used for the performance of carotid endarterectomy. A large
number of materials are available, but little is known to aid
the surgeon in choosing a patch while caring for a patient
with carotid disease. The objective of this study was to
investigate biomechanics of the carotid artery (CA) repaired
with patch angioplasty, study the influence of patch width
and location of closure on hemodynamics, and to select the
optimal patch material from those commonly used. For this
purpose, a mathematical model was built that accounts for
fluid–structure interaction, three-dimensional arterial geom-
etry, non-linear anisotropic mechanical properties, non-
Newtonian flow and in vivo boundary conditions. This model
was used to study disease-related mechanical factors in the
arterial wall and blood flow for different types of patch
angioplasty. Analysis indicated that patch closures per-
formed with autologous vein and bovine pericardium were
hemodynamically superior to carotid endarterectomy
with synthetic patch angioplasty (polytetrafluoroethylene,
Dacron) in terms of restenosis potential. Width of the patch
and location of arteriotomy were found to be of paramount
importance, with narrow patches being superior to wide
patches, and anterior arteriotomy being superior to the
lateral arteriotomy. These data can aid vascular surgeons in
their selection of patch angioplasty technique and material
for the care of patients undergoing open CA repair.

Keywords—Carotid artery, Endarterectomy, Patch angioplasty,

Finite element analysis, Hemodynamics, Atherosclerosis,

Restenosis.

INTRODUCTION

Atherosclerosis of the carotid artery (CA) bifurca-
tion is a leading cause of stroke. Endarterectomy
(CEA) has been shown to significantly reduce the risk
of stroke in patients with severe carotid bifurcation
stenosis.3,39,43 The standard approach for the perfor-
mance of CEA involves a longitudinal arteriotomy
from the common (CCA) to the internal carotid artery
(ICA) followed by removal of the atherosclerotic pla-
que. There is significant clinical evidence that closing
the longitudinal arteriotomy after CEA using a patch
is superior to common primary closure in reducing the
risk of restenosis and improving both short and long
term clinical outcomes.1,5,9,17,40,44

Autologous vein (either greater saphenous or
external jugular) was the first material to be used as
carotid patch. Vein provides an endothelialized surface
to the reconstructed arterial segment, is relatively
readily available, easy to handle, and has high resis-
tance to infection. Its main disadvantage is the need for
an additional incision to obtain it, and occasional
deterioration with aneurismal dilatation and rupture.
In addition to vein, a number of xenogeneic and syn-
thetic patches are now available. Xenogeneic patches
are made of bovine pericardium (BP), while synthetic
patches are made mostly of polytetrafluoroethylene
(PTFE) or Dacron. The advantages of prosthetic pat-
ches include immediate availability, avoidance of
additional incision, and preservation of vein for future
use in other cardiovascular operations. The main
shortcoming of the prosthetic patches is higher
thrombogenicity and increased risk for infection.

Despite the broad range of available materials, there
is currently minimal data to aid the surgeon in

Address correspondence to Alexey V. Kamenskiy, Department of

Surgery, University of Nebraska-Medical Center, 985182 Nebraska-

Medical Center, Omaha, NE 68198-5182, USA and Yuris A. Dzenis,

Department of Mechanical & Materials Engineering, University of

Nebraska-Lincoln, Lincoln, NE 68588, USA. Electronic mail:

Alexey.Kamenskiy@unmc.edu, ydzenis@unl.edu

Annals of Biomedical Engineering, Vol. 41, No. 2, February 2013 (� 2012) pp. 263–278

DOI: 10.1007/s10439-012-0640-2

0090-6964/13/0200-0263/0 � 2012 Biomedical Engineering Society

263



choosing a patch while caring for a patient with carotid
disease. In addition, limited information is available on
whether location of arteriotomy and the width of the
patch have significant impact on the hemodynamics of
the repaired artery. The study of the biomechanical
behavior of the patched CA may help answering these
questions and defining the patch of choice among
those currently available. Such study is best performed
with the help of mathematical modeling.

In recent years mathematical modeling of arteries
has matured immensely with the emergence of better
imaging, mesh generation, computation, and visuali-
zation technologies. State-of-the-art models incorpo-
rate fully coupled fluid–structure interaction, and
account for substantial arterial wall non-linearity.
Such simulations are done in an effort to investigate
certain hemodynamic factors that influence the onset
and progression of cardiovascular disease. These fac-
tors include stresses and strains in the arterial wall and
the blood flow,11,12,15,35,51,54,56 which are thought to be
related to arterial disease through hemodynamic (low
shear)11,20 and injury15,46 mechanisms.

