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ABSTRACT

The role of mechanics is known to be of primaryeosrich many arterial diseases; however determinieghanical properties

of arteries remains a challenge. This paper digsufise identifiability of a Holzapfel-type materiaodel for a mouse

carotid artery, using an inverse method based finita element model and 3D digital image corr@latmeasurements of
the surface strain during an inflation/extensiast.teayer-specific mean fiber angles are succdgsdetermined using a five

parameter constitutive model, demonstrating godmistness of the identification procedure. Impotjaiwe show that a

model based on a single thick layer is unable talee the biaxial mechanical response of the atiested here. On the
contrary, difficulties related to the identificatiof a seven parameter constitutive model are aceld such a model leads
to multiple solutions. Nevertheless, it is showatthn additional mechanical test, different in natwith the previous one,

solves this problem.

1. Introduction

Identification of mechanical and structural projgestof the arteries is a major topic in cardiovéactesearch. Many arterial
disorders involve significant changes in vasculachanical properties. Not only do the structure em@thanical response
of arteries vary according to many factors sucthadocation in the vasculature and age, but &eo properties may alter
under various physiological conditions and durihg tlevelopment of diseases [1,2]. Accurate mechhidentification of
the arteries can therefore provide helpful infolioratfor clinical diagnoses and treatments. To imprthe contribution of
solid mechanics, a lot of effort has been underate develop constitutive models of the arterialllvas well as
experimental and numerical methods to identify ¢hmedels.



Several constitutive models intended to descritee rttechanical response of arterial tissues at fistiteins have been
developed, see [3] for an extensive review of theseels. Most of anisotropic non-linear models @eisng the passive
response of arteries are hyperelastic. Fung [&f ifntroduced a phenomenological exponential steaiergy function. More
recently, structurally-motivated models includinidpefr reinforcements have been developed. Bischéff uggested
representing the nonlinear orthotropic materiapoese of the arterial wall, with a homogeneousairtdpic model. This

model has proven adequate to capture the nonlottaotropic response of vascular tissues althohgtphysical meaning of
its parameters is not clear [5]. Holzapfel [6] adtuced a two-fiber family model to account for thelically-oriented

distribution of collagen fibers within the arteriahll. To ideally describe the arterial wall froletmechanical point of view,
two separate layers of this material are requicedrfedial and adventitial layers.

Originally, Holzapfel[6] grounded the choice of two symmetrically- aneli¢ally-oriented fiber families per layer on
histological observations. Since the compositiohsnedial and adventitial layers (elastin, collagerd cell contents) are
different [2], two separate layers must be distislgad. Note also that some authors introduced ¢lieearesponse of the
arterial wall due to smooth muscle activity [7],iathis not the concern of this paper.

Correct identification of the parameters of thegtintive model is a key issue in considering thléability of interpretation
for medical purposes or subsequent utilization imarical models, for instance. The process of ifleation requires
experimental data obtained from mechanical testihgst of the previous biomechanical studies on raceerotid arteries
have been conducted using global or average dafa as pressure-diameter and/or force-length memsnts [8,9]. In
addition, the identification of layer-specific paraters of the Holzapfel model has been performethistime, only from
dissected layers on large arteries [10]. The ddti@ware used in this study are collected with alCBO stereo-microscopy
system on a mouse carotid artery, which is, tokmawledge, unique at this time. See [11] for a dpton of this previous
experimental work.

