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A Three-dimensional Finite
Element Model for Arterial
Clamping

Thomas C. Gasser

Christian A. J Clamp induced.in.ju'ries of the arterial 'waII may determ.ine the outcome of surgical pro-
U cedures. Thus, it is important to investigate the underlying mechanical effects. We present
Schulze-Bauer a three-dimensional finite element model, which allows the study of the mechanical re-
sponse of an artentreated as a two-layer tube-during arterial clamping. The important
Gerhard A. Holzapfel1 ré)sidual stresses,%hich are associate)c/i with the Ioag-free configurgtiogn of the a?rtery, are
also considered. In particular, the finite element analysis of the deformation process of a
Graz University of Technology clamped artery and the associated stress distribution is presented. Within the clamping
Institute for Structural area a zone of axial tensile peak-stresses was identified, which (may) cause intimal and
Analysis—Computational Biomechanics medial injury. This is an additional injury mechanism, which clearly differs from the
Schiesstattgasse 14-B, A-8010 Graz, Austria commonly assumed wall damage occurring due to compression between the jaws of the
URL: http://www.cis.tu-graz.ac.at/biomech clamp. The proposed numerical model provides essential insights into the mechanics of

the clamping procedure and the associated injury mechanisms. It allows detailed param-
eter studies on a virtual clamped artery, which can not be performed with other method-
ologies. This approach has the potential to identify the most appropriate clamps for
certain types of arteries and to guide optimal clamp desigBOl: 10.1115/1.1485284
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Model, Residual Stress, Finite Element Analysis, Finite Element Model

1 Motivation and Introduction sive force. However, this simplifying analytical model does not
consider the crucial constitutive behavior of arterial walls. Thus, it

Arterial clamps are chosen to compress arteries during surgery. . ; " )
P P 9 g|sy|ncapable of calculating wall stresses. Despite the clinical sig-

lséoafjh?;bi:10.32;?ng'Sth"grsztsesilAv\r/;eJ'a\lvf]?gp;?:S;OSr;’Ot?;;’ggevr\;itrﬁ%Yficance of arterial clamping there are relatively few studies,
variety of Jsevere short-term and Io'n -term complications. For ev@_hich are concerned with its local effects. Most of the experimen-
Y . L 9 P ’ &l investigations are animal studies and focus on morphological
ample, clamp induced Injuries may cause sponta_meous_ OCdus&%%nges. The observed injuries range from mild damage, which
gg\t/\?r?s;/ree:ﬁl tgéire;heT%z%?groen,s\,/:ljtglcetl):lia(rjes tuoierZ:fé'r?;} (é];atnﬁvolves only the intima, to severe damage with total disruptions
that allow efficient c.om ression' andgcause o?ﬂ minimal in.urnaP?he media, layer delaminations and even total wall disruptions
. 1ent compression ony : IUNyith associated bleeding. In addition, long-term changes such as
Severity and distribution of injuries depend @hthe arterial type stenose$11] and intimal hyperplasia—excessive thickening of the

[1,2], the geometry and the nonlinear and anisotropic materigl; . :
. . . - intima due to tissue growthl]-have been observed. Beside struc-
behavior of the clamped multi-layered artefty) the design of the tural changes also functional changes of clamped arteries have

E;%sgré (_;Iﬁmp[’f_—?_] ?nd (|f||t)h'the ar?pll_edl clart?lplng for_ces been investigated, for example, the ability to relax or contract
9,6,9. The optimization ot this mechanical problem requires pon application of certain drudd,8] and the ability to inhibit
numerical model, which considers appropriately all decisive fafﬂood clotting [12,13. The influences of the clamping force

tor'i. Yf;’ zl;tC:nimgﬁg;;;%%te?svﬁngﬁég :gzﬂzﬂgﬁtﬁztﬁn d?(t; 2,6,8,9 and of the duration of clampindLl4] have been studied.
pprop y p loreover, comparisons of different types of artefigsand dif-

ments of arterial clamp designs, and thus are of potential inter : Y . L
for surgeons and clamp suppliers. In the past the demand for %é_ent clamp desigri—7]in regard to clamp induced wall injury

it rerial ol has led t t ety of diff ve been performed.
propriate arterial clamps has lec 1o a great variely ot Gierent r,q g0 o4 gies have identified the types and the consequences of
designs and techniques. A suitable clamp design provides eas

handli d Lari d efficient | USi di z¥mp induced injuries and thus have demonstrated the impor-
andling, good vesse grip and etficient vessel occlusion, an 'ttglsnce of proper clamp designs. However, experimental studies are