The hemodynamic mechanism of atherogenesis was
initially postulated by Fry20 and Caro et al.11 They
noticed that the natural widening of the carotid bulb
and the branching into the ICA and external carotid
artery (ECA) perturb the normal laminar flow present
in the more proximal CCA. Flow alterations occur in
both the longitudinal and transverse directions. In the
longitudinal direction, flow in the bulb is partially
reversed and the boundary layer is separated. In the
transverse direction, flow undergoes considerable
rotation (a condition known as secondary flow). Both
boundary layer separation and secondary flow result in
vortices, low and oscillatory wall shear stress (WSS),
and higher time of platelet residence. This is thought to
increase the permeability of the endothelium by ceas-
ing production of Nitric Oxide,53 and also the proteins
that form the junctions between the endothelial cells.16

In turn, this may lead to adhesion of monocytes to the
endothelium, and development of the atherosclerotic
plaque.35

The injury mechanism of atherogenesis was first
described by Ross46 and Clowes et al.15 They hypoth-
esized that damage of the arterial wall can lead to cell
migratory and proliferative responses. Following
platelet deposition this may result in slow accumula-
tion of lipoproteins and development of arterial dis-
ease.38 Mechanical injury to the arterial wall can be
induced by high cyclic strains (CS) and excessive
stresses.15,51,54,56

In the context of these two theories special attention
has been given to models of healthy37,56 and severely
diseased arteries,18,34,52 yet surprisingly little consider-
ation was given to studies of the endarterectomized

and patched carotids.31 The goal of the present work
was to investigate the biomechanics of such arteries,
study the influence of patch width and location of
arteriotomy on hemodynamics, and to select the opti-
mal patch material that could minimize restenosis.

METHODS

Sixteen consecutive male patients with severe CA
atherosclerotic disease (>80% diameter reduction as
determined per North American Symptomatic Carotid
Endarterectomy Trial (NASCET) criteria19 using
Computerized Tomography Angiography), who sub-
sequently underwent CEA, were selected for this study.
Informed consent was obtained from each patient in
accordance with regulations established by the insti-
tutional review board of our institute.

Arterial Geometry

Computer reconstruction of CA geometry was
based on preoperative Computerized Tomographic
Angiography data obtained with 64-channel scanner
Brilliance 64 (Philips Medical Systems, Cleveland,
OH). Details of reconstruction and analysis can be
found in Kamenskiy et al.30 Briefly, two-dimensional
cross-sectional data of 100 mm CA segment (5 cm
distal into the ICA and 5 cm proximal into the CCA
off the carotid apex, i.e., axial location where CCA
divides into the ICA and ECA (see Fig. 1) were
acquired with axial steps of 1 mm and spatial resolu-
tion of 512 9 512 pixels (pixel size 0.488 mm). The
images were rescaled to 1200 9 1200 pixel matrix size
(pixel size 0.208 mm) using sub-pixel interpolation
which helped in the segmentation of the outer (peri-
adventitial) and inner (luminal) boarders of the CCA,
ICA and ECA.49 Segmentation was performed in a
semi-automatic manner under the supervision of a
vascular surgeon who reviewed each result produced
by the algorithm and corrected the segments of the
automatically detected boundary that were partially
obscured by periadventitial fat, atherosclerotic plaque
or were ill-defined due to poor contrast. After seg-
mentation, best fit ellipses were inscribed in each of the
arterial contours. This procedure was performed for
each of the 16 patients in the group. Subsequently, the
mean contours were calculated by averaging the indi-
vidual patient geometrical data sets.30 This averaging
resulted in a stack of mean arterial cross-sections that
were connected together to form the three-dimensional
solid body of the mean CA in Computer Aided Design
software Solid Works (Dassault Systemes SolidWorks
Corporation, Concord, Massachusetts) using the loft
function. We note that segmentation in the apex area
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required special attention because branching perturbed
the centroids of the vessels causing perturbations of the
centroid path. To resolve this issue, we built the CCA-
ICA and CCA-ECA segments separately and then
merged them together in Solid Works. Distal branches
of the ECA were excluded from analysis because of
their small size.

The arterial geometry was further modified in Solid
Works to simulate CEA with patch angioplasty. Three
different patch widths were considered: narrow
(4 mm), standard (8 mm) and wide (16 mm). The
thickness of the wall in the endarterectomized area was
made half of that of the normal wall to account for the
removal of intima and part of media during CEA.31 In
addition, 0.5 mm of material (arterial wall and patch)
was removed from both sides of the arteriotomy to
account for the stitch.

Mathematical Model

Coupled fluid–structure boundary value problem
was set up through separate mathematical descriptions
in each of the fluid and solid domains. Unstructured
meshes were used due to the complex geometries
involved. The Octree method6 was used to mesh the
domains, and to facilitate reasonable approximations
in the boundary later. Due to stability considerations,

11-node tetrahedral quadratic elements with mixed u/p
formulation were used for the nearly incompressible
arterial wall,6,56 while 4-node linear elements were used
for the blood flow. Mesh convergence for both fluid
and solid domains was studied, and the appropriate
mesh size was selected such that further refinement
resulted in less than 5% difference in WSS and effec-
tive stress (ES) (see their definitions below). This
resulted in approximately 150 000 fluid, and 115 000
solid elements.