From experimental data, the identification of cdnive models relies, most of the time, on inveagproaches because
establishing response curves from the model maghimvcomplex non-linear relations between the patars. Classical
inverse approaches are based on updating methods [, 12] using optimization algorithms suchtlas Levenberg-
Marquardt algorithm to find the best-fit parametersa least-square sense with respect to a givehfaaction. In these
approaches, previous authors have most often usalgtiaal developments to derive their modeled datan the given
constitutive equations, which presupposed multgdsumptions. Among these, note the widely-accepsstimption of
axisymmetry and that of a single homogeneous laljke latter may be relevant when experimental datglobal or
averaged over the arterial wall, though two sepalaers would be closer to reality and would enspteathe distinction
between the layer properties. In addition, for 8tedy of mouse carotid arteries, Gleadd2] performed analytical
developments within the frame of thin-tube elastitheory. This may be a strong assumption in caééisick arteries like
mouse carotid arteries where the ratio of thicknessner radius was reported to be about 0.628, 1

Finite element (FE) simulations have rarely beesdus recover those modeled data and perform ievdesntification. Yet,
this kind of approach allows using experimentalstespable of providing richer or otherwise unaalali data and modeling
complex problems. Regarding non-linear anisotroaiscular properties, the study of Ning [5] was fEni on stress and
strain distributions within the arterial wall andvh they are influenced by axial pre-stretch. Usihg same data as the
present study, they identified the parameters efcinstitutive model of Bischoff [4], thereby nainsidering heterogeneity
between media and adventitia, which would likelfieef these distributions. From our point of vietve tadvantage of using
finite element based identification approachesoisntodel complex mechanical tests and/or complexcstres (see, for
instance, [13]), like a thick multi-layer arterygsented in this paper.

The question of whether an identification methodelgvant with respect to the problem to be tred@ezkldom addressed.
Introducing multiple assumptions and parameters Ieag to improper identification or multiple soluis. The objective of
the present paper is to address the feasibilithefsimultaneous inverse identification of mearffiangles in both medial
and adventitial layers using DIC surface strain sneaments.

2. M ethods
2.1. Experimental considerations
The experimental data referenced to in this studyewdescribed in deep details in [12] where thiegedsional digital

image correlation (3D-DIC) is used to obtain fufl surface strain measurements on mouse cardgdes at the micro-
scale during an inflation/extension test (Fig. Tlhe mechanical test performed here allows bothsprezation loading and



extension loading at the same time (see the sciemratciple of the setup in Fig. 1). This testrdevant as it provides
biaxial loading conditions close to physiologicahditions.

To briefly describe the experimental setup, botdseaf a
freshly-dissected carotid artery are cannulatech viitier
stubs. For image processing and local deformati SI%
measurements, a high contrast speckle pattern

incorporated into the vessel structure thanks todietm
bromide nuclear staining. The experiments are pmdd

with one end of the artery attached to the pressongroller [ \

and pressure source, while the other capped eneeisnthe

axial direction, thereby allowing axial translatidrhe artery ----- - ~.
is pressurized from 5 to 150 mmHg in steps of 9 ngmlith 1
a flow rate of 0.2 ml/min and an average presstiaaate © coor® —>_I_L_I_I_T R .
of 1.8 mmHg/s. After each pressurization step, Byoitized I 1_ ! ! | | ! :

images are acquired from two cameras and analygia u T i
existing commercial software, VIC-3D. Arterial

segment

The region of interest being small (about 200 b9 14n?), Figyre 1. Schematic of the inflation/extension test of the
due to the depth of field of the system, and digp@very moyse carotid artery showing one fixed end (orifty
little heterogeneity, only the strains averaged rots |inked to the pressure controller and one end Kerright)

region are considered in the analysis. Note thaBlugD- free to translate axially. Dashed lines represessthematic
DIC is not suitable for this problem due to the manar ghape of the deformed segment.

nature of the specimen and possible out-of-plane
deformation. More details about the experimentalsand
procedure can be found in (Sutton et. al. 2008).

2.2.  Numerical and constitutive model

The development of the FE model of the inflatiot#@sion test in Abaqus® is based on the experirheatsiderations and
measurements described in Sutton et al. (2008).gEbenetry of the artery is assumed to be perfestliypdrical with one
end of the artery being capped. Due to axial symynenly one quarter of the geometry is meshed WRBO 8-node brick
elements resulting in 22070 degrees of freedom. dleenent type chosen here, called C3D8RH in Abaq(s@rid
formulation with constant pressure), is recommerfdedearly incompressible constitutive models.

