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Influence of blocks’ topologies on endothelial shear stress
observed in CFD analysis of artery bifurcation
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It is well known that endothelial shear stress affects occurrence of plaque in arteries. Lack of a method for measuring this physical
quantity limits scientific understanding of this phenomenon. Application of numerical methods in this area has considerable amount of
experimental verifications in terms of quantities that can be measured (velocity, pressure). On that basis we can rely on the results of
endothelial shear stress calculations. The literature mainly documents the application of numerical methods to average geometries. How-
ever, arterial bifurcations are patient-specific. Moreover, occurrence of disease significantly complicates the geometry of the arteries and
bifurcations. A multiblock concept provides the necessary geometrical flexibility and computational efficiency to generate patient-
specific finite element models. For a particular class of problems different topologies of blocks are possible. This paper provides an
overview of the possible block topologies required in finite element modeling using multiblock approach. In order to obtain accurate
results of endothelial shear stress, two most general topologies are examined by numerical calculations. Favorable topology of the blocks

is implemented in in-house software stl2fem.
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1. Introduction

Cardiovascular diseases are one of the major
causes of long-term human morbidity and mortality.
The nearly epidemic increase in prevalence of such
diseases calls for efficient methods of diagnosis and
treatment. Non-invasive diagnostic procedures such as
Computed Tomography (CT) and Magnetic Reso-
nance Imaging (MRI) are often used in this context
[1], [2], but do not provide information on quantities
considered to be partially responsible for the forma-
tion and development of related pathologies [3]. The
key quantities describing flow field are time-dependent
velocity, pressure and endothelial shear stress [4]-[6].
The relationship between flow in the arteries, the en-
dothelial shear stress (ESS) distribution and the sites

where diseases develop has motivated much research
on arterial flow in the last decade. It is now accepted
that the sites where shear stresses are extreme or
change rapidly in time or space are the ones that are
most vulnerable [7], [8]. Endothelial shear stresses
cannot be measured. Knowledge of this field would
greatly facilitate the prediction of the formation and
growth of plaque [9].

According to many authors numerical methods,
such as finite element analysis (FEA), allow suffi-
ciently accurate determination of such transient field.
The analysis algorithms require discretization of the
governing equations into finite element equations.
Hence, mesh generation is an interface between physi-
cal domain representation and analysis algorithms. The
development of finite element codes has increased the
demands for quality finite element meshes. It is im-
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portant to have realistic and quality geometric mod-
els with minimal number of elements for accurate
and efficient finite element calculations. The mesh
quality plays an important role in finite element
simulations [10]. It is well known that poor quality
meshes result in poorly conditioned stiffness matri-
ces in finite element analysis. Also, it affects the
stability, convergence, and accuracy of finite element
solvers. The accuracy of the numerical solution is
determined by the nature of the mesh used to repre-
sent physical domain [11]. This is especially appar-
ent within the CFD field, where numerical errors,
dependent upon the quality of the mesh, become
visible in the flow solution. In order to be used for in
vitro research, the grid generation process needs
automation [12], [13]. There has been tremendous
progress in the area of surface reconstruction and 3D
geometric modeling, but it still remains a challenging
process to generate 3D meshes directly from imaging
data [14], [15].
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Fig. 1. Mapping of a block from solution domain (SD)
to computational domain (CD)

Structured mesh generation is the most appropriate
method for discretising domains. The method is based
upon a direct mapping from the physical or solution
domain (SD) to computational domain (CD) (Fig. 1a).
Boundary points prescribed within the solution do-
main are used to interpolate the interior points within
the computational domain. The grid point distribution
is generated by the solution of a set of three Poisson
equations, one for each coordinate direction. Struc-
tured grids use general curvilinear coordinates to pro-
duce a body fitted mesh. This has the advantage that
boundaries can be exactly described and hence
boundary conditions can be accurately modeled. Un-
fortunately, this approach cannot be used for complex
geometries.