Arbitrary Lagrangian–Eulerian formulation for the
conservation of mass and momentum equations for the
fluid was used to account for the movement of the fluid
mesh at the boundary with the solid domain. This was
achieved by replacing the material velocity u which
appears in the convective term of Eulerian formula-
tions with a convective velocity (u 2 ug):

r � u ¼ 0 ð1Þ

qf

@u

@t
þ u� ug
� �

� r
� �

u

� �
¼ �rpf þr � s ð2Þ

where qf is fluid density, pf is pressure, u is the fluid
velocity vector and ug is the moving coordinate velocity
(mesh velocity), so (u 2 ug) is the relative velocity of
the fluid with respect to the moving coordinate veloc-
ity. Further, s is the fluid stress tensor, related to rate-
of-deformation tensor D as

s ¼ 2lD ¼ lðruþ ruð ÞTÞ ð3Þ

where l is blood viscosity. Blood was modeled as a
non-Newtonian fluid with l changing according to the
Carreau constitutive law. This law was reported to
accurately describe the shear thinning rheological
behavior of blood in arteries28:

l ¼ l1 þ l0 � l1ð Þ 1þ A _c2
� �m ð4Þ

where l0 and l¥ are upper and lower bounds of vis-
cosity, A and m are parameters and _c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2D : D
p

is the
scalar shear rate. Experimental blood rheology was
beyond the scope of this study, and commonly used
values of constitutive parameters were taken from Cho
and Kensey14: l0 = 0.056 Pa s, l¥ =0.00345 Pa s,
A = 10.976 s2, m = 20.3216. We note that a different
value of l0 = 0.16 Pa s obtained by Chien13 is also
quite commonly used in the literature, which needs to
be kept in mind when comparing the results obtained
by different research groups. Density of blood was
assumed constant: qf = 1050 kg/m3.

Momentum conservation equation in the Lagrang-
ian description with large displacements and large
strains was solved for the solid domain:

r � rs ¼ qs
€ds ð5Þ

FIGURE 1. Scheme of the carotid artery bifurcation showing
carotid bulb, apex and conventions on orientations (anterior–
posterior, lateral-medial) for common (CCA), internal (ICA)
and external (ECA) carotid arteries.
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where qs is density of the solid, rs is the solid stress
tensor, and €ds is the local acceleration of the solid.

Arterial wall and vascular patches were assumed
homogeneous, incompressible and hyperelastic with
strain energy taken in the HGO (Holzapfel, Gasser,
Ogden23) form:

W C; n̂a; n̂bð Þ ¼Wiso Cð Þ þWanis C; n̂a; n̂bð Þ ð6Þ

where WisoðCÞ ¼ C1ðI1 � 3Þ is the isotropic part
of the strain energy function W and

Wanis C; n̂a; n̂bð Þ ¼ k1
2k2

P

i¼4;6
ek2 Ii�1ð Þ2 � 1
n o

describes the

anisotropic part of W. Ii ‡ 1 are the invariants of the

right Cauchy-Green deformation tensor C ¼ FTF (note
that I4,6 ‡ 1 are required for physically reasonable
response23); C1, k1, k2 are positive

23 constitutive model
parameters, and n̂a; n̂b are unit vectors (with angle 2c
between them) in reference configuration that define
anisotropy. Orientation of vectors n̂a; n̂b for each ele-
ment of the model was set up by dividing the entire
three-dimensional geometry into simple sub-volumes,
for each of which the orientation could be easily
defined using the bounding outer surface.

Cauchy stress tensor rswas then calculated from (6) as

rs ¼ �pIþ F
@W

@F
¼ �pIþ 2

@W

@I1
Bþ 2

@W

@I2
I1B� B2
� �

þ 2
@W

@I4
Fn̂a � Fn̂a ¼ �pIþ C1Bþ 4k1 I4 � 1ð Þ

� exp k2 I4 � 1ð Þ2
h i

Fn̂a � Fn̂að Þ ð7Þ

where F is the deformation gradient tensor, B = FFT is
the left Cauchy–Green tensor, and p is Lagrange
multiplier associated with the incompressibility con-
straint detF = 1.

Values of constitutive model parameters C1, k1, k2, c
for the arterial wall and patches were determined by
fitting (7) to the experimental data of Kamenskiy
et al.32 using Levenberg–Marquardt algorithm.
Parameters C1, k1, k2, c were required to be positive in
order to portray physically reasonable response.23 This
guaranteed the convexity of the strain energy potential
(6) for any given set of parameters.23 Values of these

parameters for the mean carotid artery wall and pat-
ches are summarized in Table 1. Neo-Hookean mate-
rial (isotropic part of (6)) was used for synthetic
patches due to their linear isotropic behavior in the
physiological load range.32

Galerkin procedurewas used todiscretize both thefluid
and solid governing equations and establish their weak
forms. Discrete equations were then solved using New-
ton’s method and direct sparse solver based on the Gauss
elimination technique.6 To achieve a periodic solution,
computation was run over two cardiac cycles, saving only
the second one. Initially, three cardiac cycles were calcu-
lated, but comparison of the parameters of interest
between the second and third cycles revealed that two
cardiac cycles were sufficient to obtain periodicity. Each
cardiac cycle consisted of 500 time steps of 2 9 10 23 s,
and automatic-time-stepping procedure6 was used to
subdivide the load step increment when necessary.

