





Figure 3-9: A sample used to demonstrate the straankers and method of
attaching hooks. This is a typical size for a sanat around 15mm on a side.

To attach the tissue to the linear positionerst fmoks are attached to each side, giving
16 hooks total (Figure 3-9). Two hooks are tiecetbgr on a single line, which is looped around
a pulley (Figure 3-6). The two pulleys on each gidee low friction and pivot around a central
axis (Figure 3-8), in order to balance the forcagied by each line. In this way, the specimen
has equal tensile force from each hook. The foedartwing mechanism pivots on an axis located
directly above the pulleys in order to transmit thice experienced by the tissue to the load cell.
This is pictured in Figure 3-5. For digested elasissue testing, the hooks were found to tear
through the sample easily, only allowing a few gsashforce per side. In order to allow biaxial
testing with elastin tissues, miniature tissue ganvere made of stainless steel wire. These
clamps provide sufficient force to hold the tissudiile remain small enough in order not to

interfere with the homogeneous stress state.

51



In order to track the deformation of the specim&nall dots are placed on the intimal
surface of the artery wall. Using either four onenimarkers, the motion of the markers are
tracked using a camera and optical tracking roatimethe LabView software. This method
allows a direct measurement of deformation from thaterial rather than assuming the
deformation from carriage motions.

Future testing methods may be implemented in LabVie order to perform
displacement control and viscoelastic testing. Asaw, these testing methods have not been
developed.

The battery of tests for the biaxial tester inckideven different loading cases. A
maximum stress is found which shows sufficientistrgtiffening effects, then the tissue is
stressed to different ratios of this maximum strésgure 3-10 shows the loading paths of the
seven tests. The tests are performed with a loadimpding time of 20s, which is

approximately half the strain rate of the uniaxésts.
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Figure 3-10: The loading paths of the seven biatdats. The circumferential-
axial first Piola-Kircchof stress plane is showngahe loading paths are shown
in dotted red lines. The bounds of the stresstase/s in shaded blue.

Ten loading cycles are performed for each loadat@r In order to test to the correct
stresses simultaneously, the software first guedseanotor speeds for each direction from
stretch guess inputs in order to reach the maxisiwess. When the maximum stretch is reached
in either of the two directions, the carriages sdod return the sample to zero stress. The motor
speeds are then modified by decreasing the motedspf the axis that reached the maximum
stress relative to the speed of the axis that dideach the maximum stress. The motor speeds
are also changed progressively in order to reaehrtximum stress precisely at the 10s mark.
The In this way, the material reaches its maximutmess simultaneously, and is also

preconditioned in the process.

53



3.2.2 Interpretation of Biaxial Data

When presented with biaxial data, it is often cenfg as to how to interpret the many
loading paths. To understand what each loadingecadds to the understanding of the material,
it helps to know exactly why the biaxial test ided. For an isotropic material, the uniaxial test
can reveal almost everything about its passive am@chl properties. The stress-stretch test does
not change depending on the direction of the dedtion. Anisotropic materials, however, do
not have this property. In addition to possessiifigrént behaviors in different directions, the
stress coupling between directions is unknown. dfloee, it is important to determine both the
behavior in both directions, but also the degreevioch stress in one direction affects the
behavior in another direction.

One should first look at the uniaxial stress-strebehaviors of the artery wall. The
uniaxial data taken with the biaxial machine iswhan Figure 3-11. Here, it is seen, that the
low stretch portions of the curves are of differstiffnesses. It is also seen that the engagement
of the circumferential data is earlier than thegitudinal data. These observations are also able
to be seen from data taken from a uniaxial teris¢er. In Figure 3-12, the whole set of data is
shown from one biaxial specimen. Here, we can Iseehange in stiffness or engagement with
additional transverse loading. If one looks onlytreg longitudinal data on the right side of the
graph, going from highest engagement stretch tdavest, there are the 0:100, 25:100, 50:100
and 100:100 loading ratios. These loading ratioswafestrate the change in behavior with
additional transverse load. The biaxial tensiléeteshows the behavior of the stress coupling

between the two directions.
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Figure 3-11: A set of uniaxial test data takentmnhiaxial tensile tester. Note that

the opposing stretches are recorded, but not gdidteze for clarity. The data is
from calf lot number 184, left pulmonary artery.
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Figure 3-12: The full set of biaxial data from dissue. Data from the same tests

are in the same color, with dotted lines represgntie circumferential behavior,

while the solid lines represent the longitudinah&®e&or. The data is from calf lot

number 184, left pulmonary artery.
3.3 Uniaxial Data Fitting

So far, there have been 20 calves tested in umhigemesion. Out of those, 11 were
hypoxic hypertensive, and 9 were normoxic. The pachfiber model was fit to this data using a
least-squares approach. Briefly, the trust-regeftective algorithm is used to minimize the sum
of squared error to both the longitudinal and améerential data simultaneously by changing the
eight model parameters. The initial guess was tumyeldand for each set of circumferential and

longitudinal data. The quality of fit was very hifgr all the fits, with a mean#of 0.998. The fit
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parameters are shown in Figure 3-13 through Fi@ui®. The mean of all the values in the
group is represented by the bar, with the standaxdation shown as error bars. The markers
represent a single data fits, with the circulaiantgular and square markers representing the
main, right and left pulmonary artery samples respely. A student’st-test was performed
assuming equal variances and unequal sample smeshé hypertensive group to the
normotensive group. Student'stests were also performed from the normotensive to
hypertensive RPA tissues, LPA tissues and MPA¢issu

In Figure 3-13, the isotropic shear modujusn kPa is plotted. This parameter shows no
statistical significance, with p values much gre#tan 0.05.

Figure 3-14 shows the circumferential shear moduylys in kPa. There is an increase in

this parameter, but the LPA group exhibits the geabest. For the whole group it showed
significance at the 10% level with, p=0.073, bulyaine LPA group showed significance, with
p=0.004. This agrees with the findings of Lammdralg4] in that hypertension increases the
low stress stiffness.

Figure 3-15 shows the anisotropy ratiow¥ 4,/ 4,. An increase here would indicate a

larger anisotropy bias in the low stress regiongatd the circumferential direction. Only the
LPA group shows significance, with p=0.003.

Figure 3-16 shows the fiber densiKA, for the crimped fiber. The increase is bordering
on significant, with p=0.14. The RPA shows the tgehstatistical significance at p=0.12. It is
seen here that the crimped fiber portion of the ehadincreasing in area fraction.

Figure 3-17 shows the change in the anisotropfi@ttimped fiber ellipsoid. This shows

a decrease in anisotropy, albeit slight. The pe&w the aggregate is p=0.12.
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Figure 3-18 shows the normalized radius of gyratief, , for the crimped fiber model.
This parameter does not change. This indicates tti@tbreadth of the transition does not
increase.

Figure 3-19 shows the shape parameter of the cdrfiper, §,. The increase here is
significant at p=0.015. The left and right pulmonartery groups showed significance at the
15% level, with p=0.088 and p=0.13. This indicatexst the engagement of collagen was pushed

further out under hypertension.
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Figure 3-13: The isotropic shear modulus of theaximi data fits.
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Figure 3-14: The circumferential shear modulushefuniaxial data fits.
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Figure 3-15: The anisotropic shear modulus ratithefuniaxial data fits.
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Figure 3-19: The crimped fiber shape paramefgrof the uniaxial data fits.

3.4 Conclusions

As this was the first work performed in this laktle area of mechanical testing of artery
tissues, significant progress was made from th&t finiaxial test to the biaxial tester. The
uniaxial test data was fit with the model, whiclvga@ome insight to the behavior of the material

with hypertension. The statistical significance eh& low, owing to the large distribution of
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behavior in the data. The biaxial data is promismgs assessment of stress coupling between
the axial and circumferential directions. The maosleuld now be fit to the biaxial data to assess

the model validity under biaxial loading.