Artery bifurcations may have very complicated
configuration [16]-[19]. Lately, the trend is patient-

specific modeling [20], [21]. The flexibility required
to construct vessel’s computational grids has led to
the development of a multiblock or composite grid
approach. This approach is a very effective tool for
generating computational structured grids in biome-
chanics and engineering since it allows larger, more
complex and better quality meshes to be produced.
The solution domain is subdivided into a set of
blocks [22]. Now, each block in the SD is mapped
onto a Cartesian block in the CD (Fig. 1b). Struc-
tured mesh techniques are applied to blocks. Blocks
are then linked together to produce a much larger
mesh. Since multiblock grids are unstructured on
block level, information about block connectivity is
needed along with the each block. The actual SD
on which the governing physical equations are
solved is therefore a set of connected, regular blocks
in the CD.

Multiblock approach requires definition of block
topology. Topology is meant as constructing a wire-
frame model around volumetric model by placing
wireframe points, linking these points, and assigning
them to fixed surfaces. The paper analyzes a few
cases of blocks’ topologies for a complex geometry
of artery bifurcation with the minimum possible er-
rors in the numerical solution. The most general
principles that make a clear line between the bad and
the optimum arrangement of the blocks are pre-
sented.

2. Materials and methods

2.1. Topologies of blocks

A procedure we use is based on setting up user-
defined sections of the artery geometry. We observe
a set of n sections marked as shown in Fig. 2a. For
each section the coordinates of barycenter point, nor-
mal vector and maximum dimensions of vessel are
known. These arrangements of the blocks are ob-
served in each section from the top of the z axis, apro-
pos from head to feet of patient. Blocks’ vertices are
placed in the section to form a 2D array and are
divided into two groups: external and internal ring
(Fig. 2b). The external vertices of the block (external
ring) are set to lie in the section and outside of vessel
at half the maximum dimension of the section from
the section center point in directions of local coordi-
nate axes x and y. The internal vertices of a block
(internal ring) are placed inside vessel.
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Fig. 2. Vertices of the blocks:
(a) sections containing block vertices
and (b) layout of vertices in each section

Over the vertices different block scheduling strate-
gies may be applied using all or just some of the verti-
ces. Number of division on the block opposite sides
must be equal. Let us first consider block scheduling
strategy around the straight circular vessel. Only the
external vertices (external ring) are used. We consider
the case where just one block is used and the number
of elements per block’s edge is 2 (Fig. 3a). Nodes on
the surface described by the point cloud are obtained
by projecting the grid points on the point cloud in
direction connecting the appropriate grid points of
opposing edges of the block. Nodes within the domain
are constructed by transfinite interpolation (TFI).
Elements closest to the external vertices of the blocks
in such a mesh will have an irregular shape, or so-
called very large skew angle, so that their shape will
affect the quality of results. It should be noted that this
case is applicable only to a tube without branching. If
there is any branching, this simplest case of the layout
of blocks cannot be applied.

If we construct a topology with 3 x 3 blocks, we
get the opportunity to model branching (Fig. 4).
Vertices of the blocks are marked with numbers
1-16, where number 1 denotes lower left vertices on
internal ring, and number 5 denotes lower left verti-
ces on external ring. Vertices in the following sec-

tions always have a numbering increased for 16
compared to the vertices that precede them. The
block marked by I denotes the central block. Other
blocks are denoted by II to IX. Three blocks on the
left and right are used to describe the mesh before
and after the branch, and three blocks in the middle
exists only before the bifurcation. In this case unfa-
vorable deformed elements are obtained in the blocks
that are closest to the external corner vertices (in
blocks II, IV, VI, and VIII).

a) b)
Fig. 3. Mapping from computation to physical domain
for straight vessel
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Fig. 4. The first variant: (a), (b) mapping from computational
to physical domain in section, and (c¢) local numeration
of vertices and blocks in section

Fig. 5. Configuration of blocks obtained by the first variant
of topology of blocks
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To generate proper elements of the entire domain,
it is necessary to apply more sophisticated layout of
the blocks. One of the possible topologies is shown in
Fig. 6. Vertices of the blocks are marked with num-
bers 1-8, where number 1 denotes lower left vertices
on internal ring, and number 5 denotes lower left
vertices on external ring. Vertices in the following
sections always have a numbering increased for
8 compared to the vertices that precede them. The
block marked by I denotes the central block. Blocks
below, right, above, and left are denoted by 11, III, IV,
and V, respectively.
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Fig. 6. The second variant: (a), (b) mapping from computational
to physical domain in section, and (c) local numeration
of vertices and blocks in section