Boundary Conditions

Boundary conditions included the actual in vivo
measured pulsatile velocity profiles (temporal and
spatial variations of velocity) in the distal ICA and
ECA, and concurrently measured pressure waveform
(temporal variation of pressure) in the proximal CCA.
Both the velocity and the pressure were obtained
intraoperatively after completion of the CEA for the
same group of 16 patients, and then reduced to cor-
respond with the mean geometry. Duplex ultrasound
(Pro Focus 2202, Probe 8809; B-K Medical, Herlev,
Denmark) was used for measurement of the carotid
artery blood flow. Details of these measurements and
reduction are provided in Kamenskiy et al.29 A snap-
shot of mean velocity profiles at peak systole and late
diastole are illustrated in Fig. 2.

Mean profiles were then applied to the ICA and
ECA out-flow sections as kinematic boundary condi-
tions using custom Matlab code. This code interpo-
lated the kinematic values of velocity for each node of
the ICA and ECA out-flow sections and generated
temporal velocity functions for each of these nodes.
Pressure waveform was applied to the in-flow section
of the CCA.

TABLE 1. Constitutive model parameters C1, k1, k2, c calculated for the mean carotid artery wall and vascular patches.

Material C1 (kPa) k1 (kPa) k2 c (rad)

Carotid artery wall 41 3 14 0.90

External jugular vein 98 77 67 0.60

Greater saphenous vein 92 86 61 0.65

BP (by Synovis and NeoVasc) 119 337 115 0.68

Acuseal polytetrafluorethylene (by GORE) 2485 – – –

Dacron Hemacarotid (by GORE) 3429 – – –

Dacron Hemashield (by Boston Scientific) 3778 – – –
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Motion of the fluid boundary along with the solid
wall, conservation of mass, momentum and mechani-
cal energy on the interface were fulfilled by imposing
the kinematic and dynamic conditions on the interface
between the blood flow and the arterial wall. Those
included compatibility of displacements of the fluid
and solid domains (ds = df), equilibrium of tractions
on the interface (n̂ � rs ¼ n̂ � s, where n̂ is a unit
boundary normal), and no-slip conditions for the
blood flow (u ¼ _ds).

Coupling was achieved by passing fluid stress at the
boundary to the structural solver (ADINA Structures,
Watertown, Massachusetts) as an applied load. After
finding the structural solution, the structural solver
returned the resulting boundary displacements to the
fluid solver (ADINA CFD, Watertown, Massachu-
setts), providing the latter with updated flow geometry.
Flow geometry was updated through transfinite inter-
polation and nodal constraints. The iterative process
continued at each time step until solutions at the
boundary were sufficiently compatible.25

Introduction of Surgical Suture and Patch

The surgical suture was introduced into the model
as rigid links connecting neighboring Finite Element
nodes on both sides of the arteriotomy. Rigid links are
constraint equations established between the two
nodes—master and slave. As nodes get displaced due
to deformation, the slave node is constrained to
translate in such a way that its distance to the master
node remains constant. Master nodes were selected to
belong to the arterial wall, while slave nodes belonged
to the patch. The nodes were selected such that the gap
between the suture bites was approximately 0.8 mm as
recommended by patch manufacturers (see Fig. 3).
The suture was simulated on the outer and inner
surfaces of the artery mimicking the actual surgical
procedure. In addition to rigid links, simple non-
penetrating rigid contact was implemented between the
patch and the arterial wall to ensure simultaneous
movement of the two bodies. The described procedure
allowed to significantly reduce the computational time
required to suffice the refined meshes around the suture
entry site in the arterial wall.

Analysis of Disease-Related Mechanical Factors

Carotid arteries repaired with various types of patch
angioplasty were compared to each other in terms of
arterial disease-related mechanical factors, namely
WSS, Oscillatory Shear Index (OSI), endothelial
platelet residence time (Tr), CS, and ES.11,12,15,35,51,54,56

WSS was evaluated as the temporal mean during
the complete cardiac cycle to provide the average

hemodynamic effect indicator. Calculation of WSS
involved multiplication of the dynamic viscosity with
the velocity gradient projected onto the luminal surface
and calculated in the direction of local unit surface
normal n̂s:

ss ¼ l
@u

@n̂s
ð8Þ

where ss is the WSS, l is the variable blood viscosity
and @u

@n̂s
is the velocity gradient in the direction of sur-

face normal.
Oscillatory nature of the blood flow was evaluated

by calculating the OSI, as suggested by Ku et al.33:

OSI ¼ 1

2
1�

1
T

R T
0 �ssdt

���
���

1
T

R T
0 j�ssjdt

0

@

1

A ð9Þ

where �ss is the instantaneous WSS vector ( �ssj j ¼ ss)
and T is the length of the cardiac cycle. OSI is a
dimensionless measure that quantifies the departure of
the WSS vector from its predominant axial alignment.
For purely oscillatory flow, OSI attains the maximum
value of 0.5. It is important to note that OSI does not
take into account the magnitude of WSS and only
considers direction.