The open end of the cylinder is blocked in the ladieection whereas symmetry boundary conditiores applied on the
surfaces of the quarter cylinder. Pressure is egulnto the inner surface of the artery, with valtenging up to 140 mmHg.

The constitutive model used in this study is impdeted in Abaqus® and based on the developmentoiaipfel [6]. This
hyperelastic incompressible model was developedesxribe the passive mechanical response of drtissaes at finite
strains. The material considered is a collagendibenforced material with two fiber directions hgi symmetrically
arranged with respect to the axis of the arterys Timeoretical basis provides a strong physicalnimgato the constitutive
parameters involved in the model. The simplest fofrits isochoric strain energy function consistdveo terms (note that
incompressibility of the tissue is a well-known ddaeristic). The first term represents the isatrapsponse of the medium,
related to the ground substance and elastin cqraedtthe other two terms represent the respongieeatollagenous fiber
network, each fiber direction having its own cdutition:

y = %(I1—3)+2Lk2[exp(k2(l4— ))- ﬂ+%[ expk, (1, -X)- 1 )

2

whereC is the parameter of the isotropic neo-Hookean t&rrandk; are the parameters for the exponential responteeof
collagen fiber networks. The structural anisotrapjuced by the fiber network arises from bbttandls. These terms are
pseudo-invariants of the right Cauchy Green tesand the fiber directionfy andf,. Therefore they are driven Iy the
mean fiber angle, in the medium, with respect sdincumferential directiorl, andlg give the squares of stretch for the two
fiber families.



Due to histological differences between media aivEatitia, two separate strain energy functionsamsigned to each of
these mechanically-relevant layers of an artery,abntribution of the intima being commonly consatknegligible. Thus,

two sets of parameters are to be identified foheager, yielding eight material parameters. Irs ttudy, two variants of this
model are considered: a simplified five parametedeh and a seven parameter model. The simplifiesl farameter model
includes the assumption that media and adventétiee lidentical exponential parameters. In additibis assumed that the
value ofC is the same in both layers. Hence, it feature$dhewing five parametersC for the Neo-Hookean isotropic term
(elastin and ground substance), two paraméteasdk, for the exponential response of collagen fibens, @vo parameters
BN and g2 for the fiber angles in media and adventitia.

However, a full two-layer Holzapfel-type model culess that the exponential terms used in medialaahentitial layers are
different [6], necessitating two additional paraemst Therefore, the seven parameter model relgagesonstraint on
exponential parameters, making them different cheaterial layer.

2.3. Identification procedure

Given a set of experimental pressure and surfaaagneasurements, the principle of the presemttifigation method is to
minimize the following cost function:

J(})ZE[Z(Efr(pi)—Ef:”(pi))z+(E:!‘(pi)‘E55p( pi)ﬂ )
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where;( is the vector of parameters to be identified i@ constitutive parameterg), is the pressure applied during the

inflation test, with indexi ranging over the available experimental data pgaqir;; and Ex, are Green Lagrange
circumferential and axial strain components ondhdace of the artery, superscripts ‘sim’ and ‘egganding respectively
for the simulated and experimental data. In thiglgt synthetic data generated by a FE calculatierakso used in order to
avoid noise issues when identifying the seven patanmodel.

This cost function is minimized using an in-housyénberg-Marquardt algorithm with bounds handling.

To asses the robustness of the identification niethmltiple identification runs with random stagipoints are performed in
order to compare the obtained results. Howevehéndase of the seven parameter model, since noidata is a major
source of identification errors, especially wheeritifying a lot of parameters, we choose to usseaifriee data which are
obtained by finite element simulation with an amdoiy set of parameters. Here the set of paramet#esned with the first
identification run is used.