62



Chapter 4. TheAnisotropy of Arterial Elastin

4.1 Introduction

The mechanical behavior of the proximal artery yédlys an important role in regulating
hemodynamic efficiency and cardiac health. Elaatid collagen are the two main extracellular
matrix proteins in the artery wall that provide thall stiffness and define its mechanical
behaviors. Elastin forms a cross-linked network presents mainly in the medial layer in the
form of fenestrated lamellae [51] which are arrahgethe circumferential-longitudinal plane
surrounding the smooth muscle cells to form museldstic fascicles. Collagen fibers in the
form of undulated bundles present mainly in theeaditial layer and are arranged in a loosely
cross-linked mat. Previous study showed that thecolo-elastic fascicle structure of elastin is
the primary load-bearing component at small tormexliate range of deformation, which is
close to the physiological deformation [7, 52-33gllagen fibers do not carry load until they are
straightened, which is usually called collagen gegaent. For example, in the recent study on
the elastin mechanics in pulmonary hypertensionifdjas found that for control group of calf
pulmonary artery (PA) the average systolic/diastglirains were 59%/34%, and the collagen
engagement strain was ~69%. For the hypoxic grihgpaverage strain range was between 72%
and 53%, and the collagen engagement was at ~ @#8train. On the one hand, it was clear in
the hypoxic group that the increase in systoliaisf, growing closer to the collagen engagement
point, had a strong correlation to the increasdlobd pressure and heart load. On the other
hand, this study also showed the importance otielasechanics in regulating hemodynamics,
as the majority of the deformation during a systdiastolic cycle is dominated by the

contributions from elastin network.
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Another important arterial property is their anrepic mechanical behavior [21, 24, 55,
56]. Conventionally, it is believed that this wagedto preferential collagen fiber orientations
[57, 58]. This can be reflected from the observattbat many structure-based constitutive
models assume the anisotropic behavior to be dwellagen fibers. However, as the needs for
developing more accurate structure-based strairggrienctions (SEF) and constitutive models
for artery tissue increase, this assumption shbeldnore carefully investigated. For example,
there are several studies on elastin showing elastbe anisotropic. For elastin purified from
canine thoracic aorta, Sherebrin et al [11] foumgdnistropic ratio (AR) (defined as the ratio of
modulus between the circumferential and longituldéii@ctions) to be ~1.65 at the strain of 0.4
and to be ~1.42 at the strain of 0.7. Lilieal, from inflation testing of digested pig aorta ayte
sections, found that the circumferential directvoas 40% stiffer than the longitudinal direction
[59]. Zuo and Zhang [60] studied elastin from bavithoracic aorta and demonstrated
anisoptropic elastin behavior. Although they did calculate the AR, their experiments showed
the AR to be ~3 under equibaxial testing conditidMmen studying venous tissue, Rezakhaniha
and Stergiopulos [40] found that an anisotropistalamodel with a stiffer longitudinal direction
could provide better fit to the inflation-extensierperiments. This observation contradicts with
the observations by Sherebrin et al [11] and ZubAmang [60] on thoracic aorta, which showed
circumferential direction was stiffer, indicatingat the anisotropy of elastin may be species,
artery, and location dependent [40]. Indeed, gastiedied also reported isotropic behaviors of
elastin [61], which was confirmed by a recent stwdyporcine thoracic aorta-derived elastin
[12] using planar biaxial tests.

Pulmonary arterial hypertension (PAH) is definedaashronic, resting mean pulmonary
artery pressure (mPAP) greater than 25mmHg. Thireased pressure leads to an increase in
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right ventricular (RV) afterload. PAH is an impartacause of morbidity and mortality in
children and adults. The proximal pulmonary arter{®As) in patients with PAH display
significant vascular remodeling [3, 62, 63] anditimeechanical behavior strongly influences the
pulmonary arterial input impedance, RV afterloaad @ulmonary vascular function (Milnor et
al, 1969; Milnor 1975; Grant and Lieber, 1996; Wi et al., 2004). Therefore, it is important
to study the mechanical behavior of the proximakRWeinberg et al., 2004; Gan et al., 2007;
Hunter et al., 2008). Recently, the study by thihans found that PH decreases the efficiency of
elastin, through degradation and production [6gecHically, in hypertensive calves, the elastin
modulus has been shown to increase [4]. Howeverinftuence of PH on anisotropy of PA was
not studied.

The purpose of this paper is to investigate if na@atal behaviors of purified elastin
from PA are anisotropic and if the anisotropy vk affected by the PH conditions. Since
proximal PA has the strongest influence on heaatl|dhis paper focuses on elastin obtained
from proximal tissue. Stress-strain behaviors afff@a elastin of proximal PAs from controlled
and hypertensive Holstein calves were tested usinganar biaxial tester. The moduli in
circumferential and longitudinal directions were asered from stress-strain curves then were
used to calculate the anisotropic ratios (AR). ARs were then used to investigate the presence
of anisotropy in the PAs and study if there wasepethdence of AR on location and PH

conditions.
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4.2 Materialsand M ethods

4.2.1 Animal model and tissue harvesting

Institutional Animal Care and Use Committee appltowas obtained for all animal
studies. Tissues from fourteen male Holstein calver® harvested for study. All the calves were
sacrificed at 14 days of age. The PH group corsisfeseven calves and PH was induced by
following a well established high altitude calf nevd65, 66] where the calf between 1 and 3
days of the age was subjected to a 4,600-m equitvale pressure till sacrificing. Planar biaxial
tension specimens were excised from large pulmomatgry tissues. Tissues were cut from
right, left, and main PAs (RPA, LPA, and MPA, resipeely) using surgical preparation razor
blades which allowed straight sides to be made. tlseies thickness ranged from 1-2mm for
branch tissues (RPA and LPA), and 3-5mm for mainkrsections (MPA). Test specimens were
cut from areas of the artery devoid of branch mihbles, or localized thickening. The overall
dimensions were around 15-20mm on a side for RRAL&NA specimens, 25-30mm on a side

for MPA specimens.

4.2.2 Tissue digestion protocol

Prior to be purified for elastin only tissue, thhesh tissue specimens were tested in the
biaxial tester. Tissue dimensions were measureayusigital calipers. After testing, the fresh
specimens were digested using a cyanogen bromi&r)&dormic acid process to remove all
components of the artery wall other than the elastatrix first employed by [67], as detailed in
Lammers et al. [4]. Briefly, fresh arteries werdmerged in a 70% formic acid, 50 mg/ml CNBr
solution, followed by a boiling treatment to remo@NBr. After digestion, tissues were

measured with digital calipers and tested in PB®@in temperature.
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4.2.3 Mechanical tissue testing

The mechanical tester used was built in houseviitig Sacks’ design [68]. The force
was measured with 50g load cells (Honeywell Mod#). 3o track the deformation of the
sample, a toughened black cyanoacrylate adhesogti{fé Black Max 380) was used to create
tracking points on the face of the tissue. Fourlsoiaular dots, 0.5mm to 1mm in diameter,
formed the reference points for the optical defdromameasurement. During testing, the applied
stress usually reached a maximum of about 15 kPavted tearing. Preconditioning to the
maximum stress was performed by ten cycles of f@pdind unloading. The total deformation
cycle occurred in a 20 second period. Because ttwarel be some permanent deformation from
preconditioning, the stretch data were normalizgohsately by taking the lowest stretch in each
direction to be unity. The stress-stretch curvess@nted some hysteresis in each loading-
unloading cycle but the amount of hysteresis islisamal constant from cycle-to-cycle. Only the

loading curve of the last cycle was used for datyais.