ﬁ:\r?ei?otr% n;'smr?(';eeig%'a}g?;gff ) gi)%Teps ggBr;irgedFﬁte;rthedﬁlicted with a number of disadvantages. They are expensive and
! P ! Y y, Fogarty, time-consuming and it is disputable if results of animal arteries

POH.S’ Satinskyetc. They are available n _dlf'ferent SIzes W.'thare representative for human arteries. The significance of experi-
straight, curved or angled branches. Their jaws may be plain

have spikes. and thev mav be silicone filled Mental studies is definitely restricted to the chosen arteries, instru-
The gxisti’n desi r)lls arc)e/ based on sur icél intuition rather thments and clamping conditions. A fundamental shortcoming is
ing 9 . 9 At the results of existing experimental studies do not provide

on mechanical considerations. Consequently, the effects of cla

: L . . . Sights into the mechanical process of arterial clamping. The lat-
ing and the suitability of clamp designs have been investigated r is determined by the three-dimensional stress-strain distribu-
means of experimental studies rather than by mechanical analya%%s in the clamped arterial wall

To the authors’ knowledge, only10] presented a mathematical P )

approach with the goal to determine the minimum vascular occl To overcome these shortcomings we developed a three-
PP 9 Himensional finite element model for arterial clamping. The essen-

o i . I gh@bi X tial approach is to model the artery as a two-layer fiber-reinforced
orresponding author: e-mail: g iomech.tu-graz.ac.at . 7 5 ] .
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model captures nonlinear elastic and anisotropic material behavioechanical strength are insignificant compared with the medial
within the large strain domain. The very important residuand adventitial layergfor more details and references see Hum-
stresses in an arteiy vitro are also accounted for. The numericaphrey[16], pp. 40,4). The media and adventitia are treated as
model provides a tool for studying the layer-specific mechanictiick-walled circular composite tubes, which are reinforced by
response of clamped arteries subject to an arbitrarily chosevo families of collagen fibers symmetrically disposed with re-
clamp design. We present the three-dimensional deformation aspkct to the cylinder axis. Hence, the tubes belagiadrically
stress distributions in the arterial wall during the clamping procerthotropic within the finite elastic strain domain. This consider-
dure. The observed effects and their clinical implications are diation is generally accepted in the literatisee, for example, the
cussed. Finally, limitations of the proposed model are specifiedearly work by Patel and Frj22] on the elastic symmetry of arte-
rial segments in dogs
> Method From experimental observations of arteries it is known that they
ethods behave nearly incompressidi23] within the physiological range

2.1 Arterial Histology. Arteries are thick-walled cylindri- Of deformation (the bulk modulus tends to infinity For this
cal tubes, which consist of three concentric layers: the innermd¥tysical reason and for reasons which are clear from the compu-
intima, the mediaand the outermosidventitia Basically, all lay- tational point of view, it seems to be most beneficial to choose a
ers have a common general composition. They consistigand ~découpledrepresentation of the free-energy functih at any
their surrounding, which is calleextracellular matrix The latter reference poink of the biological soft tissue. The free enendly

is subdivided in a fibrous matritcollagen and elastin fiberand 1S defined per unit volume associated with tieéerence (stress-
a non-fibrous matrix. free) configuration. The isothermal elastic deformatigmoces$

Elastin “units” assemble to irregular meshes, which seem fisom the reference to the current configuration of the media M and
behave assotropic materials. Collagen “units” arrange as highlythe adventitia A is assumed to be characterized by the penalty
ordered fibers, which yield to anisotropic mechanical responsé%fm
Among the intracellular structural proteins only the contractile P )
actomyosine system of the smooth muscle cells in the media cre- Vi=U;(3)+¥(CALA2), J=MA. 1)
zéizislgmgoggjged fibrillar:structures  that account for macrqj]e scalar-valued functiorig; are motivated mathematically and

