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Abstract: Cerebral aneurysm is one of the major diseases of cerebral arteries.
The hemodynamics plays a key role in aneurysm growth and rupture while an
individual morphology of the cerebral artery is the most important factor which
influences the aneurysm hemodynamics. The patient-specific model of aneurysm was
taken for the evaluation of the blood flow into the aneurysm region. The numerical
mesh was created for domain which consisted of 2 million elements. Using the
developed software complex a numerical simulation was performed for the time period
of T=15s. According to the numerical results the unstable vortex exists in the aneurysm
region which could lead to thrombus formation. The maximum velocity — u = 1,27 m/s
blood has at the inlet segment elbow while at the outlet segment a velocity does not
exceed the 0,75m/s. An intra-aneurysmal velocity magnitude varies from 4-107
to 0,5 m/s. The lowest value of wall shear stress was obtained in the aneurysm dome,
which can be a cause of the future growing and rupture of the studied aneurysm.
The presented method can be used for the evaluation of the aneurysm flow-pattern for
clinical decision support process.

Introduction. Cerebral aneurysm is one of the major diseases of cerebral arteries.
According to the researchers [2 — 5] the hemodynamics plays a key role in aneurysm
growth and rupture. Individual morphology of the cerebral artery is the most important
factor which influences the aneurysm hemodynamics. The patient-specific evaluation of
aneurysm hemodynamics is a promising method for investigation of intra-aneurysmal
flow-pattern which helps the surgeon in decision making process on the pre-operational
stage.

Methods. The patient-specific model of aneurysm was taken for the evaluation of
the blood flow into the aneurysm region (Fig. 1). A selected cerebral region has one inlet
and two outlets. The size of the cerebral segment is 35.8 x40 x 79 mm with an aneurysm
sac of 11.2x11.4x 14.1 mm. The inlet and outlet tubes have a diameter of 8 mm.

* The reported study was supported by the Supercomputing Center of Lomonosov Moscow
State University [1].
ITo marepuaiam [IoKiana Ha KOH(OEPECHIHH «AKTyallbHBIC MPOOIEMbI SHEProcOCPEKEeHH s
1 9HEProd3HHEKTHBHOCTH B TEXHUYECKUX CHCTEMAX).
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Fig. 1. Patient-specific geometry of the cerebral aneurysm

To describe the three-dimensional blood flow as incompressible Newtonian fluid
we use the conservation momentum law:

W Vu—vaustvpo =R (1)
ot p p

where u — blood velocity, m/s; v — kinematic blood viscosity, m%/s; p — dynamic blood
viscosity, Pa/s; p — blood density, kg/m3; P — blood pressure, Pa; ' — external forces;
t —time, s.

Under external forces f in equation (1) is usually understood gravity. This value
in the simulation of hemodynamics, can be neglected (/= 0). Blood kinematic viscosity
consider constant v =const. Thus, in equation (1) there are two unknowns: blood
velocity u and pressure P a continuity equation should be added:

op .
—+divpu =0. 2
p p (2)

Since blood is modeled as incompressible Newtonian fluid, then p = const.
Therefore, equation (2) can be written as:
divu =0. 3
Thus, equations (1), (3) formed a closed equation system, describing blood flow
through cerebral artery in three-dimensional space (3D hemodynamics model).
For solving system of equations (1)—(3) the proper initial and boundary
conditions were applied. The no-slip condition was used for the vessel wall:
=0. 4
! |wall ( )
For cerebral segment boundaries the boundary conditions can be applied by
researcher. However most promising method is to obtain boundary conditions from a
multiscale hemodynamics model [6]. In present case, the boundary conditions were
taken from in vitro measurements from Interdisciplinary research library (IFL) of
Klinikum Rechts der Isar. To apply the proper initial conditions u, =u(x, y,z,t) and

Py =P(x,y,z,t) at =0 the Stokes problem was solved:

~VAuy+VF = f;
div Uy = 0.

®)

In system (5) also as in the system (1), (3) influence of external forces neglected
(f=0). The boundary conditions are the same as for system (1) — (3).