The dimensionless endothelial platelet residence
time Tr was calculated following conventional
approach of Gay and Zhang21 as:

FIGURE 3. Surgical suture incorporated into the model of
CEA with anterior patch angioplasty.
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Tr ¼
l
T

1� 2OSIð Þ ssh i½ ��1 ð10Þ

where �h i represents the time averaged quantity. It is
important to note that Tr is evaluated in the vicinity of
the endothelial surface, therefore it does not consider
the convection of platelets from/to the core of the flow.

To address this issue, the concept of flow-field
coherent vortical structures (VSs) was implemented in
conjunction with k2 vortex-eduction technique26 to
identify flow regions surrounding a local pressure
minimum that may trap the platelets inside.8 Jeong and
Hussain26 define the VS as a connected region where
D2 + X2 has two negative eigenvalues (where
D ¼ 1

2 ðDuþ ðDuÞ
TÞ and X ¼ 1

2 ðDu� ðDuÞ
TÞ are the

rate-of-deformation and rate-of-rotation tensors,
respectively). Arranging the eigenvalues as k1 > k2 >

k3, defines the condition k2 < 0 for the point to belong
to the VS. The lasting time of the VS during the cardiac
cycle then provides the information on the platelet
residence time inside the VS core.

In order to evaluate the cumulative influence of all
strain and stress components acting inside the arterial
wall, we calculated the CS and ES (or Von Mises
stress). CS was computed as the difference between
Von Mises strains50 calculated at peak systole and late
diastole:

2VM;cyclic¼2VM;peak systole � 2VM;late diastole ð11Þ

where the Von Mises strain is a strain invariant defined
by:

2VM¼
2I � 2IIð Þ2þ 2II � 2IIIð Þ2þ 2I � 2IIIð Þ2

2

" #1=2

ð12Þ

and 2I;2II and 2III are the principal Green strains. ES
was calculated using formula (12) substituting strains
for stresses. It follows from (11) and (12) that CS
quantifies the amount of arterial wall deformation
during the cardiac cycle, while ES represents the gross
stress response of the artery which is largest during
peak systole.

Comparison of Different Types of Patch Angioplasty

OSI and Tr are based on WSS, which means that
there are essentially only three independent disease-
related factors: WSS, CS and ES, each with its own
unique distribution. Separate analysis of these distri-
butions does not provide univocal conclusion on the
benefit in all three factors. We therefore introduced the
integral Abnormality factor (AF), which included
WSS, CS and ES weighted according to the influence

that each factor has on the arterial disease. Though
this influence is purely hypothetical and is yet to be
clinically validated, we assigned weights to the factors
according to the domain they belong to. Namely, WSS
(related to hemodynamic mechanism of pathogene-
sis11,20) was assigned a weight of 0.5, while CS and ES
(related to injury mechanism of pathogenesis15,46) were
weighted as 0.25 each:

AF ¼
AWSS

2AeCEA
WSS

� 100%þ ACS

4AeCEA
CS

� 100%þ AES

4AeCEA
ES

� 100%

ð13Þ

where AWSS is the surface area of low temporal mean
WSS on the arterial geometry, ACS and AES are surface
areas of high CS (calculated using formulas (11) and
(12)) and ES (calculated for peak systole). To put the
current findings in the context of our study that com-
pared patch angioplasty to eversion endarterectomy
(we found that eversion was superior to CEA with
anterior PTFE patch angioplasty in terms of AF),
AWSS, ACS and AES were normalized to those measured
for eversion endarterectomy (eCEA). Thresholds for
AWSS, ACS and AES were selected as follows: WSS:
<0.4 Pa,35 CS: >0.138, ES: >220 kPa (corresponds
to >5.34 in the log10 ES contours Fig. 9). Threshold
values of CS and ES were chosen based on average CS
and ES values observed in all models.

RESULTS

Mathematical models were created for carotid
arteries repaired with synthetic PTFE and Dacron,
xenogeneic BP, and autologous external jugular and
greater saphenous veins. Two types of patch angio-
plasty (anterior and lateral), and three patch widths
were considered [4 mm (narrow), 8 mm (standard) and
16 mm (wide)].