Intimal, medial and adventitial tissues have distinct physiologi¥; 1S responsible for the isochoric elastic response of
cal tasks. These tissues differ from the types of their histologick)e material. All these functionignus} satisfy the requirement of

constituentgcells and extracellular matrixthe respective amount OPiectivity [24]. )
and their spatial orientation. Their fibrous constituents are ar-According to Flory[25] and Ogderj26], the continuum theory

ranged in counter-rotating helices with layer-specific pitche$ bésed on t?e_r'nultlpllc_atlve_decomposImon of the_ defo_rmanon
Thus, the constitutive behavior of all layers may be described agkdientF=JF into a dilatational parg*®l and a distortional
fiber-matrix model, which consists of an isotropic ground sulpartF, with the second-order unit tensbrand the local volume
stance and therein-embedded families of fibers, which account féfio J=detF>0. The strain measure

the anisotropic response. The consideration of the layer-specific o _

preferred directions of oriented histologica@hajo) constituents C=F"F with detC=1, (2)

leads to a histostructural constitutive model. . . - .
Smooth muscle cells in the media allow active contractions 8 introduced in Eq(1), denotes the modified right Cauchy-Green

the vessel, which modify its mechanical behavior. Hence, the migNSOr- At anyX the structure of the artery is characterized by the
chanical response of arteries may be specifiegctiseor passive WO (second-ordgrtensorsA; andA,. They are defined as the

according to the contractile state of the arterial musculature. D3ERSOr Productsy; @ ag; , whereay; , i=1, 2, are two unit vectors
on the active response of arteries are hardly available in the ft2oil =1) describing the mean orientations of the families of col-

erature. In the presented model we use data of the passive 'AQEN fibers in the reference configuration of the tissue.

sponse of human arteries. We require thatJ; arestrictly convexfunctions of the form
The histological characteristics of arteries depend strongly on »

their topographical position. Roughly, arteries may be subdivided U.:_J(Jfl)z’ i=M,A, (3)

into two types:elastic and muscular “Elastic” arteries contain 2

large amounts of elastin in the medial layer and have a very t

adventitia. In “muscular” arteries smooth muscle cells are th

major constituent of the media and the wall thickness-diamet

ratio is greater than in “elastic” arteries. For more details on th

subject of arterial histology the reader is referred to, for exampl . ) :
[15-17. physical rt_alevanceéfo_r K—00, expressflortl) may be viewed as
the potential for the incompressible limit, with=1).

2.2 A Structural Model for the Arterial Wall. ~ Our consti- ~ We now focus attention on the description of the isochoric de-
tutive model describes thgassivemechanical behavior dfealthy formation behavior and express the strain-energy functibns
andyoungarterial walls, which is governed mainly by elastin andhrough a set of independent invariants. We usesdmaeform of
collagen fibergsee, for examplg,18]). In order to predict three- the function(but a different set of material parametets model
dimensional distributions of stresses and strains of arterial walldventitial and medial responses, which have similar mechanical
we use a structural model recently proposed[by,19. For an characteristic$27]. Thus, we suggest the simple additive split
extension of the structural model to the finite viscoelastic domain,
as it is necessary for arterial walls of threisculartype, the reader
is referred to the work by Holzapfel and Gas$26]. For me-
chanical loadings which are far beyond the physiological domain,
permanent deformation occurs, and more sophisticated models
have to be choseffor an extension of the present model to the
elastoplastic domain, s¢21]). .

We consider the arterial wall as a two-layer fiber-reinforcedf W; into parts associated witisotropic andanisdropic contri-
structure, the two layers represent the media and the adventibations to the strain enerdy8]. The specific form of the two-
The intima is neglected, since in healthy arteries its thickness alager model(4) requires a set of thregositive material param-

Inking on its unique minimum &t= 1. The parameters;>0 may

£ viewed as bulk moduli. Since we regard the artery as an in-
ompressible material within the physiological range of deforma-
on, k serves as a user-specifipdnaltyparameter which has no