3. Results

Using the five parameter model, convergence obfftemization algorithm is obtained after 46 iteoats. We report in Table
1 the results of this first identification run. Tpheessure/strain curves are shown in Fig. 2. Tthéurtest the identification
method, a second set of experimental data obtdigguerforming a second identical test with the samterial segment is
also used, the aim being to compare the resultsalééereport in Table 1 the results of this idécwifion run (curves are not
shown here). Note that they are very close to tiobsained with the first set of data. In the follogydevelopments, only the
first set of data is used.

In addition to these results, the robustness ofdéetification method is assessed with the methedtioned in section 2.3.
The range of spanned starting points is chosenrdiogpto values found in the literature for thipéyof artery [12]. The
range of the obtained results is reported in TébNote thatC shows quite a large standard deviation because theltiple
runs showed that there exist two close minima éngpace of parameters, the influence on the resgdmring negligible.



Regarding the seven parameter model, syntheticerizee data

are generated using the first parameter set idedtifvith the 180 +——|—8=Niodel tongitudinal strain o Experimant - longiainal srain |
algorithm, referred to as the “true” set. Again, éealuate the ~B-Modek- circumferential train M Experiment - crcumferential strair
reliability of identifying this constitutive modelye try to identify . =
its seven constitutive parameters using multiplentdication ;’140 :' .
random starting points. The results obtained thnotlgese tests g ™ .
are presented in Table 1. They raise several notewo 2 ' '.
comments. @ e d

0 60
The first comment to be made is that all of thesrlgad to a very 4 .
low value of the cost functioly which means that the algorithmi e’
practically always able to find a solution. Howevenly 20% -
runs lead to the true set of parameters and thpedi®n among 0 0.02 004 0.06 008 0.1
the other results is very large. Green Lagrange strain

Figure 2. Pressure/strain curves obtained with the five
parameter constitutive model.

Table 1. Results of parameter identification for each niagled each type of procedure (single run or mugtiindom
starting points run).

klmedia kladventitia kzmedia kzadventitia media ro adventitia ro
- CkPa) | wpay | Pa) | (Pa) | «pa) | P O B0
Parameter bounds [0.3;50] [0.5;100] [0.5;100] [0OD] | [0.1;100] [5;60] [5;60]
- Five parameter identification
Results with the first data set 0.5 33 12.8 46.4 227
Results with the second data set 0.86 31.3 14 43|13 27.3
Results with random starting points
(mean+ SD).J~ 1.10° 0.45+0.37 30.5:1.07 15.40.51 46.2-0.2 | 26.8:0.17

- Seven parameter identification

True solution 8.8 13.9 11.8 21.6 0.242 41.9 5.14

Results with random starting poinfs

(meant SD).J < 1.10° 8.8+3 12.8£7.9 | 19.6:10 | 29+21.7 | 18. 416 | 41.3:18 | 13.3t13

- Seven parameter identification with enriched caatfion

Solution #1

Occurrence 85.7% anb< 1.10° 8.8 13.7 123 21.8 54 5.4 8

Solution #2

Occurrence 14.3% anb< 1.10° 8.8 8.11 14.2 0.1 64.7 5 38.9

4, Discussion / conclusion
4.1. Five-parameter two-layer model

In this study, firstly, two separate thick layers aonsidered, with the further assumption thattfa¢erial parameters in the
exponential terms related to the response of fibedles are identical in each layer. This assummaems to be reasonable
as long as only the passive mechanical behavioonsidered. The reason for this is that the passeehanical response is
mainly driven by elastin and collagen fibers. Theponse of elastin, as well as that of the grouhdtance, is included in
the neo-Hookean term of the strain energy funct®n.the other hand, the response of collagen filsenscluded in the
exponential terms. Whether they are in media oeatitia, it is assumed in this model that collafibers of the arterial wall
have the same behavior.