In this topology, the set of 8 vertices are as-
signed the smallest number of blocks that provide
the proper elements. Since grid point is always
projected in the direction that connects the two cor-
responding grid points of opposing edges of the block,
this way ensures that each unit generates proper
hexahedral elements. Block configuration obtained
by the second variant of block topology is given in
Fig. 7.

xyz — o

Fig. 7. Configuration of blocks obtained by the second variant
of topology of blocks

2.2. Mesh generation

An automatic method of subdividing the flow do-
main into blocks has been implemented in software
[23]. Once the topology definition has been done, grids
are produced automatically starting in-house stl2fem,
which uses an algorithm to extract quality hexahedral
meshes directly from volumetric data. Software em-
ploys a multiblock meshing scheme aimed at hexa-
hedral mesh generation. No relaxation based tech-
nique is deployed to improve mesh quality. The final
numerical models contain elements that are exactly
fitted on the border. The modeled carotid artery
bifurcation for both variants of block topology is
presented in Fig. 8.

Fig. 8. Blocks’ topologies applied to carotid artery bifurcation model:
a) the first variant, b) the second variant

2.3. Numerical analysis

This section explores the influence of block to-
pologies in the study of hemodynamic characteristics
of carotid artery bifurcation. Software used for blood
flow simulation is PAK-F Explicit. This solver in-
volves modules for steady and transient incompressi-
ble fluid flow with heat transfer. It is developed on
finite element method and corresponds to the funda-
mental equations of viscous fluid flow. Programming
language FORTRAN, especially suited for numerical
computations, was used to develop basic subroutines
of PAK-F Explicit. The calculation results obtained
are written in several file formats such as FEMAP
neutral file, IDEAS graphics file, and VTK Paraview
format (*.vtk file) [24].

Basic differential equations that govern the flow of
an incompressible fluid [25]-[27], [4] are the Navier—
Stokes equations given by the expressions

ov.
p(a_tlJrV.ivi,.ij:%,j + 1, e)

Vi =Vt Vo, +v55=0. ()
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Equation (1) represents the second Newton’s law
applied to the mass of fluid in control volume and (2)
represents the continuity equation of fluid flow.

Constitutive relations for stress in Newtonian fluid
are described by the following equation

0, =—po; +7, 3)
where p is the pressure of fluid, ; the Kronecker delta

symbol and z; is the shear stress. Shear stress is pro-
portional to the strain rate tensor as

T, = 2,ue'l.j 4

where ¢; is the strain rate tensor defined as

) 1
e; :E(Vi,‘/ +vj’l.) . ®)

Replacing the constitutive relation for the stress (3)
in equation (1) and applying the continuity equa-
tion (2) next relation is obtained

ov,
p(a_; + VjVi,_/J =—p;,tHv, ; + f,‘V ) (6)

where p is the fluid density, v is the velocity of fluid,
p is the pressure of fluid, u is the dynamic viscosity

and f are the volume forces. Using the Galerkin
method, with appropriate interpolation functions

vi=hV' I=1,2,..,N, (7
p=hP I1=1,2,..M, (8)

and integration by volume of finite element, a matrix
form of equations (6) and (2) is obtained such as

MV +K, V+K, P=F, Q)
T
K/ V=0. (10)

Components of this matrix and vectors from (9)
and (10) are

K@,szhJUdV, (11)
14
(Kwh=jhw%fW4IyMJhﬂV, (12)
14 14
(Kvpi)lj = _I h[,ihAJdVﬂ (13)
14
(14)

(Fvi)l = J.hlf;'VdV-i_J.hj (‘]755,» +,uV,A,j)nde .
4 N

By grouping equations (9) and (10), the system of
differential equations is presented as

e SIHEL e

MU+KU=F.

or

(16)

The system of equations (15) is a symmetrical
system of nonlinear differential equations of first
order by unknown values in nodes V and P. The
matrix K,, (12) is nonlinear, since it depends on ve-
locity.

Endothelial or wall shear stress is a hemodynamic
factor of great importance to the study of the prob-
lem of blood flow. It is calculated based on the
equation

t
(0,
L= H

17)
5” wall
where 7; is the endothelial shear stress, v, is the tan-
gential velocity and » is the direction of a unit vector
normal to the wall at the moment ¢. The tangential
velocity is first calculated at the integration points
near the wall surface, and then the velocity gradient

0'v,/0n is numerically evaluated.

