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Abstract: The arterial tree model, including description of the
upper-body arteries and detailed description of cerebral circulation,
is proposed. The model can be used for determination of the
hemodynamic parameters in the circle of Willis. The simulation
results allows for correct definition of the boundary conditions for
the multiscale hemodynamic models.

For research of the cerebral circulation it is proposed to use a multiscale
mathematical model of hemodynamics, consisting of the set of mathematical
models of circulation with a different level of detail [1, 2].

Mathematical model of the arterial tree is used for coupling of the model of
global hemodynamics (0D model) [3] with the model of local hemodynamics of
a cerebral artery. In the developed model, the arterial tree is described as set of
one-dimensional arteries. The following assumptions are used: blood velocity
and pressure changes only in one dimension (along the vessel); blood is
modeled as incompressible Newtonian fluid; flow is laminar; vessel wall is
isotropic, linear-elastic; vessel wall is incompressible; gravity is neglected.
The 1D model structure, including 48 main arteries, is shown in Fig. 1.
The model includes upper-body arteries and a detailed description of the cerebral
circulation [4].
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Fig. 1. The structure of the one-dimensional mathematical model of the upper-body
and cerebral arteries. Red color is used to represent the nodes of the 0D model,
yellow color is used for bifurcations; violet color is used for terminal elements

Sample element of the one-dimensional artery is shown in Fig. 2. In one
dimensional representation i-th vessel with the lengthZ;is divided in n,

elementary segments with the length dx
L
n=—1-, ie|l,N|, 1
=L, ie[LN] m
where n; is the number of the elementary segments in i-th vessel; L; is the
length of the i-th vessel; dx is the length of the elementary segment of the
vessel; N is the total number of arteries in the arterial tree model.
The elementary segment is characterized by the elementary blood volume

dV and the pressure dPinside it. The link between i-th and i-1-th elementary
segments is characterized by volumetric blood flow ¢, , ;.
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Fig. 2. A schematic representation of the vessel and bifurcation

For the elementary volume dV,, it can be written

dav.
dl‘l zzqini_zqouti’ (2)
in

out

where Y g, is the sum of the volumetric blood flows going in to the i-th
in
elementary segment; Zqout ; 1s the sum of the volumetric blood flows going
out
out the i-th elementary segment.
For the pressure dP; in the elementary segment, it can be assumed that the

linear dependency between elementary volume dV; and pressure dP;
dP; =e;(dV, -dU;), 3)

where dU ; is the unstrained volume of the i-th elementary segment; e; is the

wall elasticity of the i-th elementary segment.
For the volumetric blood flow g¢;, the Poiseuille law can be used:

nd,*
=—— AP, 4
q; D2, “)
where 1 is thedynamic viscosity; d; is thediameter of the i-th elementary
segment.
For the cross-section area, the following assumption is used:
dV,—dU,
ds, =2 =40 5)
dx

where dS; is the area of the i-th segment cross-section; 7; is the radius of the
cross-section.
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For the elementary segment, the following equations can be used:
dv, _
dt

g; =——"1; (6)

B = Ci(Vi _Ui)-

qi-1—94;5

After some operations, the final equation for the elementary segment is as
follows:

] . -R, —R,_,)C; .
dVl :|:Cl—1 V;_l-i‘( 1 l*l) ZV+C;+1 V;+1:|+

dt R; R R l ;
Lo Ci_U;, N (Ri +Ri—1)CiUi - CaUin 7)
R RiR; R;
and in the matrix form:
dv.
dt
A {CM (R -R)C Gy } :
i b
R, R;_|R; R;
Via 3
Vi=| Vi |5
_V;‘+1
B - -C;_ U, N (R +R_)CU, _CGiaUiy _
l | Ry Ri_\R; R;

Spreading the presented method for the set of elementary segments, the
following system can be obtained:

ﬂ:AV+B;
dt
7]
v,
Ao C (R-R)G Cy v-|7,
Rz—l Ri—lRl Rl
_Vn_

-C,_U; 4 N (R +R_;)CU; _CaUiy
R, R._ R R

)
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In the developed model the unknowns are ¢, ; and P, ;. These values can
be obtained from the OD model [5]. Thus for the inlet segment where ¢, is
known, the following equation can be used:

ﬁ: —QVH‘&Vz + M"“Io ) (10)
dt R, R, R,

For the outlet segment of the arterial tree where P,., is known, the
equation will be:

W, [Cy (RRAG, ],
dt | R,

n n—1"'n

+| = GV + (Rn + Rn—l)CnUn + L ) (11)
Rn—l Rn—an Rn
For bifurcations it can be written:
dv. C C C C
d—'”{;’n — Vit —R'—*“V,-M}
t ; ; i1 i1
+|:_ C]lel + Cl'+;eUi+l _ CiJ;;UiJrZ + CiJertUi+4 i| (12)
i i i+1 i+1

Thus, the blood flow in the one-dimensional model can be modeled using
equations (1) — (12).
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KuarwueBble ciioBa: réMoJuHaMHUKa, MaTréMaTudcCckKas MOACIIb, MO3-
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Annoranus: IlpemiokeHa Mozens apTEpUATBHOTO pPyCia, BKIIO-
yarouasi OnucaHue apTepuil BEpXHEH 4acTH Teja U JAETajlbHOE OMHMCaHUE
nepedpaibHOTrO KpoBooOpameHus. JlaHHasi MOJIEb MMO3BOJISCT PACCUUTATh
TeMOJMHAMHYCCKUE TMapaMeTpel B o0JacTu Kpyra Bmimuca, 4ro moxer
OBITh HICTIONIF30BAHO JUIS OTPEACICHUS TPAaHUYHBIX YCIOBHI B MHOT'OMAc-
MTa0HBIX MOJIEIISIX TEMOIMHAMUKH.

© C. B. ®pornos, C. B. Cunpnees, J. Jlunm, A. banacco, 2015

YHUBEPCUTET um. B.1. BEPHALCKOI'O. Ne4(58). 2015. 201




<<
  /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


