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Abstract: In the presenstudy, inflation tests with free axial extension of 15 humana saphena
magna were conductedex vivoto obtain data suitable for muhbixial constitutive modelingat
overloading conditions (pressurestompproximately 15 kPapubsequently the data were fitweidh

a hyperelasticnonlinearand anisotropic constitutive modélased on the theory of tlosed thick
walled tube It wasobserved that initial highly deformable behavior (up to approximately 2.5ikPa)
the pressurécircumferential stretch response followed by progressive large strain stiffening
Contrary to that, samples were much stifiedongitudinal directionwherethe observedstretches
werein therange 0.98 1.03 during the entire pressurizationmost cases. The effect of possible
residual stress was evaluatedairsimulation ofthe intramural stress distribution witthe opening
angle prescribed t0A 104 204 304 404 and 5@ The result suggests thihie optimal opening angle
making the stress distribution through theall thickness uniform is abouOA The material
parameterspresented herare suitablefor use in mechanobiological simulations describihg
adaptation of the autologous vein wall after bypass surgery.

Keywords: anisotropy; bypass graft; collagen; constitutive model; saphenous vein; strain energy
density.
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1. Introduction

Autologoussaphenousein graftsare used in both coronarydperipheral bypass surgeryths gold
standardPerera et al., 2004; Canver, 199B)eir propertiesare, however, optimed foramechanical
environmentvery different from arterial conditiondmmediately after the surgeryemodeling
processes are triggered and the vein adaptisetelevated blood pressure, flow rate astillatory
wall shear stres#\s an undesirable effect of tlthanged conditions, the patency of the graft may be
substantially compromisdaly anintimal hyperplasia othrombosis(Fitzgibbon et al., 996; Hwang et
al., 2012)

Much work is now being doneto deepen our knowledge dhe mechanobiology ofjraft
remodeling but this process istill not completely understoofirranSonTay et al., 2008; Hwang et
al., 2012;Hwang et al., 201,3Sassani et al., 2013)he adaptation to the changeahditionsleads not
only to a change ithediameter and thickness of the graft wall, but atsachangednternal structure
and thusa change in theonstitutive equation expressitige mutual relation between stress and strain
(Hwang et al.2012) Moreover,not only the wallshear stresdut alsochanged intramural stresses
initiate the remodelindEberthet al., 2011; Humphrey et al., 200Besidesthe overall effect of
elevated blood pressure, there larcal stress concentrationsantery-graft anastomosesaused either
by the specific geometry of the anastomosis omlgeneral compliance mismat¢Ballyk et al., 1998;
Cacho et al., 2007)

In contrast tahe work done orarteries, therdave been only a fewapers describinthe multi-
axial mechanical response of veins within the framework of nonlinear elasiibigsch
andWe i z s 2@0K; €aclp et al., 2007; McGilvray et al., 20180kolis, 2013Zhao et al. 2007
Probably, the most comprehensive studynwéchanical properties afaphenous vei has been
provided by Donovamt al. (1990) They however used uniaxial tensile teswhich imposes certain
limitations on their data when used to construct 3D constitutive egaaiannonlinear anisotropic
material (Holzapfel, 2005 There arealso papers reporting pressiitiameter relationshipshut
without arrivingatthe constitutive equatior{Stooker et al., 20Q3Vesly et al. 1975.
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The main goal ofour study is tofind constitutive equationfor the multi-axial state of stress
suitable fordescribing thepassive nonlinear anisotropic mechanical behavior of hweaa saphena
magna Our approach is based on thieai energy density function suggested by Holzapfel et al.
(2000) Experimental data were obtainiedex vivoinflation tests (with free axial extension) conducted

with samples obtained from fifteen donors.