Temporal mean WSS contours (in Pa) are plotted in
Fig. 4. Arterial wall was removed from the figure for
better visualization of the flow. In all types of patch
angioplasty, the area of low WSS (below 0.4 Pa, which
is thought to be associated with atherogenic pheno-
type35) was consistently larger on the anterior aspect of
the artery than on its posterior side. This phenomenon
is particularly salient in the artery with the lateral
patch, and is a result of tortuous geometry character-
ized by the bend in the anterior–posterior plane cen-
tered on the carotid bulb. This bend was considerably
straightened by the anterior patch angioplasty, which
reinforced the anterior aspect of the artery and caused
the more compliant wall opposite to the patch to bulge
out and increase the area of low WSS posteriorly. The
amount of straightening however was not sufficient to
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shift the lowest WSS values from the anterior to the
posterior side. This can clearly be seen in the artery
with a wide anterior patch. Lateral closure reinforced
the artery laterally. This sustained the anterior–pos-
terior bend, but resulted in bulging in the medial
direction, creating zone of low WSS proximally.

All types of angioplasty had large continuous region
of low WSS in the carotid bulb, while the distal ICA
possessed high WSS. Temporal variations of WSS
plotted for the center of the carotid bulb and distal
ICA (see Fig. 5 for temporal variations and Fig. 4 for
locations of measurements) showed that WSS in
the bulb did not exceed 0.4 Pa during the entire
cardiac cycle. This result was consistent for all patch

angioplasties. WSS lower than 0.4 Pa is believed to
stimulate the atherogenic phenotype, while values
higher than 1.5 Pa induce endothelial quiescence and
an atheroprotective gene expression profile.35

The OSI contours are plotted in Fig. 6 (left panel).
These contours show that flow was oscillatory in the
carotid bulb and in the apex. OSI was smaller for CA
with lateral patch closure than with anterior patch
angioplasty. Variations in patch width resulted in in-
crease in OSI, which was particularly evident for the
artery with the wide patch.

Another distinct feature of blood flow in the bulb
was reduced blood velocity which increased the endo-
thelial platelet residence time (Tr). Generally, when

FIGURE 4. Temporal mean WSS (in Pa) contours for anterior and lateral views of the carotid artery repaired with different patch
angioplasties. Logarithmic scale is in use. Low WSS (<0.4 Pa35) is outlined and represented by shades of dark blue. Stars indicate
the locations of WSS measurements used to produce graphs on Fig. 5. Wall of the artery is removed for better visualization.
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FIGURE 5. Temporal variations of WSS (in Pa) in the center of the carotid bulb (left, location is marked with the hollow star on
Fig. 4) and in the distal ICA 3 cm off the carotid apex (right, location is marked with the solid black star on Fig. 4). Values of WSS
lower than 0.4 Pa are thought to stimulate the atherogenic phenotype while values higher than 1.5 Pa are reported to induce
endothelial quiescence.35

FIGURE 6. Contours of OSI (left) and endothelial platelet residence time Tr (right) for carotid artery repaired with different types of
patch angioplasty. The wall of the artery is removed for better visualization of the flow.
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OSI is small, it has little effect on Tr.
33 However, as

OSI approaches 0.5, Tr dramatically increases. Con-
tours of Tr are plotted in Fig. 6 (right panel). In the
vicinity of endothelium, zones where platelets spent
more time during the cardiac cycle strongly correlate
with areas of low WSS and OSI discussed earlier.
Shorter Tr was observed in the model with lateral
patch angioplasty than in the model with anterior
patch closure, though Tr in the proximal bulb was
slightly higher for the former. Decrease of patch width
resulted in somewhat shorter endothelial platelet resi-
dence times in the apex, while increase in patch width
significantly increased Tr in the proximal bulb, espe-
cially on its medial aspect.

The core of the flow possessed multiple VS devel-
oped predominantly at sites of relatively high WSS and
shear rate as seen in Fig. 7. Formation of these vortices
was particularly salient during systole, and was asso-
ciated with variations in lumen size along the arterial
axis, resulting in a roll-up of unstable sheets of span-
wise vorticity by Kelvin–Helmholtz instability.8 Larger
VSs were seen in arteries with larger bulbs, with the
biggest Y-shaped VS observed in the carotid with the
wide patch. This Y-shaped VS formed on the medial
aspect of the bulb and was present during the first third
of the cardiac cycle, after which it was suppressed by
the lower flow velocity and shear rate of the diastolic
phase. VSs in the proximal CCA and distal ICA and
ECA regions with relatively high velocity and shear
rate were present during the entire cardiac cycle. In
general, Figs. 4, 5, 6, and 7 show that patch material
had less effect on WSS, OSI, Tr and VS than the
location and especially the size of the patch.