4.2.4 Anisotropy ratio (AR) calculation

The moduli of both the circumferential and longihal directions were calculated using
the tangent and secant method. Here, the initialulbs was not used for two reasons. First, the
initial portion of the stress-stretch curve typigadhows a toe region which would lower the
modulus and would then not reflect the real init@dulus. Second, the elastin tissues were
tested to an intermediate stretch ratio, and aksbeilshown later, the stress-stretch behaviors
were not linear. The tangential modulus was obthimg measuring the slope of the portion of
the stress-stretch curve between 75% and 100%edbthl stretch through the least square linear

fit. The tangent AR, was then calculated as
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r — Ecirc

tan tan

ong (4.1)

where EZ" and E2" are the circumferential and longitudinal tangemiduori respectively. The

circ ong
tangent AR reflects the modulus of the elastinelmsn vivo, as it is experienced from diastole
to systole and does not reflect the toe regiomefstress-stretch curve.

The secant method was chosen as an auxiliary methpdesenting the modulus, as it
incorporates the toe region of the data that ia geall the tests. This method takes the first and

last points of the data, and finds the slope oflitteeconnecting them. The secant AR ratigis

calculated from the circumferential and longitudimeduli, E; and B as
_Eic
sec sec
ong (4.2)

Using the secant method to characterize the aopptallows a path-independent

measure of the elastin anisotropy at a given egxidi stress.

4.2.5 Statistical analysis

The two-tailed-test was used in order to determine if the data significantly different
from the null hypothesis at a 95% confidence iragra mean of 1 and with unknown variance.
Significance here would indicate that the populatims a mean different from 1, and can be
thought of as anisotropic. Another method of qugintyy the data is the skewness parameter.
Skewness indicates a deviation from the normalibigion, either a right-tailed or left-tailed
distribution. Positive values of skewness indicateght-tailed distribution, meaning there is a
higher chance of a value lower than the mean, whigative skewness indicates a left-tailed

distribution and there is a high chance for a vatube larger than the mean. Bartlett’s test for
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equal variances was used to determine the signdeaf differing variances due to location.
Two-samplet-tests were used to compare control groups to Ridpg; and location groups.

ANOVA was also performed, grouping the data by botpertension and location.

4.3 Resaults
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Figure 4-1: Fresh and digested test data from angke is shown. Tension is
shown rather than stress in order to ignore thekil@ss change due to digestion.
The elastin data is very close to the fresh ddtawsig minimal change in low
stretch behavior due to the digestion method.

Figure 4-1 shows the tension-stretch curves frora fiesh sample and one elastin
sample. The latter was obtained from the digestibthe first. Because the digestion method
changes the overall thickness of the sample, &tdo@mparison in stress provides little insight.
However, the use of tension (force per side lendtd®s not include the thickness and compares
the two tests directly. The tension-stretch behavaf the fresh and digested tissues are very
similar in the low to moderate stretch region aanse Figure 4-1, indicating that the mechanical

loads are carried predominately by elastin in tbe ko moderate stretch regions. Further
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deformation of the elastin is not possible duéhtlow tear resistance. However, from literature,
it is known that elastin does not stiffen apprelgiatath further stretch [7]. Figure 4-2(A) shows
digested elastin tissue stress-stretch data fromnegpuibiaxial stress test. It is apparent that the
response is anisotropic, with the stiffer respandbe circumferential direction. A small amount
of hysteresis is seen in both directions for athgkes, and additional preconditioning does not
change the response appreciably. There is a so®liggion in all the samples tested which
could be due to the initial curved shape of theesligd elastin sheets. Figure 4-2(B) illustrates
the two methods for calculating modulus showingdarity the circumferential direction only. It

is seen that the tangent method captures the Haagbr behavior of the elastin beyond the toe
region, while the secant method includes the tgene and therefore has a lower modulus. The
longitudinal data is processed in the same way. Sdwant and tangent methods show overall
consistency in elastin anisotropy but also presente differences. Pairwise, the secant ratio is,
on average, 0.97 times the tangent ratio, duedadnitiusion of the toe region in the secant ratio
calculation. The pooled secant method shows sligintialler standard deviation, with a smaller
range. The skewness of the secant method dataalgesmvhich indicates it is closer to a normal
distribution than the tangent method, due to thallemrange of the values. Though the secant
method may be less prone to scatter, it might beersensitive to error in the data due to its
inclusion of the toe region. The tangent methodwshthe right-tailed nature of the data more
prominently; in addition, the tangent method bettepresents the wall behavior under
physiological conditions because it calculateswia modulus close to the physiologic stretch
range. The similarities in the data show that teeregion does not have significantly different

anisotropy than that of the higher-stretch regions.
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Figure 4-2: A representative plot of one set ofike@xial test data. A) Equibiaxial

stress test data from one digested elastin tistwavss large anisotropy. B)

Circumferential data from the same tissue is shasth the tangent and secant

methods to emphasize the difference between them.

There were 43 sets of equibiaxial data from 14 esmlvhe ratios of anisotropy for all
samples are plotted in a histogram in Figure 443 mean was 1.50, and thé&est showed
significance from the null hypothesis at the 99%fmence interval, indicating that elastin is not
isotropic. The skewness of the tangent data wa3 @uBich shows that the AR from a sample is
more probable to have a value smaller than 1.54&Harger value.

Table 4-1: Relevant statistics for pooled and geslgata. The groups that show

statistical significance from a mean of 1 are theled, both MPA groups and the
RPA PH group.

N Min Mediar Mear Max  Skewnes Standarc p-value
(kPa/kPa Deviation

All 43 0.58: 1.40( 1.45¢ 3.022 0.80] 0.46( <0.001
All Control 22 0.712 1.48: 1.53¢ 3.022 0.81¢ 0.52:¢ <0.001
All PH 21 0.58: 1.35Z 1.37:  2.26€ 0.18( 0.37¢ <0.001
MPA Contro 8 1.38( 1.87: 1.83¢ 2.20z -0.48: 0.24: <0.001
MPA PH 6 0.966 1.42¢ 1.46¢ 1.84¢ -0.19¢ 0.327 0.01¢
RPA Contra 7 0.82¢ 1.12¢ 1.20t 1.70C 0.42: 0.31% 0.13¢
RPA Pk 8 0.93t 1.23¢ 1.31: 1.70z 0.25:% 0.27¢ 0.01¢
LPA Contro 7 0.712 1.32¢ 1.52¢ 3.022 1.23¢ 0.73¢ 0.10¢
LPA PH 7 0.58: 1.35: 1.36¢ 2.26€ 0.21 0.53¢ 0.127
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The groups for location and hypertension were bmakat, with the statistics presented in
Table 4-1. At a 95% confidence interval, the pootgdups were shown to be significantly
different from the null hypothesis. The control RBAup did not show significance at the 95%
confidence interval, but can be attributed to tleambeing closer to unity; more data here would
likely show significance. The LPA groups did notoshsignificance at the 95% confidence

interval due to the large standard deviation.
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Figure 4-3: Histograms showing the distribution tbe anisotropy ratios as
calculated by A) the tangent method and B) thergetethod. The data show a
clear right-tailed distribution with a mode greatiean unity. B) Compared with

the tangent method, the data is concentrated nmawartl unity due to the

inclusion of the toe region.