The calculation of fluid flow through carotid artery
bifurcation was performed in 30 steps (10 by 0.02 s
and 20 by 0.03 s). Total time is 0.8 s. The average
flow velocity in the inlet, density of blood, and coeffi-
cient of dynamic viscosity are adopted according to
[28], [29]. Time function is a standard phase of sys-
tole and diastole of one human cardiac cycle (Fig. 9)
[28], [29].
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Fig. 9. Input flow waveform for one human cardiac cycle
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The boundary conditions for the calculation model
are:

e inlet velocity profile is a paraboloid (analogy
with fluid flow through a circular tube),

e on the walls of the artery fluid velocity is set to
zero (no-slip condition),

¢ on the outlet surfaces of artery surface forces are
set to zero.

3. Results

Simulation of blood flow through the carotid ar-
tery bifurcation was carried out on realistic three-
dimensional numerical models generated by a proce-
dure described in the previous section. The results of
ESS for the first and the second variant of finite ele-
ment mesh are shown in Fig. 10. There is a low value

1« variant 24 variant
Wall shear stress [Pa] Wall shear stress [Pa]
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e T e |
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1
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Fig. 10. Endothelial shear stress calculation results
for both variants of FE mesh in steps 01, 03 and 05
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of endothelial shear stress on the external carotid ar-
tery (ECA), where cross section is bigger and flow
velocity is smaller. In these areas there is a possibility
of the atherosclerosis occurring. From the results ob-
tained by analyzing the two models of the carotid
artery bifurcation it can be seen that the quality of
finite element meshes affects a lot endothelial shear
stress field. For the first variant of the finite element
mesh ESS field has bad results displayed as a line that
runs along the entire artery. In the second variant of
the finite element mesh, the results are good and show
that the ESS have maximum at constriction of blood
vessel.

4. Discussion

For medical purposes, local endothelial shear
stress is one of the most fundamental factors influ-
encing endothelial structure and function, and it is the
central factor responsible for the localization of ath-
erosclerotic plaque formation and progression. Cur-
rent developments in the technology used to charac-
terize local ESS and vascular remodeling in vivo
provide a rationale for innovative diagnostic and
therapeutic strategies for patients that aim to prevent
clinical syndromes. Early identification of local ESS
patterns, local plaque morphology, and local remod-
eling responses will probably enable identification of
the early stages of plaques that will evolve into a high-
risk, rupture prone lesion [30]. Early identification of
these lesions may provide the framework and justifi-
cation for pre-emptive strategies to interrupt the natu-
ral history of these high-risk plaques. To date, the
methodologies for characterizing local shear stress
distribution and other hemodynamic parameters in
circulation have been used for research purposes only,
because no tools are available to provide this infor-
mation in a routine manner.

All these facts point to the great importance of ar-
terial bifurcation rapid modeling. In the conventional
methods of model generation, the time needed for
ESS profiling depends on the time needed to segment
the artery wall components, to obtain a 3D recon-
struction and mesh generation, and to perform the
computational fluid dynamics. Attempts are underway
to speed up the patient-specific model generation
techniques by improving the specific steps. Our mesh
generator stl2fem is one of them. It uses composite or
multiblock approach as the best way to generate finite
element mesh with minimum errors in the numerical
solution. One of the phases of the software develop-
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ment is presented in this paper. Our goal was to de-
termine the most optimal topology of blocks which
gives exact solutions. The analysis presented shows
that the first variant of block topology has elements
with very large skew angle and this configuration
results in bad calculation results of ESS. Otherwise,
the second variant of block topology being favorable,
is adopted and implemented in in-house mesh gen-
erator stl2fem. Baseline of this approach is that the
time-consuming 3D surface reconstruction phase is
skipped, thus the process of generating a 3D finite
element model can be completely programmed and
performed in routine manner.