Contours of CS are plotted in Fig. 8. A common
feature among all types of angioplasty was high CS in
the carotid apex, scattered throughout the bulb, and
around the patch at the ends of suture entry in the
arterial wall. Latter was due to mismatch in stiffness
between the patch and the host wall. This was partic-
ularly salient in arteries with stiff synthetic patches (CS
of synthetic patches was close to zero), which resulted
in bulging of the more compliant wall around the
patch. The stiff synthetic patches placed anteriorly
straightened the artery in the anterior–posterior
direction, which acted favorably for reducing CS on
the lateral side. In contrast, lateral patch angioplasty
straightened the artery in the lateral-medial direction,
which resulted in high CS on the lateral side. In
addition, the bend in the anterior–posterior plane
centered on the carotid bulb, caused high CS in the
distal ICA anteriorly, and in the proximal ICA pos-
teriorly. This can clearly be seen in the artery with
lateral patch angioplasty. In CEA with anterior repair,
high CS was also present in the ECA close to the
carotid apex, with this being on the anterior aspect of

the ECA. Use of a more compliant vein or bovine
patch acted favorably in reducing CS in this area.
Lateral patch angioplasty resulted in relocation of this
high CS area from anterior aspect of ECA to its pos-
terior side.

Contours of ES at peak systole are plotted in Fig. 9.
Peak systolic values were used as these were the highest
during the cardiac cycle and therefore had higher
chances for damaging the wall. We plot log10 ES to
emphasize the regions of high ES. Colorband values
represent orders of 10, i.e., 3 is 1 kPa, 6 is 1 MPa and
etc. Similar to CS, high ES in all cases was observed in
the carotid apex, scattered throughout the bulb, and at
the ends of the suture entry in the wall. In addition,
high ES was present on the patch surface. The previ-
ously mentioned bulging of the wall opposite to the
stiff patch resulted in high ES being circumferentially
distributed in the entire area of the bulb. Another
feature common to all models was the significantly
lower ES on the lateral aspect of the artery (even in the
case of lateral patch angioplasty) than on its anterior
or posterior sides. Increase of patch width resulted in
significant increase in ES on both anterior and pos-
terior aspects of the artery, while decrease in width
showed less ES and therefore potential improvement in
hemodynamics. Higher compliance of biological pat-
ches in comparison to synthetic PTFE and Dacron
resulted in less ES and smoother transition of stresses
between the arterial wall and the patch.

Abnormality factor (AF) for all considered models is
plotted in Fig. 10. Large AF represents large areas with
abnormal (relative to defined threshold) hemodynam-
ics, smaller AF represents hemodynamically better
results. Figure 10 shows that biological materials (BP
and autologous vein) produce better hemodynamics in
the repaired artery than synthetic PTFE and Dacron.
The main advantage of using the biological patch is in
reducing ES (by 20%) and CS (by 1.5–3-fold), which
results in overall 12% better AF.

Lateral angioplasty was superior to anterior angio-
plasty in terms of ES (lower by 28% for lateral clo-
sure), but failed to provide benefits in AF primarily due
to significantly higher CS (higher by 5.8-fold for lateral
closure). Effect of patch width on the hemodynamics
of the repaired artery was significantly more salient
than the effect of patch material. Increase of patch
width by a factor of two, resulted in 2.2-fold higher AF,
while decrease of the path width by a factor of two,
resulted in 68% smaller AF.

DISCUSSION

Multiple randomized controlled clinical trials have
been conducted comparing the effects of patch closure

KAMENSKIY et al.272



on perioperative stroke and death rates, and long-term
restenosis.1,2,9,10,22,36,39,41,42,48 Clinical results have
varied among the trials, and controversy still remains
regarding the best material for patch angioplasty after
CEA.9,10,39 With the help of mathematical modeling,
we analyzed and compared the effects of different
materials, and studied the influence of patch width and
location of arteriotomy on the hemodynamics of the
repaired carotid artery.

Performed analysis showed that none of the existing
patch materials seem to provide atheroprotective
hemodynamics. The atheroprotective hemodynamics is
believed to be impacted by physiological and elevated
shear (values higher than 1–2 Pa,35 but lower than
40 Pa24). High shear renders endothelium less suscep-
tible to pathogenic stimuli of injury, cell adhesion, cell
proliferation, and lipid uptake.35 Proximal CCA and
distal ICA and ECA generally have high shear and rare

clinical findings of carotid disease. At the same time,
high shear may lead to platelet activation by von
Willebrand factor,47 especially in the absence of
antagonists from the altered endothelial layer. The
high-shear-stress activated platelets may then get
trapped in the low-shear-stress areas.8 Low shear
(below 0.4 Pa) is thought to switch the endothelial
phenotype from atheroprotective to atherogenic35 and
is believed to be involved with mediated recruitment of
monocytes; increased vasoconstriction and paracrine
growth stimulation of vessel wall constituents;
increased oxidant state; and increased apoptosis and
cellular turnover.35 Zones of low wall shear were
present in all considered types of patch angioplasty,
with the largest zone observed in the artery with a wide
synthetic patch placed anteriorly. This was attributed
to a significantly wider bulb, and also a more acute
transition from the patch to the native artery. The

FIGURE 7. VS at peak systole (left) and late diastole (right) for carotid artery repaired with different types of patch angioplasty.
VSs are colored with scalar shear rate (s21) and were educed with k2-method of Jeong and Hussain26 using threshold value of
k2 5 220 s22. Wall of the artery is removed for better visualization.