Comparing the control section groups, the RPAgsifcantly different from the MPA.
Results of the section group two-samplests, assuming unequal variances, are presemted i
Table 4-2. In Figure 4-4, histograms for the MP&RA_and RPA groups are shown. The MPA
group has a high mean AR, while the RPA is sedmai@ lower AR. The variance of the LPA
group is large, and does not show significancehasRPA and MPA groups do. However,
because there were only 7-8 samples for each papiedp, trends might arise with more

samples.
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Comparing PH to control groups using a two-santéest assuming equal variances, the
PH MPA is significantly different from the contrdéPA group. Of all the PH-control section
comparisons, this was the only significariest at the 95% confidence interval, as shown in
Table 4-2. The mean AR for the MPA went from 1.88dontrols to 1.51 for PH, p=0.016.
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Figure 4-4: Histograms of the pooled (PH and Cdhttata are shown. The MPA
group (A) has a high anisotropy ratio, while the ARBroup (B) has a low
anisotropy ratio. The LPA group (C) has a largeggean

A two-way ANOVA performed on the data showed thHa tocation contributed to the
variance more than PH. It was seen that the MPARIRA groups were significant from one
another, p=0.029. Although t-test showed for MPA @&#l change the AR, it was not apparent
from ANOVA that PH had a significant impact for #fle locations groups combined. Bartlett’'s
test against the three section groups showed api@mbability that the groups have equal
variance, with p=0.01. Using this test on the MPRALcomparison showed that the groups had

differing variance, p=0.02. The MPA-RPA Bartletttst revealed there was no difference in the
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variance, p=0.65. The RPA-LPA showed that the naeaof the LPA is greater than that of the
RPA, p=0.01.

Table 4-2: Two-samplétest results comparing the branches and trunkRithd
and control groups. Using a 95% confidence interfeallocation, only the means
of the RPA and MPA groups are significantly difierérom one another and for
PH-control comparisons, only the MPA showed sigaifice.

Two-samplet-test groups p-value

RPA-MPA 0.Co1
RPA-LPA 0.33C
L PA-MPA 0.23¢
MPA PH-Control 0.01¢
RPA PH-Control 0.49¢
L PA PH-Control 0.64¢

4.4 Discussion

Elastin provides the elasticity of the artery at land moderate stretches and the structure
in which the smooth muscle cells reside. Understanthe behavior of elastin is important to
the understanding of the artery behavior under aband diseased physiological conditions. It
will also help to the development of structure lobsenstitutive models that be used to provide
structure function relationship of artery and ¢&&0M interactions.

The results of this study demonstrate that elastoalf proximal PAs is anisotropic with
the mean AR of 1.50. The evolutionary advantageth& anisotropy is evident by the
deformation of the artery wall. The deformationtstaf the artery under systole is primarily
circumferential stress [34], and as such, it wdaddexpected that the body would “optimize” the
stiffness of the constituent components to refldus deformation state. The primarily
circumferential stretch of systole is resisted hoy $tiffer direction, while the smaller longitudina
stretch is met with the softer direction. It is thansurprising that the MPA has a greater

anisotropy than the RPA, since the deformatiorréaigst in the MPA. The large variance in the
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LPA AR is unexpected; however, because LPA is dlemartery, this variance may be due to
subtle differences in the location of the tissum@a, such as closer or further from the branch
point, or from the distal or proximal wall of thetery. In addition, changes in anatomy could
further introduce variance.

Previous studies to investigate elastin tissue slowonflicting results on elastin
anisotropy. Gundiah et al. [12] performed equilahasiress tests on elastin from porcine thoracic
aorta and reported equal stiffness in circumfea¢@aind longitudinal dictions, whilst Sherebrin et
al [11], Lillie et al [59] and Zou and Zhang [6@ported anisoptropic behaviors elastin purified
from canine, porcine, and bovine thoracic aortaspectively, showing the tissue is stiffer in the
circumferential direction. Rezakhaniha and Stergiop [40], however, found that a stiffer
longitudinal direction can provide better fit toetlinflation-extension experiments. The work
presented in this paper is the first study on PAsdl on the 43 sets of equibaixial tests, the
average AR is ~1.5, which is close to the AR regbity Sherebrin et al, (AR was ~1.65 at the
strain of 0.4 and ~1.42 at the strain of 0.7) kitice et al. (AR was ~1.4).

The test results in this paper also showed the AReddence on the tissue location:
MPA, which is closest to heart, showed a largertA& RPA and LPA. This is the first report
on the location dependence of AR for pulmonaryreateand immediately downstream vessels.
In addition, the tests reported the effects of RHA& depend on the tissue location. Specifically,
PH decreased the AR in the MPA, from 1.89 to 1k, did not change AR for PA from branch
arteries. It is known that elastogenesis and dedgi@uduring PH [64] causes a rearrangement of
the elastic fibers. The change in anisotropy ingptieat elastin fibers produced under PH are
distributed more randomly and are not as prefaliyntialigned as the prenatally-deposited
elastin. Thus, in addition to the material ineffiscy with PH elastin [64], the geometric
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efficiency of the elastin scaffold is also decrebwsdth hypertension. This result shows that PH
causes a marked decrease in the ability of elastaear the applied pressure.

Understanding structural components’ contributiontihe complex nonlinear elastic
behaviors of artery is a key to identify approggiatrain energy function (SEF) for constitutive
models arterial tissues. Most of previous constitutmodels attribute the tissue anisotropic
behaviors to collagen fibers. Although there ailé sime contradictions, evidence that supports
elastin anisotropy is increasing. Since elastinthie main load carrier under physiological
conditions, it is important to develop or reviseFSEo consider anisotropic elastin behaviors.
Recent efforts on incorporating elastin anisotropy constitutive models have shown very good
agreements with experimental results [40, 69]. Aepty, more work is necessary in this
direction.

This paper has shown through equibiaxial stregsgethat pulmonary arterial elastin is
anisotropic. This finding has not been shown pnesiy for pulmonary artery tissues. From the
43 sets of equibaixial tests, PA tissues were @gdlyestiffer in the circumferential direction with
a mean AR of 1.5, but some samples were nearlyojgiot and even possess slight anisotropy
opposite to the majority. It was found that thesatriopy was strongly influenced by the location
of the tissue. The anisotropy of the main trunk w@mificantly greater than that of the right
branch. PH significantly decreased the anisotrogio of the MPA, which implies that PH-
deposited elastin is randomly distributed. Thisrdase in anisotropy can be related to a further

decrease in the efficiency of the elastic fiberbear the load of systole.
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Chapter 5. Nonlinear Anisotropic Passive Stress-Strain Behaviors
of Artery Tissues. Experiments and a Structure Based

Congtitutive Model

The mechanical behavior of proximal artery tisslag/® an important role in the cardio-
vasculature. In a cardiac cycle, the pressure withe artery varies from diastole to systole,
accompanied by a change in the vessel diameter2b96-30%[4]. Therefore, artery stiffness
within the operating range from diastole to systid¢éermines the load to the heart, contributing
to hemodynamics and heart health. The stiffnesartdries is strongly influenced by the
underlying structure and composition. For examiplgguimonary arterial hypertension (PAH) in
neonates, infants and children, substantial vasaelaodeling of the pulmonary vasculature
results in arterial stiffening, which in turn leatts increased pulmonary vascular resistance,
which leads to increased pulmonary arterial press@tudies have shown that increased
pulmonary vascular stiffness (PVS) can accountafomuch as 30% to 40% of the increased
load on the heart and affect patient outcome.

The stress-stretch behavior of artery tissue detrates two salient features. First, the
stress-strain behavior demonstrates a characteltstiape behavior, so called because of a small
deformation resistance at low stretch followed lbyiacrease in stiffness after some stretch.
Depending on the location and disease state ofissee, the transition from low- to high-
stiffness, termed engagement, can be relativeldugiaor sudden. Second, the stress-stretch
behavior is orthotropic. This is typically seen witbe tissue is stretched in the longitudinal (or
axial) and circumferential directions, respectiveythough the stress-stretch behavior in both

directions can demonstrate similar J-shape behguibe initial stiffness, engagement point and
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high-stretch stiffness can be substantially différeThese two features of the stress-stretch
behavior of artery tissue are due to the underlgingcture.