\17=5(|——3)+ ﬂ{equ (17 -1)2]-1}
7ot 2Ky, A0

+ﬁ{equ (3-13-1}, =MA (4
2k2] 2j\ 1 2j ’ J 1
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Fig. 1 Opened-up reference (stress-free ) configuration of an arterial layer
and associated geometrical data for the media and adventitia

eterscy , kiu, kow for the media M, and thregositive) material for the hydrostatic pressupeand the isochoric stress response
parameterg,, kia, koa for the adventitia A. Note that the mate-In Eq. (8),, deV(*)=(s)—1/3(¢):I]l furnishes the deviatoric opera-
rial parameters; , ky; are stress-like ankl,; , j =M,A, are dimen- tor in the Eulerian descriptiof24]. Considering the particulariza-
sionless. Theisotropio neo-Hookean part oF; we mainly asso- tions (3) and (4), responsible for the elastic responses of each
ciate with the mechanical response of tian-collagenous matrix arterial layer, from(8) we obtain the explicit expressions
material which is the predominant load-bearing material at lower
strains(the collagen fibers of arterial walls store little strain en- o o
ergy at lower strains At higher strains, however, theollagen p=«k(J—1), E:cdevb+z 24, deVg®4a,), (9)
fibersbecome load-bearinN@9] and energy is stored in the fibers. i=1
This (anisotropi¢ mechanical response is described by the expo- L
nential terms of functiori4). Hence, the material parameters argyhereb=FF' denotes the modified left Cauchy-Green tensor,
(rolughly) associated wgh_th_g underlying histological structure. =Fay;, i=1,2, are the Eulerian counterparts of the unit vectors

n (4) we introduced ;= C:1 for the first(principal) invariant ag, and

i

of E(describing isotropy and the definitions

17j(C.a0) =C:Ayj  15(C,a09)=CiAz, j=M,A  (5) — v (1 T 1211 ie12 (10

of the invariants associated with the anisotropic deformation re- v g (- Diexdle(Ii =17 -1}, 1=1,2 (10)
sponse of the media and adventitia. The invaridfitand | de- '
termine precisely the squares of the stretches in(fiber) direc- denote stress functions.
tions of ay, anday,, respectively(for the theoretical background  As seen from expressia#), the isochoric stress response con-
see, for exampld,24,30). We assume that the collagen fibers d@ists of purelyisotropic contributions due to the non-collagenous
not support compressive stresses. Hence, for the caséjthdt matrix material(first tern), and anisotropiccontributions due to
and13=1, the response is similar to that of a rubber-liperely the two families of fibers, which characterize decoupled stresses
isotropio material, described by the neo-Hookean functiains (@ssociated only with the fibers
:Ci_(l 173)12,j=M,A. o . 2.4 Residual Stresses. Arteries, which are excised from the

Finally we employ a cylindrical coordinate system and neglegjoqy, are associated with a complex residual stress{&a}eEx-
components of thecollagen fibey orientation in the radial direc- perimental investigations show that an arterial ring springs open
t|on.Theq, the components of theollagen fibey vectorsag;; and  when cut in a radial direction. Residual stresgand straing
gy read in matrix notation inherent in many biologic tissues, result from adaptation mecha-
nisms[32,33. Their considerations have a strong influence on the

2

0 0
_ _ _ _ o stress and strain distributioriat physiological conditionacross
[a0y]= CQSBI o [a0g]= CO_S'BI » I=MA, ®) the arterial wall, and on the global pressure/radius response of
sing; —sing; arteries[17,34—38. According to the experimental studies by

and 8;, j=M, A, are the angles between the collagen fiber¥ossoughi et al[37] for bovine specimens, the media and adven-
and the circumferential direction in the media and adventitiee titia, when separated from the arterial ring and cut in a radial
Fig. 1). direction, will spring open to opened-up sectors, which, in gen-
) eral, show different opening angles. In this work we assume that
2.3 Decoupled Stress ResponseFor each arterial layer the these opened-up sectors are tetress-free and fix@dreference
(hypepelastic stress response is derived from the additively dgpnfiguration for which the residual stresses are entirely removed.
composed Helmholtz free-energy functi@h) in a standard way

[24]. We arrive at the Cauchy stress tensor, denoteth be given 2.5 Finite Element Analysis. The structural model pro-
in the associatedecoupledform posed above has been implemented in Version 7.3 of the multi-