2. Material and Methods

2.1 Material

Human great saphenous vefosinflation-extension testwere collected eithaturing coronaryartery
bypass surgergonductedat the General University Hospital in Prague (obtainedh informed
consent) oduring autopges conducteat the Department of Forensic Medicinéthe Third Faculty
of Medicine of Charles University in Pragwéthin 24 hoursafter death.The experimental protocol
was approved by the institutiondtthical Committes. Collected veins were placed in the
physiological solution and tested in three hours after excidiba.segment of the vein without side
branches andf minimal length &# mmwas cut froma body Surroundingconnective tissue and fat
were removed from the graft material before mechanical tes@inty. the veins with no substantial
deviation from circular cylindrical geometmyere included into the studyPrior to the mechanical
testing, two rings were cut out from the tissue at both,ardithe meanreference dimensions of the
samples (external radius, thickness) were determined by mafammage analysis of digital

photographgNis-ElementsNikon Instruments Inc., NY, USA)

2.2 Inflation -extension test

Eachspecimen wamarked witha blackliquid eyeliner, cannulated at one emthdhung vertically in
the experimentabketup (Fig. 1)The eperimental protocol consisted of four grgcles to stabilizéhe

mechanical respongpreconditioning) anda fifth cycle was used imhe data analysisPressuization

was performedn the range from 0 up to & 15 kPausing amotorized syringgStanda Ltd, Vilnius,
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Lithuanig. The intraluminal pressure was monitored by pressure transdGocessfo s.r.o, Czech
Republic) The deformed geometry was recorded ¥ CD camergDantec Dynamics, Skoviunde,
Denmar}. In the data post processing, changethe length betweethe black marks (Fig. 1) and
average changdn the silhouette (also betweehe markgo avoid end effecjswere determined by
the edge detectioalgorithmin Matlab (MathWorks, MA, USA. They were used to compute axial
stretch ratio/, and circumferential stretch ratio at the outadius/ro). The experiments were

performedat room temperature (22AC).
2.3 Theoretical framework

2.3.1Kinematics

The vein was consideretd be a homogerous incompressible cylindrical thickalled tube The
kinematics of the experiment was modeled as simultanedlasion and extensignin which the
material particle located in the reference (stress free) configuratithe ipositionX = (R, U, 2) is
mappedby the deformationinto the positionx = (r, g, 2) in the current configuratigraccording to

equation (1).
r=r(R) g =Qz #Z (1)

The situation is depicted in Fig. HereR, andR respectively denotthe outer and inner radius in
the reference configuratiai® OR OR,) andr, andr; in the deformed configuratiofr; Or Or.). By
analogy,H andh denote thickness of the tube and0 OZ OL) and!l (0 Oz Ol) denoteits length
measured between the marks

The deformation gradiet= x/OXis then described by equation (Rere the longitudinastretch
ratio was considered to be unifornThe assumption of incompressibilifg expressed viahe

kinematical constraint dét= 1, which allowsusto write /, alsoas/, = 1/(/ 4/ ,).
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It is useful to expresshé incompressibility condition by means tife radius andhe length
PL(R2T R?) = d(r T ri?). Thiswasused to computéhe inner radius during the deformatioftom

here, substitutingg by Randr; by r, we alscarriveatR = R(r) required in/ (r) expression
2.3.2Constitutive model

The material ofvena saphena magna&as considered to ban anisotropichyperelastic continuum
characterized bythe strain energy density functio/ proposed by Holzapfel et al2q00). The
anisotropy arises from two families of preferred directions (inged as the orientation dhe
collagen fibers) symmetrically disposed with respecthmcircumferential axisThis is expressed
mathematically irequation (3).

W:VVsotropic +V\£nisolropic %n( 1 3)' %a {expglg( |i ])2 -8} (3)

i=4,6

This expressioronsists oft neacHooke termwith a stresdike material parametar > 0. I, is the first
invariant of the right Cauch@reen strin tensorC, C = F'F. The gecific mathematical expression of
I1 is in (4). The neeHooke termrepresents the energy stored in the process of a deformatiba in

whole norcollagenous matter (elastin, smooth muscle cells, proteoglychti® vein wall
=17 +f 4 4)

Significant large strain stiffeningf the soft tissues isascribed tothe collagen fibrils and is
modeledin (3) by anexponential function with stred&e parametek; > 0 and dimensionless > 0.
I, andles are additional strain invariants arising from the existence of two preferred direttiang

case (no shear strairand collagen fibrilscreating helixesin the surfaces characterized by
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R = constant) they can be expressed by equation (5). Herdenotes the inclination frorthe
circumferential axigthe second helirunswith anglei 6, but due tahesymmetry only equation (5) is

necessary)
l,=lg F2cos b +/sirf (5

Finally, the constitutive equation foanincompressible hyperelastic material can be written in the
form of (6). Herell denoteghe Cauchy stress tensandp is an undetermined multiplier induced by

incompressibilityconstraint.
a=2 Y o ©6)