Results. The numerical mesh was created for domain which consisted of 2 million
elements. Using the developed software complex a numerical simulation was performed
for the time period of 7=5s with a time discretization period of Ar=2-10"s.
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Fig. 2. Streamlines for the patient-specific aneurysm model of cerebral artery
at systolic peak

The Lomonosov supercomputer was used for the numerical simulations.
A duration of the cardiac cycle was T ,gi.c =1 s while the systolic period was

Ty = 0.2. The streamlines for the systolic peak are shown in Fig. 2.

According to the numerical results the unstable vortex exists in the aneurysm
region which could lead to thrombus formation. The maximum velocity — « = 1,27 m/s
blood has at the inlet segment elbow while at the outlet segment a velocity does not
exceed the 0,75m/s. An intra-aneurysmal velocity magnitude varies from 4-10°*
to 0,5 m/s. The lowest value of wall shear stress was obtained in the aneurysm dome,
which can be a cause of the future growing and rupture of the studied aneurysm.

Conclusion. The paper presents the quantitative analysis of the intra-aneurysmal
hemodynamics in the patient-specific model of the cerebral aneurysm. The presented
method can be used for the evaluation of the aneurysm flow-pattern for clinical decision
support process.
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KiroueBble c10Ba: aHeBpusMa; Ga3wispHas apTepHst; TeMOANHAMIKA; MaTeMa-
THYeCKast MOJIEIb; CEPACYHO-COCYANCTAs CUCTEMA.

AHHoTanms: Mcnone3oBaHa WHAWBHAYaIU3UPOBAHHAS MOJEIb AHEBPU3MBI
JJId OICHKHU KPOBOTOKa B TIOJIOCTH aHCBPU3MBI. HOCTpOCHa BBIYUCIINTCIIbHAsA CCTKa,
COCTOSIIIAast U3 JBYX MHJUIMOHOB 311eMeHTOB. C HCIOJIb30BaHUEM Pa3padOTaHHOIO MpO-
rpaMMHOTO o0ecriedeHusi IPOMOJIEIIMPOBaH Neprol BpeMeHu paBHbIil 7 =5 c. Cornac-
HO YHCJIEHHBIM pe3yJibTaTaM, B OOJIaCTH aHEBPHU3MBI MPUCYTCTBYET HECTAOMIIBHBIN
BUXpb, KOTOPHIA MOXKET CTaTh MPHYUHON TpomOooOpa3oBaHWs. MaKcHManbHas CKO-
pocth KpoBH © = 1,27 M/c HabmromaeTcs B M3ruOe BXOJHOTO CETMEHTa, B TO BpeMs Kak
CKOPOCTh KPOBH B BBIXOIHOM cermeHTe He mpeBocxomuT 0,75 m/c. CKOpOCTb KpOBH
B [IOJIOCTH aHEBPH3MEI H3MensieTcst ot 4107 1o 0,5 m/c. HanMeHblee 3HaueHre MpH-
CTEHOYHOT'O HAIPSKEHUSI CABUTA OOHAPYXKEHO B KyIOJIE aHEBPU3MBI, YTO MOXKET OBbITh
IIPUYMHON IajabHEMILIEro pocTa U pas3pbiBa UCCIeAyeMoll aHeBpu3Mbl. 1IpennoxeHHbIi
MCTOA MOXCT 6]>ITI) HCIIOJIB30BAaH JIA OLICHKU KPOBOTOKa B O6IlaCTl/I AHCBPHU3MBbI IIpHU
MOAJEPKKE IPUHSTHSL PELLIEHUI Bpaya.
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Mathematische Modellierung der Himodynamik im individualisierten
Modell im Zerebralaneurysma