This parameterization of the constitutive model basn shown to be correctly identified. With anigiah values, the method
provides a single set of parameters leading toca ggreement with the axial and circumferentialezipental data, which
proves that the model is well parameterized wigpeet to the available data and that the methaodbigst. These results
confirm that identifying layer-specific fiber anglebased on the constitutive model of Holzapfepdssible for such arteries
using data from only one experimental test of tidlawith free axial movement.

In our results, the mean fiber angle in the meslieldse to 45° while fibers are, in average, manr@imferentially oriented

in the adventitia. This means that the adventgtifound to be circumferentially stiffer than thedize Though it cannot be
generalized based on a single example, this rbsualjs some knowledge about the mechanical behaftithrese arteries at
the layer-scale. The relationship with the actuarastructure remains, however, a pending quedtidh From a global

point of view the overall anisotropy of the artewith the circumferential direction being stiffes, typical for arteries in

general, and is in qualitative agreement with presistudies [11, 12, 14].

4.2. Seven-parameter model

In contrast with the five parameter model, the fulb-layer Holzapfel-type model has failed in piding a unique solution
to the problem of identification. Our results (Sesble 1) show the typical trend of an over-paramiegd problem. They
confirm that identifying such a model on these eixpental data is very easy because the algorithawiays able to capture
the experimental data with a close fit. Unfortuhgteobustness is very poor because seven faniliedifferent possible
solutions are obtained. Yet, this issue is not peeted because the problem of inflating a tube mgdef two fiber-
reinforced layers potentially presents two soludioone solution with a large fiber angle for theenlayer and small angle
for the outer layer, and vice versa. Both solutians possible as long as their constitutive pragertan be different to
compensate 3D through-thickness effects. Intergigtirour results clearly show these two alternatjweith a noticeable
preference for large media angle and low adverditigle (80% solutions). Note, also, that the meishaf compensation is
clearly illustrated by the ratio &§ parameters between media and adventitia, whigtvé&sed in these two situations.

To correctly identify the parameters for this mgahebre abundant and/or relevant experimental dataeguired. In order to
confirm this hypothesis, additional synthetic date generated by simulating a simple axial tensést on the arterial
segment, without any pressurization, recordingld®i@e versus axial stretch. Accordingly, the clstction (see Eq. 2) is
enriched with these data:

()= E[Z(Eflm (p)-E(p)) +(EX(p)-EZ(R)) +X(F™(A)-F "4 ))2} 3)

2 i i

where/; is the axial stretch applied during the tensiast, taith indexi ranging over the available experimental (synthetic
data pointsF*™ andF®® are simulated and experimental (synthetic) axiedd. Values are scaled so that both sum terrds in
are of the same order of magnitude.

Using this updated cost function, the same multigentification runs are performed again. Instedlataining seven
different families of solutions, the algorithm prdes only two (see Table 1). Among these two sohgj the first one,
obtained only 14.3% times, reaches two boundafitisecallowed range for the parameters. This sotuthust obviously be
rejected, as the procedure would have divergedwnd inconsistent values. The other solution issm®red as the true
solution.

These results show that additional relevant data @asgily make the identification procedure robd&tgcriminating thus the
true solution. In this case, a simple tensionaésted to the inflation/extension test is sufficient

Circumventing the problem of non-uniqueness empledsabove would also be made possible by usingrdift types of
additional data, or other strategies. For instaseparate mechanical tests of medial and advéitiers can be used as was
done in [10], or inversion tests in which the aelesegment is turned inside out to reverse théadacations of the media
and adventitia and then redistribute through-thédestresses in a different manner (theoreticligiesd in [2]). Another
possible way to access useful experimental infaonatvould be to acquire through-thickness datankkao the use of
optical coherence tomography or confocal microsgégyinstance. Such layer-specific data would fte§griminate the true
solution. Otherwise, in order to reduce the nunmifedependent parameters to be identified and helgenthe solution
unique, additional information regarding the filzergle distributions within each layer (from hisigyofor instance) would
be helpful. A part of the work in progress at ttiise is related to these last two aspects.
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