2.33 Thick-walled tube model

Let us denotasé thestrain energy density function (3) with eliminated explicit dependende lon
substituting/, = 1/(/ 4/ ;). Consideringthe boundary conditiongk: (r) = - P and 0 (ro) = 0, the
equilibrium equatiosin the radial and axial directidmavethe form (7) and (8), respectively. Hefe
denotes internal pressure dhg; is thereduced axiafprestretchingforce acting on the closed end of
the tubeadditionally to the force generated by the pressure acting on théHenay et al., 2014a;

Horny et al., 2014b; Matsumuto and Hayashi, 1996).

_% e dr
AT (7)
_ A wWE wES
Fred =p /z_ - q/_ rgr (8)
Mgty oy

2.34 Determination of the material parameters

The material parameters ( 1, kk ) & the constitutive model were determinby fitting model
predictions based on (7) and (8)the experimental datal'he objective functio® (9) was minimized

in Maple (Maplesoft Waterlog Canada)P™andP*®in (9) denotetheinternal pressure predicted by
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(7) and measureexperimentally respectively. The samdenotationapplies for axial force=ed.
Neglectingthes ma | |  we i g hlbwerplug @& 5h)gt” wds eodssdered to be @, andwe

are weight factorsi is the number of observation points.
2
Q=algw (7 -7) g g R R ] ©
1=

The regression analysis was divided into two st&€ps. sotropic response dlie noncollagerous
component describeth (3) by the necHooke termwas determinedn the first stepvia linear
regressiomwith experimentatlata restricted ttheintervalfrom O to approx 0.8 kPafor all specimens
Subsequentlyall the data were fitted by the model withheld fixed fromthe previous stepThis
approachensures that the model will predict the behavior correattlymall straingotherwise it may
be biased by progressive large strain stiffening of the collagamlly, the quality of the regression

was evaluated byormalizedroot mean square error RM@H definedas

'arj. (ijod _ Pjexp)2

=1

RMSH A = ;’qu (10)

whereq is the number of parameters in constitutive model afdis the mean of experimental

pressures for each sample.
2.3.5 Opening angleestimation

To provide qualified estimate of how large the residual strain in the venous wall could be, we
computed the intramural distribution of the circumferential and axial stress in one representative case
(donor M60a) for opdni Wg=af@lhAes UU==30A, U = 20A
based on the assumption that the opened up geometry is modeled as a circular sector, as explained in
detail for instance in Chuong and Fung (1986), Rachev and Greenwald (2002), Holzapfel et al. (2000)

Horny et al. (2014a,b)Adopted approach modifies gE (1b) and incompressibility condition
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mentioned in 2.3.1 to the form (11lahd (11b), respectively. Hegg and}; denote outer and inner

radius of opened up circular sector.

g=-L—Q Mz ¥?) (=p WA 2 1) (12)

p- a

Values of the intramural stress gradientPor 2.3 kPa (representative venous pressure)Pand
13.3 kPa (representative arterial pressure) were computed according equ3tivke(assumed that

the optimal opening angle homogenizesdtress distribution across the wall thicknesSg(=1).

SR :jkk—((:i)) fork 7, z and P 23 kPA3.3 kPa (12)
kk\'o

3. Results

The data collected in the experiments are summarized in TaBl@lumn Meanfrd"9) shows how
accuratelywas the axial force predicted bire model Fe™” = 0). Eleven samples ohuman
safhenous veinverecollectedduring surgerfme a n  Bige SA915; 7maleand 4female 3 donors
with varicose diseayeand four in autopsy (age @8 5; 3 male and 1 female; one with varicose
disease)Fig. 3 shows the loading part of thdifth inflation-extensioncycle to which the constitutive
models were fittedModel predictionsvere obtainedby substitutingthe estimated parameters into the
system (7) and (8andare depicted by continuous cunfeéenors withvaricosediseasearein red).
Themodels predictatisfactorilythe experimental pressuséretch data (Fig. 3 upper pandig. 4
illustrates computeded™% which in all cases satisfieB ™9 < 1nN. However the predicted axial
stretch, shown in Fig. 3 (bottom panel), corresponds to the experiments arlynited extent
Computed intramural distributions of the circumferential and axial stress for donor M60a for
P = 2.3 kPa (representative venous pressure)Pandl3.3 kPa (representative arterial pressure) are

depicted in Fig. 5 with indicated numerical values of the intramural stress gragignt (
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4. Discussion