_ . purpose finite element analysis program FEAP, originally devel-
ogi=pjlto;, |[=MA (@) oped by Taylor and documented $8]. All three-dimensional

for the respective media M and adventitia A, with the spheric#inite element analyses of arterial clamping have been performed

tensorsp;l and the deviatoric tensors; of o; to the Cauchy ©Ona HP-J7000 workstation under the UNIX operating system.

stresses. I117) we introduced the expressions 2.5.1 Geometry. Since it is essential to incorporate residual

du(J) 5*17(5 ALA) stressegand strainsin the load-free configuration, as motivated
=— =231 de\( iR (8) above, we use a finite element mesh, which reproduces two inde-
dJ dC pendent opened-up referen¢gtress-free configurations of the
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Table 1 Elastic material parameters c¢;, ky;, ko, i=M,A, for
the media M and adventitia A, and penalty parameters K;

Media Adventitia
cy=27.0kPa ca=2.7 (kP3
ko= 0.64kPa kia=5.1 (kP
kou=3.54 (—) koa=15.4 (—)
ky=10" (kP3 ka=10" (kP3

media and adventitia. The reference configuration of one arterial
layer is taken to correspond to a circular cylindrical tube with
opening anglex, wall thicknessH, inner radiusR; and lengthL,

as shown in Fig. 1.

We assume that the media occupies 2/3 of the arterial wall x3

thickness and that the collagen fibers are helically wound. Their
orientations at a reference poikt characterized by the ang/g

arterial layer are given in Fig. 1.
The arterial clamp is idealized as a pair(ngid) cylinders with
a radius of 3.00mm).

2.5.2 Material Parameters. The set of(elastio material pa-
rameterc;, kqi, Ky, i=M,A, which are involved in the strain-
energy functions(4), were fitted to the experimental data of
human left anterior descending coronary art@#D ), as given in
[39]. For that we have chosen a standard nonlinemrenberg-
Marquardt algorithm. Experimental tests indicate that the medigl0
is much stiffer than the adventitipd0]. In particular, we set
cy=10.0c, [17]. The (user-specified penalty parameters; ,
i=M,A, were chosen to be $0(kPg. The resulting values are
summarized in Table 1.

Fig. 2 Boundary conditions in the
are different for each layer. Specific geometrical data for eaeledge of the stress-free adventitia
one end of the wedge (close-up view A ) are enforced to move in
the Xx,-direction such that a 90.0° wedge is achieved
lines).

©

X1— X, plane for the 60.0°
(solid lines ). All nodes of

(dashed

achieve accurate numerical results. The common symmetrical
boundary conditions for the structure are applied. During the
4whole computation the top and bottom faces of the artery are
modeled to remain planar.

In order to handle the contact probleftine interaction of the
undary of the clamp with the boundary of the arfeme use a
point to surfacestrategy. The cylindrical surface of the arterial
clamp plays the role of a slave surface modeled by &ie
pointswhich are nodes. Thmaster surfacés associated with the
(outep boundary of the adventitia, at which contact is expected. It

2.5.3 Finite Element Model. For the artery we have chosen ais modeled by master points which are interpolated from 80 four-
mixed finite element formulation, which is based on a three-fielde (contacj facets.

variational principlg41]. It useslinear interpolation functions for
the displacement field anthe samg constantinterpolation func-

Finally, frictionless contact is assumed between the arterial
boundary and the boundary of the clamp. The control of the pen-

tions for the independentdilatation and pressurevariables etration between the clamp and the artery is performed by means
(which gives the mean dilatatio@1/P0O-element, a procedure Of the penalty methodThe discretizedcontac} problem is sum-
which goes back to Nagtegaal et f42]). The volumetric vari- marized in Table 2.

ables are eliminated on the element level. This well-known tech-
nique circumvents numerical difficultig$ locking’ and “ check-
erboard’ phenomengwhich arise from the overstiffening of the

system associated with the analysisigdchoric constitutive re- 1.

sponses of the arterial wall.

Due to the symmetry of the considered geometry and the load-
ing condition of the problem, only a wedge of the artery with
90.0° is discretized by 120Q1/P0-elements—750 for the media
and 450 for the adventitia. Note that the 90.0° wedge is associated
with the “closed” (unloaded but stressed circularonfiguration.