Rapid modeling of patient-specific artery bifurca-
tion opened up new avenues in the investigation of the
role of ESS in the natural history of atherosclerosis
and in the future we hope it will be powerful tool in
everyday medical practice in decision making process
for a single patient. This methodology not only allows
detailed characterization of arterial plaque at a single
point in time but, if studied in serial manner, now
allows prognostic insight into how plaques change
over time and what antecedent features predict the
future behavior of the plaque. Ultimately, this infor-
mation may be useful for collective teams of medical
clinicians, scientists and engineers to facilitate trans-
lation to improved bifurcation stent designs or tech-
niques. Better understanding of the interplay between
local flow conditions and the formation and progres-
sion of plaque in bifurcations may define areas of
angiographic interest in high-risk patients, enhance
our ability to prospectively identify regions most likely
to be inflicted by plaque and possibly facilitate de-
ployment of hemodynamically-driven treatment strate-
gies with better clinical outcomes [31].

Acknowledgements

Part of this research has been supported by Ministry of Educa-
tion, Science and Technological Development, Republic of Serbia,
Grants TR32036 and OI175082.

References

[1] ZHANG Y., BAIAJ C., Adaptive and quality quadrilateral/hexa-
hedral meshing from volumetric data, Computer Methods in Ap-
plied Mechanics and Engineering, 2006, Vol. 195, 942-960.

[2] ZHANG Y., BAJAJ C., SOHN B.S., 3D finite element meshing
from imaging data, The special issue of Computer Methods in
Applied Mechanics and Engineering on Unstructured Mesh
Generation, 2005, Vol. 194, 5083-5106.

[3] LoNG Q., XUA X.Y., COLLINS M.W., BOURNE M., GRIFFITH T.M.,
Magnetic resonance image processing and structured grid gen-
eration of a human abdominal bifurcation, Computer Methods
and Programs in Biomedicine, 1998, Vol. 56, No. 3, 249-259.

[4] Koiic M., FiLirovic N., StojaNovic B., Koiic N., Computer
modeling in Bioengineering, John Wiley & Sons Ltd., 2008.

[5] RENEMAN R., ARTS T., HOEKS A., Wall Shear Stress — an

Important Determinant of Endothelial Cell Function and

Structure in the Arterial System in vivo, Journal of Vascular

Research, 2006, Vol. 43, 251-269.

MARIUNAS M., KUZBORSKA Z., Influence of load magnitude

and duration on the relationship between human arterial

blood pressure and flow rate, Acta of Bioengineering and

Biomechanics, 2011, Vol. 13, No. 2, 67-72.

[7] ZArRINS C.K., GIDDENS D.P., BHARADVAJ B.K., SOTTIURAI V.S.,

MABON R.F., GLAGOV S., Carotid bifurcation atherosclerosis.

Quantitative correlation of plaque localization with flow

velocity profiles and wall shear stress, Circulation Research,

1983, Vol. 53, 502-514.

ScuuLz U.G., ROTHWELL P.M., Major Variation in Carotid

Bifurcation Anatomy: A Possible Risk Factor for Plaque De-

velopment, Stroke — Journal of the American Heart Associa-

tion, 2001, Vol. 32, 2522-2529.

RmNDERU P.L., RINDERU E.T., GRUIONU L., BRATIANU C.,

A FEM Study of Aortic Hemodynamics in the Case of Steno-

sis, Acta of Bioengineering and Biomechanics, 2003, Vol. 5,

No. 2.

[10] ZHANG Y., BAaJas C., XU G., Surface smoothing and quality
improvement of quadrilateral/hexahedral meshes with geo-
metric flow, Proceedings of 14th International Meshing
Roundtable, 2005, 449-468.

[11] GARcIA E., SERON F., BALDASSARRI S., The challenge of
hexahedral meshing of arterial geometry, Machine Graphics
& Vision International Journal, 2008, Vol. 17, No. 1, 35-55.

[12] GEORGE P.L., Automatic mesh generation: application to
finite element methods, Wiley, 1991.

[13] Ruiz-GIRONES E., Structured and Semi-Structured Algorithms
for Hexahedral Mesh Generation, Universitat Politécnica de
Catalunya, Barcelona, PhD Thesis, 2009.

[14] http://www.truegrid.com/

[15] GROSLAND N.M., SHIVANNA K.H., MAGNOTTA V.A,,
KALLEMEYN N.A., DEVRIES N.A., TADEPALLI S.C., LISLE C.,
14A-FEMesh: An open-source, interactive, multiblock approach
to musculoskeletal finite element model development, Com-
puter Methods and Programs in Biomedicine, 2009, Vol. 94,
No. 1, 96-107.