Arterial tissue is comprised of four main composenhcluding smooth muscle cell,
elastin, collagen, non-proteinous solutions. Thepositional fractions and structure of these
constituents depend on the species of animal, itotah the vasculature and disease state.
Smooth muscle cells are an active component inmbdial layer, constricting the lumen in
reaction to external stimuli. In distal arteriesyadth muscle cells regulate blood flow through
the capillary beds by changing the flow resistaddthough smooth muscle cells are present in
large, elastic arteries, it is generally believedttthey do not contribute significantly to the
mechanical behavior as the smaller distal artefesThe active component can be neglected if
there is no smooth muscle cell activation, andodssive behavior can be lumped in with the
matrix. Surrounding the smooth muscle cells isakiacellular matrix protein elastin. Elastin
forms a cross-linked network and presents mainithexmedial layer in the form of fenestrated
lamellae. These are arranged in the circumferelamgitudinal plane surrounding the smooth
muscle cells to form musculo-elastic fascicless laccepted that in the normal operating range
of the artery that arterial elastin has almostdmstress-stretch behavior[5, 10, 70]. Although
conventionally it is assumed that the elastin nétwas isotropic stress-stretch behavior, recent
studies on elastin network from digested tissuecatds that the mechanical behavior of the
elastin network is also orthotropic [11, 40, 59, 80]. Collagen fibers in the form of undulated
bundles present mainly in the adventitial layer anel arranged in a loosely cross-linked mat.
Because of wavy shape, collage fibers do not daay until they are straightened. It is generally
believed that straightening collagen fiber at matieto high stretch causes the dramatic increase
in tissue stiffness. Therefore, straightening g@kafiber is often called collagen engagement. In
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addition to the compositional differences in adsyithere are also differences in the fiber
arrangements which depend on a variety of fact®pgcifically, the fiber orientations of both
collagen and elastin can determine the degree isbmopy of the artery wall. Therefore, in
developing a model that is suitable for trackingchamical property changes due to disease, it is
important that there be model parameters whichespond to aspects of the microstructure and
cause observable changes in behavior.

A number of constitutive models were developedaptare the mechanical behaviors of
artery tissues. A widely used model was developeéing et al [24] who used a exponential
type of strain energy function, with parametersrabgerizing the different directions and the
coupling between them. This model has good veityatiowever the material parameters do not
have physical meaning. Bischoff and Arruda [25]aleped an orthotropic model based on the
Arruda-Boyce eight-chain representation of therfibetwork, but used a rectangular prism with
variable side lengths for orthotropy. While thisveg good flexibility for modeling the
orthotropy, extensions along the chain directione @urtificially high stiffness due to the affine
deformation of the chains. In addition, many bidadad) materials, though it may appear as such,
may not behave according to entropic elasticitylzbjofel et al [26] presented a model with two
families of fibers representing the collagen filbendles. These fibers were modeled with two
families of fibers in the circumferential-longitundil plane at an angle to the circumferential
direction and symmetric about that direction. Lateasser et al [28] presented an improved
model using a distributed fiber orientation for edamily of fibers, but this model does not
reflect the microstructural arrangement of collagémly a few constitutive models have
endeavored to model the stress coupling seen maplaiaxial testing. The model presented by
Sacks [29] for valvular tissues accounts for stresspling by accounting for each fiber’'s
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contribution. With this approach, the fiber distidion was analyzed by small angle light
scattering, and the deformation and force in ealolr fwas integrated to obtain the overall
behavior. The phenomenological constitutive modea¥s 52, 72-74] include stress coupling
parameters in the terms such agHgs. However, these phenomenological constitutive risode
do not draw upon the underlying microstructure.ohder to model the J-shape stress-strain
behavior of the artery, collagen engagement mustdresidered, which is important to the
hemodynamics and right-heart afterload. Previousksvoby Holzapfel et al [26] and
Stergiopulous et al [27] to capture this behavisedia piecewise function with a predefined
critical stretch ratio. By using a statistical distition in the critical stretch ratio, a smooth
collagen engagement in the stress-strain curve achseved. However, using a piecewise
function, although convenient, does not consider ¢hergy due to bending of the collagen
fibers.

Among the constitutive models for arterial tissudsyse motivated by the material
structures are particularly attractive as they mlewa possibility to infer structure change from
variations in mechanical behavior, which can po#adligt benefit tremendously diagnostic
techniques. Zulliger et al [27] presented a modeictv accounted for the percentage of elastin
and collagen from histology. They, however, did rmnsider the morphology of the
constituents. The model presented by Sacks [29]Cawrer and Carol [75] use the collagen fiber
orientation distribution measured from experimenitkis allows an accurate model of the
anisotropic behavior under multiaxial loading. Mg of elastin anisotropy has been explored
by Rezakhaniha and Stergiopulos [40] who found thdtansversely-isotropic elastin model
produced a better fit for tube inflation-extensitests than models with isotropic elastin
behavior.
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Recently, a microstructure driven constitutive nmiodas developed by the authors to
capture the anisotropic stress-strain behaviorar@rial tissue[76, 77]. The tissue is assumed to
be composed by elastin matrix reinforced by coltefifger bundles. The latter were modeled as a
wavy elastic beam which naturally captures the gageent effect at intermediate to high stretch
and offers a potential to incorporate histologyoimonstitutive model directly. Anisotropic
behaviors of the tissue were attributed to thearopic behaviors of elastin matrix as well as the
uneven distribution of collagen fiber bundles. Altigh the model matches the stress-strain
behaviors of arterial tissues very well within fhigysiological range of stress anisotropic ratios,
the model behaves stiffer when a wide range ofsst@nisotropic ratio is considered. For
example, if the uniaxial tests were used to fitemiat parameters, the equibiaxial stress would be
over-predicted[76] at intermediate stretch level.isl therefore important to more carefully
investigate the stress anisotropic coupling armésliate stretch level.

The purposes of this paper are two folds: Firg,itfiluence of stress coupling to stress-
strain behaviors at different stress biaxial rats@s explored to improve the model’s ability to
fully capture anisotropic behaviors of artery tiss8econd, a combined approach of determining
model parameters, where part of model parameters eeained from histology was developed.
In particular, model parameters describing unevstrilution of collagen bundles and waviness
(called tortuosity) were measured from histologg.thie authors’ best knowledge, this is the first
effort to incorporate histology measurement of uosity into a constitutive model for artery
tissue. The paper is organized as follows. In each.1, the planar biaxial mechanical testing,
histology and constitutive model are presented.ségtion 5.2, the constitutive model is
developed. In section 5.3, the results of the lugioal analysis are presented, which are then
incorporated into the constitutive model paramet&ection 5.4 includes a discussion of the
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constitutive model and implications of the histglodrinally, the conclusions are presented in

section 5.5.

5.1 Materialsand Experiments

5.1.1 Materials

All animal testing was approved by institutionairaal care and use committees. Main
pulmonary artery tissue was taken from a 2-weekcalfland was dissected to obtain samples
for histology and mechanical testing. The tissus placed in nutrient-balanced medium (4° C)
for transport and short-term storage. Mechanicatstavere performed within 24 hours of

sacrifice.

5.1.1.1 Biaxial tensile Tests

The tissue was cut into a square, roughly 25mm ei@, with a thickness of roughly
4mm. A small notch was made in one corner to deternthe circumferential and axial
directions. A planar biaxial tester, similar to Esig(2001) design, was used to characterize the
material. The circumferential and axial directicofsthe artery of the biaxial testing samples
were aligned to the two stretching direction of fllanar biaxial tester. The tracking dots for
optical deformation measurement were made with iteoc8380, a black rubber-toughened
cyanoacrylate adhesive. The dimensions were mahsuth digital calipers. The sample was
attached to the tester with four stainless steeé wWiooks and nylon thread. The tissue was
immersed in a calcium-free phosphate-buffered saoiution (0.01 m/L, ionic strength 0.15, pH

7.4). A maximum stress of 50kPa was applied in hiitéctions for preconditioning. Ten cycles
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of loading to the maximum stress in both directi@msl unloading were used to serve as
preconditioning.