In our study,overloadinginflation-extensiontestswere performedvith 15 human saphenous veins
The experiments wereonductedwith free axial extension of the tubes without axial-gtretch. This
approach was chosen in order to simulate conditions after implantation of the graft in arterial system.
The experimental data ese fitted by the hyperelasticnonlinear anisotropic cofitutive model
proposed by Holzapfel et §2000). Only the passive mechanical response was modeled.

Fig. 3 showsthat veinsunder simultaneous inflation and extension exhibit significantly smaller
deformationsin axial direction than in circumferential directionlt may be a consequence of
approximately tweimes smaller stresses in axial than in circumferential direction, as it is shown in
Fig. 5 fordonor M60g U = 0 A, .IWhisdindikg isdinuagreemen) with results wesly et al.
(1975), who studied the pressus&rain relationship of dog jugular and human saphenous veins.
Specifically, in our studymeasured axial stretchase generallyn the ranggdrom 0.98to 1.03. For
sampledM50, M63a, F49, M60a, F69, F66V, M60d and M68te range of axial deformation during
the entire pressurization period wamot higher tharapprox.1%. This small deformation is, however,
determined with relatively high measurement uncertainty. In thestwaase the resolutionof the
digital imageswas19 pixelsymm (M76). In this casethe referencedistance of the longitudinal marks
was 104 piels Thus to obtain axial extension b, it would benecessaryo find marks ata distance
of 105.04 piels. This isachange of 1 pixelDue to thisfact axial stretches in the interval from 0.99
to 1.01 are affected by experimental uncertainty which is in Fig. 3 highlighted by grayitiribis
case, we decided to present in Fig. 3 predictions of the simulagised on (7) and (8) with substituted
(3) in which /,ro) and/, were also based on the model rather than solely pirgliet at the
experinenally obtained stretchesvhich may be affected by measurement erfidris approach,
however, gives somewhat differeitthanwasmeasureexperimentally

Four donors with diagnosed varicose dsseavere included in this study in order to reveal
differences in mechanical response in comparison with healthy donors. Howeverere able to

obtain only four samples which is a small number for statistical evaluatiotheasel samples do not
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appear to behave differently. Finally, we preserved them in the study, because obtained material
parameters could be useddiherauthors

In our study,  was assumed that veins are in stfess configuration in their cylindrical geometry.
This is the most important limitation of our study, sinités well known that for instance arteries
exhibit residual stressedrtery rings cutradially sprirg opento releaseghese stressgthis is the se
called opening angle methdg@huong and Fung 1986, Rachev and Greenwald 2002, Holzapfel et al.,
2000. Zhao et al(2007)examined the biomechanical properties of human saphenous veins at supra
physiologic pressures using the distension experiment and were able to measuredtiessestate of
vein tissue by radially cutting open their specimenkey observed the residual opening angle around
120A Similar resultst openi ng angl e wererobtame®by Huargand Y &aD) for
human pulmonary vein segments with diameter comparable to saphenousWeiadso tried to
measurethe residual stra by the opening angldyut it was impossible with our curretgéchnical
equipment. The vein wallsvere so compliant that they collapsed and we could not distinguish
betweerforces imposed blgandling andorces induced bthereleasing residual stress.