The opened-up referengstress-frepconfigurations of the media
and the adventitia are represented by (366.a%,)/4=50.0° and
(360.0°— @n)/4=60.0° wedges, respectively. We have chosen
eight finite elements across the wall thickness with the same radial
dimension within a laye(five for the media and three for the
adventitia. We discretized the circumferential and axial directions
of one arterial layer by 10 and 15 finite elements, respectively,
while we considered a refined mesh around the clamp region.
Each node at the media/adventitia interface is linked together. The
number of elements used turns out to be sufficient in order to

Table 2 Summary of the discretized contact problem

2.5.4 Loading Process.The whole loading process is sepa-
rated into three steps:

The stress-freearterial segments, with geometrical data
given in Fig. 1 andelastio material parameters and penalty
parameters for the media and adventitia as summarized in
Table 1, are applied to an initigbure bending deformation
(for more details segl7]). The boundary conditions in the
X1—X, plane are chosen as indicated in Fig. 2, showing an
example for the 60.0° wedge of the stress-free adventitia
(solid lineg. All nodes of one end of the wedgsee the
close-up view A in Fig. 2 are enforced to move in the
Xo-direction such that a 90.0° wedge is achieved after the
bending deformatioridashed lings This deformation pro-
cess generates the unloaded sessectircular cylindrical
shape of the arterial segment, for which the opening angle
a=0.0°. Then, each node at the media/adventitia interface
(i.e. the basal lamina exterm linked together. Finally, we
end up with homogeneous stress and strain states in the cir-
cumferential and axial directions, which we now use as the

(wall/clamp interaction )

Arterial wall (wedge of 90.0¢

Arterial clamp

Q1/P0O-elements Media
Adventitia
4-node(contac} facets Outer boundary of the
adventitia(mastersurface

750 Slavenodes 121

450
80
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Fig. 3 Distribution of the (circumferential ) Cauchy stress through the deformed media and adventitia. (a)

Residual stresses at the load-free configuration (internal pressure p;=0.0 (kPa) and axial stretch \,=1.0). (b)
Stresses at the physiological configuration (p;=13.33 (kPa) and N\,=1.1). The numerical results are based on

the opened-up geometry, as given in Figure 1, and the parameters for the media and adventitia according to
Table 1.

reference for subsequent deformation processes. bending deformation, when applied to thgess-fregland fixed
2. The circular cylindrical two-layer structure is then inflategonfigurations of the layers, generates dimensions of the arterial
up to an internal pressuge=13.33 (kPa), i.e. 100 mm Hg, cross-section of a human LAD, as documented38] (unfortu-
which is the mean arterial pressu@veraged over the car- Nately, therein no geometrical informations of separated opened-
diac cycle of non-hypertensive subjects at ré48]. up configurations of arterial layers are giyeRigure 3a) shows
; . : -the distribution of thegcircumferential Cauchy stress through the
In general, arteries are sireiched significanily in ax'%eformed media and adventitia at the load-fiieet stresseficon-
direction in theirin situ configurationssee, for example, the o ration (2=0.0°). The residual stresses, associated with the
review article[16]). To the authors’ knowledge, however,|nadfree configuration, are accumulated during bending. As can
there are no data about axialsitu stretches of human coro- pe seen from Fig. @), the (circumferential stress distribution in
nary arteries available in the literature. For our clampinghe load-free configuration is mainly determined by the media,
model we applied an axial stretchf=1.1. This value was which is in agreement with the experimental findingd #4]. This
measured in preliminary non-published investigations of huiesult is intuitive, since the adventitia is very soft in the associated
man coronary arterigg AD ) performed in the authors’ labo- strain domain. Thus, it exhibits only minor bending stiffness and
ratory. The stretch is obtained as a displacement-driven pssociated residual stresses that are very small. As expected, the
cess Thereby,all odesj—0 were nforced o have zero 7 2215 e el e compressed bl 1 e pars
displacements ||x3-d_|rect|c_)n, Wh'le all nod_es at=L were throughout its entire thickness. Ob\}iously, this is due to a diam-
en_forced to move inxs-direction according to the given eter “mismatch” between media and adventitia.
axial stretch of\,=1.1. o . Figure 3b) shows the circumferential Cauchy stress distribu-
These loads are considered to be physiological producigy, through the deformed media and adventitia at the physiologi-
the physiological state of deformation. ) cal configuration ap;=13.33 (kPa) and,=1.1. The radius of
3. The interaction of the boundary of the clamp with thens |umen was computed to be 2.62m). In the physiological
boundary of the artery is finally computed as &gnfiguration the stress distributions within the media and the ad-
displacement-driveproblem of the rigid cylinderclamp.  yengitia are relatively smooth, which is an effect of the residual
The arterial clamp is placed perpendicular to the axis of thg eqses. Again, the media is mechanically predominant, which is
artery (for the geometrical set-up of the clamping procesgecessary for its physiological function. In this state the media can
see Figure @&)). effectively regulate the blood flow due to active contraction.
The curves in Fig. 3 are based on extrapolations of the com-
3 Results puted circumferential stress values at the Gauss points to the ele-
We start by computing thécircumferential stress distribution ment nodes, and subsequent averaging of the stress discontinuities
through the arterial layers associated with the load-free and phyai-the nodes is performed. In an additional step the averaged nodal
ological configurations. We continue to analyze deformation statssesses are used to get the smooth curves across the wall thick-
of the artery at different displacements of the clamp, and finallgess by means of a polynomial function, as shown in shown in
we show the evolution of circumferential and axial stresses atFig. 3.