In order to assess the behavior of the materithenbiaxial setting, the stress space with
different anisotropic ratios was explored. The itgstmethod consisted of tensile tests with
uniaxial loading and combined loading conditions.all cases, the maximum tensile stress
applied was 50kPa, which was found to be the maxintensile without breaking the tissue
sample. The combined loading cases are expresd®saxa@al loading ratios, longitudinal stress to
circumferential stress. Ratios of 25:100, 50:1@M:100, 100:50, and 100:25 were performed in
this order, with the uniaxial cases of 100:0 antD0:immediately followed. Using these tests,
the tensile stress space was explored, and thecdatd be used for modeling under multiaxial
loading conditions. A typical set of data from thiexial tests are presented in Figure 5-1. The
circumferential and longitudinal data are showndwmyted and solid lines respectively. Each
loading ratio is denoted by different symbols. Quaen determine how stress applied in one
direction affects the behavior in the transversedion through studying adjacent loading ratios.
For example, the 100:25 test is slightly stiffearitthe 100:0 uniaxial experiment, and the 100:50
experiment is even stiffer still. By capturing theupling behavior in the stress, the overall

behavior of the material at all feasible loadingrerios can be captured.
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Figure 5-1: A set of biaxial experiments on the@rtissue specimen. The dotted
lines are circumferential data and the solid liaes the longitudinal data. The
loading ratios are denoted by symbols. Here, #gesn that the material shows
pronounced anisotropy. From this plot, it can bens¢hat the addition of

transverse stretch affects the behavior of the mahtd~=rom the 100:0 to the

100:25 loading ratios, it is seen that adding lardjnal stress will cause a small,
but noticeable change in the high-stretch behavior.

5.1.2 Histology and Image Analysis

Histological samples were taken from the tissuseltw the biaxial test specimen. The
sample was fixed in 10% formaldehyde. The tissus s&ctioned into 1-mm thick histology
specimens using 1mm thick gage blocks and cut atbagcircumferential-longitudinal plane
using a scalpel. These thin sections were moumtead custom holder suspended in glycerine,
and sealed with cover slips on both sides. Thsnadtl the 1mm thick specimens to be imaged
from both sides. The orientation of the sample alaged so that the circumferential direction is

aligned with the x-direction in the microscope.
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Images were taken with a Zeiss Laser Scanning gompe utilizing Second Harmonic
Generation (two-photon) imaging. The excitation elamgth was 800nm, and a bandpass filter
centered at 400nm with 50nm pass band width wagd fethe second harmonic. A 40x high
numerical aperture objective was used. The imagee wquare and approximately pé®on a
side. A z-series image stack was taken for eadh giceach specimen. Slices were spaced at
approximately fim, to a depth at which the second harmonic gemeratias not observed,
usually around 30-40m. A typical sample image is shown in Figure 5-ZFe collagen
emission spectrum is shown in red, with elastiofscence in green. It is seen that the collagen

fiber bundles have a wavy morphology with an uneméentation distribution in the x-y plane.
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Figure 5-2: A) A histological image for tracing. hed channel is the two-photon
emission of collagen, while the green channel ésdhtofluorescence of elastin.

The collagen is seen as wavy fiber bundles whiake lthstributed orientation. B)
The traced lines for collagen fibers.

To obtain collagen orientation distribution anditosity, the red channel of each image
slice was extracted as a grayscale image. Contrastenhanced through a tile-based adaptive

histogram equalization scheme. In order to fatditsomputer processing, the images were first
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traced by hand to in order to enhance the lineesgmting collagen bundles and to remove some
non-essential features, such as small branchingtgoivhich typically impose significant
challenge for computer program to determine if éhf=atures are important or not. In order to
remove variability from personal bias, each images weparately traced by three people. Very
thick fiber bundles were not treated as singlerpdut were traced multiple times, as they
eventually branched. It was emphasized that thelevimoage be traced. Figure 5-2B shows a
typical images with tracing lines.

Traced lines were analyzed for orientation andutisity by using an in-house MATLAB
program. Orientation was analyzed by end-to-en@éntation as it is consistent with the
constitutive model which uses fiber attachment {®ia define fiber mechanical behaviors. It is
known that the fibers also travel in the radiakdiron, so the ends of the fibers cannot be found
from planar images. It should be noted that thgtlef the fiber does not affect the anisotropy.
Fig. 5-3 shows a length-normalized fiber, with pigjons in the circumferential and longitudinal
directions. The integral of the projection of thelgability density function can be approximated

through a discrete sum of each fiber angle.
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Figure 5-3: (a) A single representative fiber tngcshowing the orientation angle,
0, with respect to the circumferential direction.eTprojections of the unit length
in the circumferential and longitudinal directioase shown as co$ and sin6
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respectively. (b) An idealized fiber with sinusdidaape. The arc length and end-
to-end lengths are both shown. The included anfgteeosinusoid determines the
tortuosity.

From orientation data, fiber distribution was irtg@d in a discrete manner to find the
projection of the fibers in the circumferential diedgitudinal directions. The aggregate lengths
of the resultant projections along the circumfaenand longitudinal directiond,a and lg,

respectively, are

R ot

p(6)cos 6d6 = %Zn: co$ade
1

IA

= p(e)sinZHdez%zn:sirﬁede ’ (5.1)
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The ratio of these two lengths characterizes theotmopy of the material in the plane of the
images.

Collagen fiber tortuosity was quantified by takitg ratio of the arc length of the traced
line by its end-to-end distance:

r=. e (5.2)

end- to- end
In the constitutive model, a fiber with tortuous nplology is idealized as a sinusoidal curve.

Fig. 5-3b shows an idealized fiber in the shapa einusoid with respective end-to-end and arc

lengths, and the included angle of the sinusé(gd,vvhich can be used to represent the amplitude

of the sinusoidal curve. The tortuosity can betegldo 90 by
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whereE is the complete elliptic integral of the secomuk
5.2 Constitutive M odel

5.2.1 Preliminary

This paper considers the equilibrium responseshefdrterial tissue. In addition, we
consider the tissue mechanical response as a migfuthe elastin matrix and collagen bundle
network. Therefore, we assume that there existisadn energy density function (SEF) which

can be divided into two contributions, i.e.,

l// :wEI +l//CoI ’ (54)

where ¥ , ‘/’EI, and ye are the total SEDF, SEDF for elastin matrix antagen
network, respectively. A more sophisticate approaaich as including volume fraction of
collagen fibers and elastins network, could be fal&ut as discussed later, in this paper, we
lump these volume fractions into the respectiveeniat moduli of these two components. For an
arbitrary deformation, the right Cauchy-Green defation tensorC, and the finger tensdr are
defined as

C=F'F b=FF" (5.5)
where F is the deformation gradient. The second Piolatfiaff stress tensor for

incompressible material is defined as

s=2%%_ pC™
6C ’ (5'6)
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where p is the hydrostatic pressure. The first PK stréssand the Cauchy stress is
denoted a¥, are calculated as
P=FS ¢=J"FSF" (5.7)
wherelJ is the determinant of the deformation gradient. this model, we will refer to
the vectors which define the circumferential anaigitudinal direction agy andgp respectively.
The first and second invariants©f 1, andl,, are defined as

L =tr(C) (5.8a)

|, = %[tr(c)2 —tr(Cz)}

(5.8b)
Two additional invariants, typically used in aniegtic hyperelasticityl, andlg, are

defined as:
1, =C:3,0a (5.8¢)

le =C:g, U g, (5.8d)

5.2.2 Elastin matrix

In order to model the orthotropic nature of theegrtwall, the orthotropy of the elastin
network is separated from that of the collagen pnetwThis allows the model to represent the
two networks independently. As was observed preshoelastin network is orthotropic in
nature, and thus should be represented by an mythotmodel[11, 40, 59, 60, 71]. In this paper,
the elastin is modeled as an isotropic neo-Hookeaterial reinforced by two orthogonal neo-
Hookean fiber families. These fiber reinforcemergpresent the structural preference of the

elastin network in the circumferential and longihal directions. Using neo-Hookean fiber
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reinforcements together with a neo-Hookean matdg],[ the elastin constitutive model is

characterized by the SEF,
B_ My _ay M H 5_ K TH ¥ _
w =7 (1 =3+ e (1.+2,7%-9+ > (1e+2,%-93, (5.9)

This SEDF has three material parametgisis and g, which pertain to the isotropic shear

modulus, the circumferential shear modulus andahgitudinal shear modulus, respectively.