Zusammenfassung: Das Zerebralaneurysma ist eines der wichtigen Erkrenkungen
der Zrebralarterien. Die Schliisselrole in dem Wachsen und in der Aneurysmaruptur
spielt die Himodynamik, die die individuele Morphologie der Zerebralarterie des
Patientes wesentlich beeinflusst. In der Arbeit wurde das individuelle Modell des
Aneurysmas fiir die Einschéitzung der Blutstromung in der Aneurysmahdhle benutzt.
Es wurde das Rechennetz, das aus 2 Millionen Elementen besteht, aufgebaut.
Die entwickelte Software benutzend, wurde die Zeitperiode gleich 7= 5 Sekunden
modelliert. Laut den zahlenmédfigen Ergebnissen gibt es auf dem Gebiet des Aneurysmas
einen instabilen Wirbel, der als Grund der Blutpfropfbildung warden kann. Die maximale
Geschwingigkeit des Blutes u = 1,27 m/s wird in der Biegung des Eingangssegmentes
beobachtet, wihrend die Geschwindigkeit des Blutes im Ausgangssegment nicht grofer
als 0,75 m/s ist. Die Geschwindigkeit des Blutes in der Aneurysmahdhle verdndert sich
von 4-107 bis 0,5 m/s. Der kleinste Wert der Wandspannung der Verschiebung wurde
in der Aneurysmakuppel aufgefunden, was einen Grund des weiteren Wachsen und der
Ruptur des untersuchenden Aneurysmas sein kann. Die vorgeschlagene Methode kann
fiir die Einschédtzung der Blutstromung auf dem Gebiet des Aneurysmas bei der
Unterhaltung des ArztbeschluPBfassen benutzt sein.

Modélage mathématique de I’hémodynamique dans un modéle
individualisé de I'anévrisme cérébral

Résumé: L’anévrisme cérébral est l'une des principales maladies des artéres
cérébrales. Le role clé dans la croissance et dans la rupture de l'anévrisme joue
I’hémodynamique, qui est significativement affectée par la morphologie individuelle de
I’ artére cérébrale d'un patient. Dans ’article a été utilisé le modéle individualisé de
I'anévrisme pour évaluer le flux sanguin dans la cavité de I'anévrisme. A été construite
la grille de calcul composée de 2 millions d'éléments. En utilisant un logiciel développé,
a ét¢ modélée une période de temps égale a T=5 secondes. Selon les résultats
numériques, dans le domaine de l'anévrisme est présent un tourbillon instable qui peut
devenir la cause de la formation de thrombus. La vitesse maximale de sang u = 1,27 m/s
est observée dans un méandre de I'entrée d'un segment, alors que la vitesse du sang dans
le segment de sortiec ne dépasse pas de 0,75 m/s. La vitesse du sang dans la cavité d'un
anévrisme change de 4-10 4 0,5 m/s. La plus petite valeur de la tension du décallage a
été détectée dans la coupole de l'anévrisme, ce qui peut étre la cause de la poursuite de
la croissance et de la rupture de l'anévrisme étudié. La méthode proposée peut étre
utilisé pour évaluer le flux sanguin dans le domaine de l'anévrisme avec l'appui de la
prise de la décision par le médecin.

ABTOpBI: Cunoees Cepzeit Bauecnagosuu — acnvpant kadeapsr «buomenniua-
cKas TexHuKa»; @Pponoe Cepeeii Bnadumupoguy — NOKTOp TEXHUYECKUX HAYK, podec-
cop, 3aBenyronmii kadenpor «buomenummHckas TexHukay, ®I'BOY BIIO «TI'TVY»;
Baysp An llmeghan — PhD, ipodeccop, Bpad HEHPOPaHOIOTHYECKOTO OTISIICHUS KITH-
Hukn «Pexrc nep Mzapy», Texunueckuit yauBepcurer MionxeHa, r. MionxeH (I'epmanms).

Peuensenr: [I'amanoea Hamanva Ludurxoena — NOKTOpP TEXHUYECKUX HAYK,
npodeccop, 3aBeaytomas kadeapoii « TexHoIorHueckre NpoLecchl, armnaparbl U TEXHO-
cdepnas 0ezonacHoctsy, DI'BOY BIIO «TI' TY».
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