representative point of the artery during clamping. 3.2 Deformed States of the Clamped Artery. The de-

3.1 Stress States in the Arterial Layers at the Load-Free formed states of the artery before and after pinching off with a
and Physiological Configurations. The geometrical data of clamp are illustrated in Fig. 4the physiological configuration
the arterial segmerFig. 1) were chosen such that an initi@ure  is characterized by statéd), while deformed state(®) shows
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(a) State @ Clamp modeled as a rigid cylinder

Artery at the physiological con-
figuration

(b) State @

Fig. 4 Deformed states of the artery before and after pinching off with a clamp. (a) Artery
(media and adventitia ) at the physiological configuration with an open clamp. (b) Deformed
state of the artery, for which the maximum clamp displacement has been applied (full contact

between the clamp and the artery ).

the nearly occluded artexyln order to clearly demonstrate the Ty o,

deformations the figure takes advantage of the symmetries by Sy= ,  S,= , (112)
showing one half of the artery. As can be seen from Fig),4he 70 phys Tz phys

region which is affected by the clamping mechanism is relatively

small.

Figure 5 illustrates different deformed states of the arterwhich determine the normalized stressgsn the circumferential
which occur during the clamping process. Stafe represents direction and the normalized stressesn the axial direction. In
again the physiological configuratiofbefore contact with the Eq.(11), o, ando, denote the Cauchy stresses in circumferential
clamp, while states ®—@® show the decrease of the arterialand axial directions, whilery ,ns and o, s denote the associ-

lumen due to clamping. ated stress quantities at the physiological st@e at the same
point P.
3.3 Evolution of Stresses in the Artery During Clamping. In Fig. 6 the(local) evolutions of the normalized stresss s,

Three-dimensional finite element analyses showed that in thth the clamp displacement are plotted. As can be seen the axial
neighborhood of the clamp, there is a tendencycfmmumferential ~ stresss, increases significantly, while the circumferential stress
(Cauchy stresses in the wall to decrease anddwial stresses in s, decreases with progressive clamp displacement. Remarkably,
the media to increase. To demonstrate the local evol@tibange at the final state(® of the clamping process, with an occlusion
of stresses in the artery during clamping, we pick a representativie 92.5% referred to the lumen diameter at the physiological
point P, which is located at the inner surface of the media astate ® (the maximum dimensions of the lumen are 0.378n)
indicated in Fig. 6. and 5.983(mm)), the value of the normalized axial stressat

In order to show thelocal) stress evolutions &, for conve- the considered poinP is about four times higher than that at
nience, we introduce the tw@imensionlessscalar quantities  the associated staté®). Figure 7 illustrates the distribution of

State @ State

State © State @

Fig. 5 Deformed states of the artery  (media and adventitia ) at different displacements of the clamp
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Ad/ventitia
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Normalized axial stress s,

N

Normalized circumferential stress sy
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O T LIB T T - T 0
0 0.5 1.0 1.5 2.0 2.5
Clamp displacement (mm)
Fig. 6 Evolutions of the normalized circumferential and axial stresses (84,5, with the clamp

displacement at a certain point P located at the inner surface of the media. Note the high
increase of s, with respect to the physiological configuration.