5.2.3 Collagen Fiber Model

In the following, we consider a scenario where datda collagen fibers are distributed
in the matrix in a manner close to random but vdtme preferred directions. Under this
scenario, there are three types of stretches, etbfat different scales. The first is the tissue

stretch @ , i=1,2,3), which can be measured from experimefit® second is fiber apparent
stretch (1), which is defined as the ratio between the curemd-to-end distance and the
original end-to-end distancel{ = L/L,). Note that due to the wavy shape of the colladsar,

the end-to-end distance can be significantly sm#tien the contour length of the fiber. The third

is the fiber material stretchi(), which is defined by measuring the change in @antength
(A, =L°/Lg). The relationship between fiber apparent stretuth fiber material stretch is given

by Kao et al (2010), who derived from Comninou afachnas [36], as

1+7 tarf §2

c -1
1+ 7 tarf éf[;i/]c (A, - ])('%)2 + ]}

F

(5.10)

Here, 6_?0 is the included angle of the sinusoid which redati@ the tortuosity, an&/l, is the

nondimensionalized radius of gyration of the beanr@ss section. For details about how to
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obtain Eqg. 5.11, one is directed to Kao et al, @0The fiber material stretch is then related to

the force in the fiber through
F =E.A(A.-1). (5.11a)
whereE; and A are the modulus and the cross-section dreallage fibers, respectively. The

stored elastic energy can be calculated as

A
Ve ()= Lo [ Fean 6110

In Eq. 5.11a, the small-deformation strain deforitis used because the collagen fibers
undergo very little material stretch. Macroscogicalhe material can be deformed to a large
amount, however, microscopically, the collagen rfibendles undergo rigid body rotation and
bending, which causes very little deformation befi material.

Since the total strain energy from collagen fibendiies is dependent on the strain energy
of individual fibers and the fiber bundle concetitna, therefore

W =Ky (A), (5.12)
whereK is the concentration of the fibers.

In Eg. 5.12, fiber apparent stretch is at the nsictewture level. To connect with
macroscopic deformation, the fiber apparent strezgbrojected from microscopic deformation
through an anisotropic structure tensor and spegifojection and stretch coupling rules. A
simple projection and stretch coupling rule wasduseour previous work and will be presented
below. A more detailed discussion on how the mtogad stretch coupling rule can affect the
general anisotropic behavior of artery tissue éllpresented in the next session.

Following Holzapfel et al, [28], we used an ellipkad structure tensor with two tunable
axes to represent the angular distribution of tiikagen fibers:
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| +(1- O 1- O
+(1-«)a, Oa, +(1-y)g, go’ 5.13)

where the parametexsandy are the tuning parameters for the shape. Heréongsp andgp are

aligned with the circumferential and longitudinatedtions respectively. This tensor can be
imagined as an ellipsoid in stretch space [28] aeln@nges in the ellipsoid shape reflects the
degree of anisotropy in the material. The anguiatridution of the collagen fibers can be
transformed into the appropriate ellipsoid dimensioThe ellipsoid must have non-negative

dimensions, s& andy are restricted by the following requirements,

+(1-y)>0. (5.14)

K+y>1
By definition, Ho satisfies the requirement thatH, =1 which allows for the fiber stretch

calculation introduced later in section 5.3.

As deformation is applied to the material, the ¢hdémensional deformation state must
be related to the one-dimensional fiber stretchc&ithe coupling of stresses in two orthogonal
directions can be due to a variety of reasonsyderato accurately model the combined loading
cases, it is necessary that the fiber stretch aogiple tunable. In Kao et al 2010, the fiber stretc

is,

A =[Hy:C :\/K+é’_1ll+(1—/<)l4+(1—y)l 6

(5.15)
Fig. 5-4 shows a contour plot of the fiber stre&sha function of the applied stretches with
k=y=0.8. The circumferential and longitudinal strehapplied are along x- and y-axes

respectively. In presenting Fig. 5-4, we assumeifisele is incompressible, i.e/!l,/‘/]3 :1. The
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fiber stretch contours are circular in shape, whiaticates a relatively strong coupling in the

two directions. For example, when the stretch ie tbngitudinal direction is fixed A is

constant), applying a stretch in the circumferéndigection will cross several fiber stretch
contours quickly. This is due to the use of onlg flist-order invariants, namely, I, andls.
Using the first-order invariants is akin to a filsistribution where the fibers align along two
directions, symmetric about the circumferentiakdiion, similar to the model of Gasser et al.
2003. Applied deformations along the directiongragterial symmetry will cause a rotation of
the fibers toward the deformation axis, while bavgtretching causes the fibers to elongate
directly. Therefore, there is a later fiber engagetmunder uniaxial deformations than under

biaxial deformations, without the ability to turied difference.

Figure 5-4: The fiber stretch as a function of #pplied stretches. The shape of
the contours is circular, and the coupling of ttretsh cannot be tuned.

Eq. 5.15 does not accurately capture the relatil@lydegree of stress coupling seen in
vascular tissues. Therefore, a new formulationtter fiber stretch is proposed in this paper. In

this new formulation, the structure tensor stilbnesents the fiber distribution, and should thus
93



not be changed. For the calculation of fiber stretwe define a new tunable fiber stretch
calculation. A symmetric 3-dimensional tensor cam tepresented by its three principle

invariants, 1 I, and J. The first invariant,, = trC, scales quadratically with the stretch. Its iso-

lines in the stretch space are circular. This iiawvdrassumes the deformation of all fibers
equally, as in the Arruda-Boyce 8-chain model. Awalag to the first invariant of a tensor,
incorporating the structure tensor, can be thooghas

l,,=H,:C, (5.16)
which will be termed the first structural invariaithis calculation is an invariant of two tensors,
as in [44]. As discussed above, this invariant du#sadequately describe the projection of fiber

stress and allow for tuning of the stretch couplinghe second invariant,
l, :%[(trc)z—tr(cz)} = A°A,2+A,°A7+ A A7 relates to the stretch coupling in the principle

directions. The use of this invariant will allontuning of the stretch coupling. An analog of the

second invariant using the structure tensor cahdre written as
|H2:%[(H0:c)2—H0:cz] (5.17a)

This new invariant then details the coupling of #teetches in the frame of structure tensor. If
the structure tensor and the applied deformatiercaraxial, then the second structural invariant,
In2, can be written in the principle framela§ as

1
2 = 5[ HiHy DAL+ Ho(H = DA+ HGH - 5] (5.17b)
+H1H2A12A22 + HlH ﬁle 32+ H J—I & ZZA C’%
where H and A, are the principle values of the structure tensod aight stretch tensor

respectively.
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For a suitable fiber stretch formulation, the suglbetween the applied deformation and
the observed fiber stretch should be linear. Tist §tructural invariant scales with the square of
the stretch, and the second structural invariaakescquadratically. In order to relate them, the

first structural invariant must be squared. Thefistretch is now written as,

A =41,°7+cl,, . (5.18)

The parameter;callows the tuning of the stretch coupling. If the&lue of g is zero, then the
fiber stretch in Eq. 5.15 is recovered. Witk@, the stretch coupling is decreased as compared t

equation 3, and with;20, the stretch coupling is increased.