However to provideat least somejualified estimateof how largethe residual stress ithe venous
wall could bethe intramural distribution of the circumferential and axial stress in one representative
case (donor M60a) wammputedor opening angle§= @A, 10=A,20=A ,30=A0 A &= d
5 0 Ahe computations were provided for pressre 2.3 kPa (representative venous pressure) and
for P = 13.3 kPa (representative arterial pressure), which is close to the pressure in great saphenous
vein in standing position (approx. 12 kPa) measureddijeck and Wood (1949) ande gl ®n and
Raju (2000).The results(Fig. 5) suggest thathe optimal opening angle (homogenizing the stress
distribution across the wall thicknesauniform stress or strain hypothes@huong and Fung, 1986;
Takamizawa and Hayashl987) could be expectedbout 40A Our results of the opening angle
simulationsshowed that we should anticipatea | ue hi gher than O0A. Howeve
values inobservations of Zhao et §R007). It is clear thathe uniform stress or strain hypothesis for

saphenous veinshould be addressed in future reseant proven experimentally The results also
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indicate that under arterial conditions the inner radius of the walhcould be highly overloaded
Thisis consistent witlhe development of intimal hyperplasia after a graft surgery.

To the best of our knowledge, this is the first studtgh present& comprehensive set of material
parameters fohumansaphenous veinsiodeled ashe thick wall tubesuitable fordescribingmulti-
axial stress state§hey can be helpful as input in numerical simulatiofishe remodeling and
adaptation processes triggerafter bypass surgery involving autologous vein gréftwang et al.,

2012, 2013; Sassani et al., 2013)

Acknowledgement

This study has been supported@gech Ministry of Healtlgrant noNT 13302.

References

Ballyk, P.D., Walsh, C., Butany, J., Ojha, ,M.998. Compliance mismatch may promote geafery intimal

hyperplasia by altering sututime stressesJournal of Biomechanics 3229237.

Cacho, F.Do b | a rHlzapféll.G.A., 2007. A procedure to simulate coronary artery bypass graft surgery.

Medical and Biological Engineering and Computing 45,-829.
Canver, C.C., 1995. Conduit optionscioronary artery bypass surgery. Chest 108, 111E8b.

Chuong, C.JFung, Y.C., 1986. On residual stresses in arteries. Journal of Biomechanical Engineering-108, 189

192.

Desch, G. WWe i z s & ¢ k £20Q7. AHnodelVfor passive elastic properties of rat vena chuanal of

Biomechanics 4031303145.

Donovan, D.L., Schmidt, S.P., Townshend, S.P., Njus, G.O., Sharp,, W990. Material and structural

characterization of human saphenous vein. Jouféhscular Surgery 12, 53337.

Eberth, J. F. Cardamone,, IHumphrey, J. 0.2011 Evolving biaxial mechanical properties of mouse carotid

arteries in hypertensiodournal of Biomechanics 425322537.

11


http://dx.doi.org/10.1016/j.jmbbm.2015.01.023

Vesely J., pHHrny AlampR&IFk n M. Fonstiiutv® Mdsldling of Human saphenous veins at
overloading Pressures Journal of the Mechanical Behavior of Biomedical Materialim press. DOL
10.1016/j.jmbbm.2015.01.02Bublisher linkttp:// dx.doi.org/10.1016/j.jmbbm.2015.01.023

FitzGibbon, G. M, Kafka, H. P, Leach, A. J.Keon, W. J.Hooper, G. D.Burton, J. R., 1996. Coronary bypass
graft fate and patient outcome: Angiographic follap of 5,065 grafts related to survival and reoperation in

1,388 patients during 25 yead®urnal of the American College of Cardiold2g; 616626.

Holzapfel, G.A, Gasser, T.G.Ogden, R.W., 2000. A new constitutive framework for arterial wall mechanics

and a comparative study of material models. Journal of Elasticity-48, 1

Holzapfel, G. A., 2006Determination of material models forterial walls from uniaxial extension tests and

histological structureJournal of Theoretical Biology 23290-302.

Hornl, L., Net ugi ) 2014aMAxial pMsiréch vakdo sirumferefitial distensibility in

biomechanics of abdominal aorBiomechanicand Modeling in Mechanobiology 13, 7839.

Horny, L., Netusil, M., Daniel, M.2014. Limiting extensibility constitutive model with distributed fibre
orientations and ageing of abdominal aorta. Journal of the Mechanical Behavior of Bidrivkderéals38, 39-

51.

Huang, W., Yen, R.T.1998. Zero-stress states of human pulmonary arteries and .vémsnal of Applied

Physiology85,867-873

Humphrey, J. D., Eberth, J. F., Dye, W. W., Gleason, R.2009. Fundamental role of axial stress in

compensatory adaptations by arteriksurnal of Biomechanics 42-8.