[16] ZHAO S.Z., ARIFF B., LONG Q., HUGHES A.D., THOM S.A.,
STANTON A.V., XU X.Y., Inter-individual variations in wall
shear stress and mechanical stress distributions at the ca-
rotid artery bifurcation of healthy humans, Journal of Bio-
mechanics, 2002, Vol. 35, 1367-1377.

[17] SouLis J., FARMAKIS T., GIANNOGLOU G., LOURIDAS G.,
Wall shear stress in normal left coronary artery tree, Journal
of Biomechanics, 2006, Vol. 39, 742-749.

[18] NGuyEN K.T., CLARK C.D., CHANCELLOR T.J.,
PAPAVASSILIOU D.V., Carotid geometry effects on blood flow
and on risk for vascular disease, Journal of Biomechanics,
2008, Vol. 41, 11-19.

[19] OwWIDA A.A., Do H., MoRrsI Y.S., Numerical analysis of
coronary artery bypass grafis: An overview, Computer Methods
and Programs in Biomedicine, 2012.

[20] GOUBERGRITS L., AFFELD K., FERNANDEZ-BRITTOY .,
FALCON L., Investigation of geometry and atherosclerosis in
the human carotid bifurcations, Journal of Mechanics in
Medicine and Biology, 2003, Vol. 3, No. 1, 31-48.

[21] SHivANNA  K.H., AbpamMs B.D., MAGNOTTA V.A,
GROSLAND N.M., Towards Automating Patient-Specific

—
N
[t}

—
[e e}
=

[9

—



104 M. BLAGOIEVIC et al.

Finite Element Model Development, Proceedings of the
Computational Biomechanics for Medicine Workshop at
MICCALI, 2006.

[22] SHIRSAT A., GUPTA S., SHEVARE G.R., Generation of multi-
block topology for discretization of three-dimensional do-
mains, Computers & Graphics, 1999, Vol. 23, 45-57.

[23] BLAGOIEVIC M., STL2FEM — Software for automatic mesh
generation of patient-specific artery bifurcations, University
of Kragujevac, Faculty of Engineering, Kragujevac, Serbia,
2011.

[24] BLAGOJEVIC M., NIKOLIC A., ZIVKOVIC M., Visualization of
field of fluid flow calculated by fem sofiware PAK-F in post-
processing software ParaView, [in:] YU INFO 2012, Kopaonik,
Serbia, 2012.

[25] BATHE K.J., Finite element procedures in engineering analy-
sis, Englewood Cliffs, Prentice-Hall, New Jersey, USA,
1996.

[26] Koni¢ M., FiLieovic N., ZIVKOVIC M., SLAVKOVIC R.,
GRUJOVIC N., PAK-F, Program for FE Analysis of Fluid
Flow with Heat Transfer, University of Kragujevac, Faculty

of Mechanical Engineering, Laboratory for Engineering
Software, Kragujevac, Serbia, User’s Manual, 1999.

[27] KoJi¢ M., SLAVKOVIC R., ZIVKOVIC M., GRUIOVIC N., Finite
element method I — Linear analysis, (in Serbian), 1lst ed.,
Kragujevac, Serbia: University of Kragujevac, Faculty of
Mechanical Engineering, 1998.

[28] PErkTOLD K., RESCH M., FLORIAN H., Pulsatile non-
Newtonian flow characteristics in a tree-dimensional human
carotid bifurcation model, Journal of Biomechanical Engi-
neering, 1991, Vol. 113, 464-475.

[29] PErRkTOLD K., RESCH M., PETER O., Three-dimensional
numerical analysis of pulsatile flow and wall shear stress in
the carotid artery bifurcation mode, Journal of Biomechanics,
1991, Vol. 24, 409-420.

[30] STONE P.H., FELDMAN C., In vivo assessment of the risk
profile of evolving individual coronary plaques: A step
closer, Circulation, 2011, Vol. 124, 763-765.

[31] GIANNOGLOU G., ANTONIADIS A., KOSKINAS K., CHATZIZISIS Y.,
Flow and atherosclerosis in coronary bifurcations, Euroln-
tervention, 2010, Vol. 6, J:J16-J23.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