Hemodynamically Motivated Choice of Patch Angioplasty 273



carotid bulb is known to be one of the first sites in the
carotid bifurcation to develop atherosclerotic inflam-
mation.33 Due to an abrupt change in the curvature
and a sudden increase in cross-sectional area at the
carotid bulb, high momentum blood is incapable of
instantaneously changing direction to accommodate
the curvature. This is most pronounced during systole,
when the flow exhibits boundary layer separation and
formation of VSs. High WSS and the trapping effect of
salient VSs during systole may activate the platelets8

and promote their deposition in the arterial wall when
they get into the slow viscous diastolic flow of the bulb.

Clinical studies have supported this conclusion
by demonstrating clinical complications in arteries
repaired with wide patches. These complications in-
clude distal ICA kinks, excessive posterior wall mural
thrombus formation27 and overall higher rates of
recurrent stenosis.4

Artery with a narrow patch angioplasty on the other
hand showed significant improvement in hemody-
namics. It is however important to note that the key
aspect of this improvement is most likely the smooth
transition from the angioplasty site to the non-endar-
terectomized wall. Mean carotid artery geometry

FIGURE 8. CS for anterior and lateral views of carotid artery repaired with different types of patch angioplasty.
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considered in this study had the bulb that was suffi-
ciently large to prevent taper in the distal ICA after
angioplasty. It is possible, however, that in a particular
patient-specific case with a smaller bulb, use of a nar-
row patch may result in such a taper. This may then
entail the same hemodynamic problems as the wide
patch angioplasty.

Location of arteriotomy was found to have signifi-
cant effect on the arterial hemodynamics. Lateral patch
closure showed improvement in ES compared to the
anterior angioplasty. However, this improvement was

overtrumped by significantly higher CS in the CEA
with lateral patch closure.

Results of modeling have shown that patch material
had less pronounced effect on hemodynamics than the
size of the patch or location of arteriotomy. All patch
materials caused stress concentrations in the bulb of
the repaired artery, which is consistent with the clinical
findings of Rosenthal et al.45 demonstrating higher
incidence of post CEA restenosis at this location.
Better results were achieved for arteries repaired with
biological materials (BP and autologous veins) than

FIGURE 9. ES at peak systole for anterior and lateral views of carotid artery repaired with different types of patch angioplasty.
Common logarithm of ES is plotted to emphasize the differences between high and low values.
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for their synthetic substitutes (PTFE and Dacron).
This was primary due to smaller mismatch in stiffness
between the biological patch and the host arterial wall,
which resulted in lower values of ES and its smoother
transition from the patch to the wall. Smaller stress
suggests lower risk of wall injury and therefore lower
incidence of recurrent stenosis.

Patching with autologous venous tissue remains the
most commonly used option for closing the arteriot-
omy after carotid endarterectomy.39 The veins most
commonly used are the greater saphenous and external
jugular.7 Saphenous vein is harvested from the
patient’s thigh or ankle which requires a separate
incision and therefore causes additional trauma to the
patient. External jugular vein does not require a sep-
arate incision but is substantially thinner than saphe-
nous vein which raises concerns of this patch becoming
aneurismal with subsequent complications related to
thrombosis or rupture. To avoid rupture or aneurismal
expansion, some surgeons use the external jugular vein
in a double-walled configuration.

Results of our study suggest that wide patches have
significant ES concentrations on their surface, and
therefore may more likely rupture than a narrow
patch. Though unlikely for synthetic patches (due to
their high strength), this may be important to keep in
mind when using a wide vein patch. Such ruptures,
when occurring, have been associated with high rates
of patient death or severe disability.55 An alternative to
a vein patch may be the BP. In this study bovine
patches have shown similar hemodynamic results to
vein patches. They were also reported to be superior to
their synthetic counterparts in terms of restenosis,
stroke and death rates by several clinical studies.22,36

CONCLUSION

There is a considerable debate over the type, size
and location of the patch to be used for the perfor-
mance of carotid endarterectomy. This work presents
an effort to compare commonly used synthetic and
biological materials, and to evaluate the influence of
patch size and location of arteriotomy on the hemo-
dynamics of the repaired artery. The mathematical
models presented in this study account for the three-
dimensional mean arterial geometry, fluid–structure
interaction, non-linear anisotropic properties of the
arterial wall, non-Newtonian blood rheology, and in
vivo boundary conditions.

Analysis of hemodynamics showed that patch
angioplasties performed with autologous vein and BP
were superior to CEA with synthetic patch closure in
terms of restenosis potential. Width of the patch and
location of arteriotomy were found to be of paramount
importance, with narrow patches being superior to
wide patches, and anterior arteriotomy being superior
to lateral arteriotomy. Though thorough clinical vali-
dation of these findings is required, the results of the
present analysis are envisaged to aid not only in the
understanding of pathophysiology of the repaired
carotid bifurcation, but also in choice of the type of
patch angioplasty.
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