Hwang, M., Berceli, S. A., Garbey, M., Kim, N. H., Tr&onTay, R., 2012. The dynamics of vein graft
remodeling induced by hemodynamic force& mathematical modelBiomechanics and Modeling in

Mechanobiology, 11411-423.

Hwang, M., Garbey, M., Berceli, S. A., Wu, R., Jiang, Z., TsamTay, R, 2013. Rulebased model of vein

graft remodelingPLoS ONE 8e57822.

Matsumoto, T., Hayashi, K1996. Stress and strain distribution in hypertensive and normotensive rat aorta

considering residual strain. Journal of Biomechanical Engineering 1181.62

McGilvray, K. C., Sarkar, R., Nguyen, KRuttlitz, C. M., 2010. A biomechanical analysisvehous tissue in its

normal and posgphlebitic conditionsJournal of Biomechanics 429412947.

12


http://dx.doi.org/10.1016/j.jmbbm.2015.01.023

Vesely J., pHHrny AlampR&IFk n M. Fonstiiutv® Mdsldling of Human saphenous veins at
overloading Pressures Journal of the Mechanical Behavior of Biomedical Materialim press. DOL
10.1016/j.jmbbm.2015.01.02Bublisher linkttp:// dx.doi.org/10.1016/j.jmbbm.2015.01.023

Ne gl ® Raju, & 2000.Differences in pressures of the popliteal, long saphenous, and dorsal foot veins

Journal of Vascular SurgeB2, 894901.

PereraG.B., Mueller, M.P., Kubaska, S.M., Wilson, S.E., Lawrence, P.F., Fujitani,,RO®4. Superiority of
Autogenous  Arteriovenous Hemodialysis Access: Maintenance of Function with Fewer Secondary

Interventions. Annals of Vascular Surgery 18;7%&5

Pollack, A.A., Wood E.H, 1949.Venous pressure in the saphenous vein at the ankle in man dxeirggse and

changes in posturdournal of applied physiolodly, 649662

Rachev, A.Greenwald, S.E., 2002. Residual strains in conduit arteries. Journal of Biomechanics@B).661

Sassani, S. G., Theofani, A., Tsangaris, S., Sokolis, D. P., 2013:cbimse of venous wall biomechanical
adaptation in pressure and flawerload: Assessemt by a microstructurbased material modelournal of

Biomechanics 4624512462.

Sokolis, D. P.2013 Experimental investigation and constitutive modeling of the 3D histomechanical properties

of vein tissueBiomechanics and Modeling in Mechanobiold; 431:-451.

Stooker, W., G° k, M. , Si pkema, P., Ni essen, H. W. M.
C.R.H., Eijsman, L, 2003. PressurBiameter Relationship in the Human Greater Saphenous Vein. Annals of

Thoracic Surgery 76,5331538.

Takamizawa, K., Hayashi, K1987. Strain energy density function and uniform strain hypothesis for arterial

mechanicsJournal of Biomechanics 23-17.

TranSonTay, R., Hwang, M., Garbey, M., Jiang, Z., Ozaki, C. K., Berceli, S. A., 200&xfrrimentased

model of vein graft remodeling induced by shear stiéseals of Biomedical Engineering 360831091.

Wesly, R.L.R., Vaishnav, R.N., Fuchs et, a.J.C.A,, Patel, D.J., Greenfield Jr.1975. Static linear and
nonlinear elastiproperties of normal and arterialized venous tissue in dog and man. Circulation Research 37,

509-520.

Zhao, J., Jesper Andreasen, J., Yang, J., Steen Rasmussen, B., Liao, D., Grege286ii, Mianual pressure
distension of the human saphenous vein charitg biomechanical propertiegmplications for coronary artery
bypass grafting. Journal of Biomechanics 20682276.

13


http://dx.doi.org/10.1016/j.jmbbm.2015.01.023

Vesely J., pHHrny AlKameR&ZIEFk n M. Fonstifuv® Mdsleling of Human saphenous veins at
overloading Pressures Journal of the Mechanical Behavior of Biomedical Materialim press. DOL
10.1016/j.jmbbm.2015.01.02Bublisher linkattp:// dx.doi.org/10.1016/j.jmbbm.2015.01.023

PCE

s pressure
I_ transducer

O Y -
o o
! g ~— CCD
‘a “n camera
o g

[0}
il > g
IS o £
g [T}
IS

Fig. 1L Experimental inflatiorextension test setp (panel A), and a picture of the sample taken with a
CCD camera (panel B). The black marks were used to identify the longitudinal deformation of the
vein.