(a) Media (b) Adventitia

Axial Cauchy
stress (kPa)

-5.00E+00
3.00E+00
1.10E+01
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3.50E+01

N

WRERRee |
.

Fig. 7 Distribution of the Axial Cauchy stress in (a) the media and (b) the adventitia at the final state of the
clamping process
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the axial Cauchy stress in the media and the adventitia. Asechanical tests ourselves. Moreover, a realistic simulation of in-
can be seen the maximum values of the stresses in the mgdides requires appropriate constitutive models for the inelastic
and adventitia are similar, however their locations are differentdomain and tests beyond tig@sco)elastic limit.

Since the media is not designed to carry high axial logtdis The presented finite element mesh is not capable of simulating
the task of the adventitjathe clamping process may cause injurya complete occlusion. This would require a mesh refinement at
in the media. According to the high circumferential stresses at theghly curved regions and the consideration of the contact be-
inner surface of the media one may conclude that the intimatiseen the opposite intimal layers.
also highly deformed and damagemmpare with the experimen-  Finally, in the downstream branch of the artery there is a de-
tal observationg12,45; see alsd 3] grading the damage of the crease of the internal pressupe, which was not considered. A
arterial wal). It is important to note that the axial stress increaseeduced internal pressure leads to lower wall stresses in clamped
in the media due to clamping is strongly affected by the clamgnd non-clamped parts and consequently to less arterial injury.

design. Thus, for investigations that are concerned with the risk of arterial
injuries, only the upstream branch of the clamped artery is
relevant.

4 Discussion 4.3 Future Perspectives. The proposed concept may be ex-

. . . . . tended to a “virtual workbench,” which allows one to investigate

4.1 Mechanics of Clamping. Arterial clamping is @ me- essential clinical questions. For example, the least damaging
chanical procedure. Thus, its understanding requires an appProgrimp design among existing clamps may be identified for a par-
ate mechanical model. The key feature of such a model is thgjar type of artery. Moreover, such a “virtual workbench”
arterial wall model. Since arteries are multi-layer structures witt,,|q guide optimal clamp designs. Regions of peak-stresses may
layer-specific, anisotropic and nonlinear responses, the artepal jgentified and avoided by means of constructive adaptations.
wall model must account for these properties. This is an obviodg,ch investigations may consider injury thresholds of the in-
prerequisite in order to yield clinically relevant results. Howeve{,g|yed tissues, in particular the intinié. In particular, the small-
to date there are no commercial finite element codes availablgy \vigth of a clamp, which does not lead to stresses beyond a
which provide results in the large strain domain that cover theggtain injury threshold, may be determined. In addition, force-
typical arterial properties. _ ) _ _ displacement curves of different clamp designs may be studied.

To our knowledge the present study is the first to investigate theyis s of particular importance, since the reaction forces, sensed
mechanics of arterial clamping by_ means of_the fl_nlte eI_emeB the surgeon, allow a prompt response of the amount of com-
method. We developed an appropriate three-dimensional finite glassion. A good performance of a clamp, i.e. a pronounced in-
ement model, which is based on a fiber-matrix continuum aprease of the reaction force at the state of total occlusion, might
proach. Currently, we use this model to study the mechanical teyyce wall injuries.
sponse of the arterial wall—treated as a two-layer tube. Extension
to a three-layer model incorporating pathological intimal changes
is a straightforward task. An essential feature of our approach js
the consideration of residual stresses, which have a major in cknowledgments
ence on the distribution of the wall stresses. Material and geo-Financial support for this research was provided by Atues-
metrical parameters of the arterial model, for example, the ratio wfan Science Foundatiorunder START-Award Y74-TECThis
the layer thicknesses, the diameter-wall thickness ratio and thepport is gratefully acknowledged.
axial in situ stretch, can be defined arbitrarily. Thus, this approach
provides a basis for mechanical investigations that are specific for
the considered type of artery. References
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