14


http://dx.doi.org/10.1016/j.jmbbm.2015.01.023

Vesely J., pHHrny AlampR&IFk n M. Fonstiiutv® Mdsldling of Human saphenous veins at
overloading Pressures Journal of the Mechanical Behavior of Biomedical Materialim press. DOL
10.1016/j.jmbbm.2015.01.02Bublisher linkattp:// dx.doi.org/10.1016/j.jmbbm.2015.01.023

Reference configuration = Load-free Current (loaded) configuration
configuration (stress-free)

‘ :v“
@ E) 9/ Q
H h
Fig. 2 Kinematics of the deformation of the vein wall. The stfese configuratior{assumed to be
the same as the lodicke configuratiohand the deformed current (loaded) configuratiom depicted
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Fig. 3 The resulting pressu@rcumferential stretcht the outer radius (panel A) and pressaxial
stretch (panel B) dependences. The experimental data (dotted curves) are compared with data
predicted by the constitutive model (solid curves). The donors with varicose disease are in red. The
interval in axal stretch from 0.99 to 1.01 in panel B identified by gray lines represents bounds of
uncertainty caused by resolution of digital cameras.
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Fig. 4 The computed reduced axial forpeessure curves showing the zero axial force condition. Red
color is used for donors with varicodsease
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Fig. 5 The simulation of the influence of opening angt®r donorM60a The circumferential and
axial stresgradient through the vein wall for transmural pressure 2.3 kPa (panel A) and for 13.3 kPa
(panel B).Panel C displays stress gradients through the wall thickness.
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Table 1 Age and sex of the donors (F stands for female and M for male), obtainecahaeameters
(¢, k1, ko, B), normalized root mean square erRWISEP) and computed mean force during

pressurization Mearfld"9) for each sample of vein

Material parameters

[o]
Donor [yégfs] Sex [n?r%] [mHm] e ky ko ) RM[S_]E (P) Mean[?\lF]redm D Pathology
[kPa] [kPa] [-] [ A
CABG
a 63 M 2.89 0.83 55 4.0 61.7 40.3 0.082 9.1E08 -
66 F 212 049 284 8.4 122.1 39.3 0.072 2.6E08 varicose
27 F 2.32 0.88 4.0 1.5 18.2 43.0 0.046 7.0E08 varicose
42 F 2.78 0.80 57 1.4 135 431 0.046 1.8E07 varicose
69 M 1.14 0.59 4.2 3.0 10.8 44.1 0.069 8.7E09 -
b 63 M 205 0.76 5.6 4.5 13.6 427 0.030 4.5E08 -
60 M 1.80 0.53 9.9 5.9 62.2 39.8 0.077 4.4E08 -
76 M 198 0.57 7.0 19.3 48.2 36.5 0.021 3.8E08 -
50 M 2.33 057 30.7 30.3 330 384 0.090 5.5E08 -
b 60 M 1.92 0.47 13.7 9.3 85.5 38.2 0.041 6.7E08 -
49 F 1.86 0.39 141 4.2 43.2 41.2 0.037 2.9E08 -
Mean 55 - 211 062 11.7 8.3 73.6 40.6 0.055 5.9E08 -
SD 15 - 0.48 0.16 9.1 8.4 875 23 0.023 4.5E08 -
Autopsy
72 F 1.78 0.71 3.1 2.3 88 426 0.045 2.5E08 -
c 60 M 0.92 0.28 9.5 5.0 535 415 0.062 6.4E09 -
d 60 M 214 0.42 4.4 1.4 50.5 404 0.044 5.9E08 -
68 M 1.80 0.48 4.2 1.0 13.1 41.9 0.027 6.1E08 varicose
Mean 65 - 1.66 0.47 5.3 2.5 315 41.6 0.044 3.8E08 -
SD 5 - 0.52 0.18 2.5 1.6 206 0.8 0.014 2. 708 -
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