5.2.4 Complete strain energy function

Summing the strain energy functions for the elaatid collagen models, the total strain

energy function is

a T2 — ,U—,U 72 —
w=§(ll—3)+”—2”(l4+2l/ 3)+9_2(| o+ 2% - 3K [ 4 (C)].(5.19)

The stress can now be calculated from this straémgy function as,

<[+ (i1 Do -t o

KFF(g()’—IDiI()/]F)[(2+cl)HO :C-cClH,- pc™
44 (5.20)

5.3 Resaults

5.3.1 Material Parameter Identification

There are nine independent material parameterfhi@nnmodel: Three (isotropic neo-

Hookean shear modulys circumferential and longitudinal neo-Hookean shmaduli p, and
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ug) for the elastin, and six (fiber shape paramé)erfiber bending stiffness R/lfiber density

KA, anisotropy parametens andy, and coupling parameteg)dor the collagen fiber bundles.
Note that since as both K and A affect the moddh& same way, they were lumped into one
parameter KA. Because the modulus of the collager bundleE, is not easily measured, it is
assumed to be in the range of literature, at 10 [3Pa39, 48, 49, 78]. In additioi, might be
further lumped with KA. Among the six parametersrt@@ing to collagen bundles, two

parameters were taken from histological measuresn&piecifically, the tortuosity measurement
is related to the parameté which defines the included angle of the sinus®hk orientation of

the collagen fibers analyzed from histology canused to establish a relationship between
anisotropy parameteksandy. The rest of three parameters are fit paramebetssan be fit to a
small subset of the data. Note that although bollage radiuskR and collagen fiber bundle
periodicity lo are geometrical parameteRcannot be identified readily. As shown in Fig 5;1A
it appears collagen fibers form loosely connectaddbes which makes it difficult to identify

individual fibers.

5.3.1.1 Tortuosity

A histogram of the tortuosity of all the fibersshown in Figure 5-5. The tortuosity is
always larger than unity, as the arc length carenée less than the end-to-end length. The
distribution of the fibers shows a high proportidose to unity. However, the tail is very long.
The mean of tortuosity was calculated to be 1.28otgh Eq. 5.3, the associated included angle

is calculated to be approximately 36.9°.
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Figure 5-5: A histogram of the tortuosity from listgical images. The x-axis is
logarithmically scaled for clarity. The distributioshows most fibers having a
tortuosity close to 1, however the distributiovésy long-tailed.

5.3.1.2 Fiber angledistribution

The fiber angles for the traced fibers are preskemtea rose histogram in Figure 5-6. In
this figure, 0° corresponds to the circumferentititection and 90° corresponds to the
longitudinal direction. The distribution shows aefarence for the circumferential direction.
There is a slight dip in the orientation at arouiad, but the distribution rises again nearing the
longitudinal direction. Using Eq. 5.1, the effeetikatio of anisotropy is calculated to be 1.82. As
discussed in section 5.3.3, the effective ratiambotropy is different from that of the structure

tensor and the two should not be confused.
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Figure 5-6: A rose histogram of the orientation addtom histology. The
distribution shows a strong preference for theurferential direction, with a
slight dip near the longitudinal direction.

5.3.2 Fitting results

The biaxial data was fit material parameters witierf tortuosity and anisotropy ratio
obtained from the histological analysis. The cauplparameter was a fitting parameter, and the
effective ratio of anisotropy was specified. Usitgse histology parameters, a good fit was
obtained for the planar biaxial stress tests, as s& Figure 5-7. The data fit shows very good
agreement with all loading cases, and capturesffieetive stress coupling of the material, as
well as the anisotropy. The fit parameters are shiovlable 5-1.

Table 5-1: The fit parameters for the fit obtaimedigure 8. It it seen that the c
parameter is moderately negative.
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| rfimnY nm/nm
(x10%) (x10°)

Q)

Units kPa| kPa| kP

Fit value| 2.89| 0.27| 4.98| 2.957 48.5 3.480 | 0.81§ 0.900| -4.31
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Figure 5-7: The biaxial test data and corresponfitsgThe model parameters of
the sinusoid included angle and fiber distributmmsotropy were fixed from
histology, while the other parameters were fit paters.

5.3.3 Parametric Study

The presented model agrees well with experimemtghifinite deformation anisotropic
J-shape stress-stretch behaviors of arterial tidsuerder to provide a better understanding of
the model, parametric studies were conducted testitite how the model captures these
behaviors. In particular, we focus on how the nhad@tures anisotropic behaviors at a broad
range of biaxial stress ratios and the engageneraviors.
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5.3.3.1 Collagen Fiber Behavior

Using this equation for the calculation of forcerfr stretch, the behavioral dependence
on the stress can be observed. At Rily values R/lp <0.1) there is very little stiffness in the
low-stretch region, with a sharp transition to thiy-engaged stiffness (ultimate stiffness). With
increasingR/ly, the fiber bears load earlier with a broader ftaors to the fully-engaged
stiffness, but at high stretches retains the sathedeveloped apparent stiffness. This parameter
thus determines the low-stretch stiffness and ttepe of the transition from low-stiffness to
fully-engaged stiffness. The included an@[pcharacterizes the shape of the fiber at its rgstin
state, and thus defines the stretch at which thex fhegins to bear load axially, the engagement

stretch. With increasing?o, the engagement stretch increases, and due taditgonal total

fiber length, the fully-engaged stiffness decreases

5.3.3.2 Effectsof ¢, to Fiber Stretch

As discussed above, microscopic collagen fibetdires determined by the coupling in
the macroscopic multiaxial deformation. Such cauplcan be tuned by introducing a new
invariant resembling the second order invariant #mel coupling parameter.cin order to
simplify the math and better illustrate the inflaerof g, we consider a case where the principal

directions ofC andH are aligned. TheAr can be rewritten as

3
/]F = A{/Z[(l-'- %) an _% Hn:|/1n4 + (1+ Cl)( H1H2/112/122 +H 1H f{‘ 12/1 32+ H J_l é‘ 22/1 32)
n=1
(5.21)
The fiber stretch is investigated as a functiontled stretch coupling and coupling

parameter ¢ in Fig. 5-8. Here, we assume that the materialnompressible, therefore
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AA,A,=1. Fig. 5-8(a) shows the fiber stretch contours with-2, and a transversely isotropic

structure tensor with out-of-plane thickness G#y€0.65). The contour lines here are more
squared-off than those seen in Fig. 5-3. Fig. 3-8flmws the fiber stretch contours fqQrt,

with the same structure tensor as Fig. 5-8a. Timéoco lines here show an even more squared-
off profile, and thus a lower degree of stretchpimg. It is noted that with.&-4 at a constant
high x1 direction stretch, stretching in x2 direatimay cause a decrease in fiber stretch. The
reason and consequence of this observation willismissed in section 5.4.3. It is also seen that
the contour lines become closer together, and ifdisate a stiffer response along the plane
strain cases ofix1 or %=1. In the equibiaxial stretch cases ofx%, however, the lines maintain
the same spacing, and indicates that the materitthd equibiaxial stretch case has the same

stiffness regardless of the stretch coupling pateame

X2 Stretch
X2 Stretch

. X 2 25
X1 Stretch X1 Stretch

Figure 5-8: Contour plots of the fiber stretch hwe tstretch space for aj==2 and
b) c,=-4. The stress coupling decreases with decreasing

By changing the stress coupling with a constangaropic structure tensor, a trend can
be seen where the observed anisotropic behavioeakses with the stress coupling. This can be

seen in equation 5.22, as the coefficients,tan
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(l+&an2—&Hn
2 2

(5.21)
where n=1...3, change as a function @f When ¢ decreases, the coefficients for and A,
become larger, becausg-iH<0 and the bias between the two coefficients eds®@s. This is
shown in Fig. 5-5, which plots the contours of fiteer stretch at a constaht=2. The contour
for c;=0 shows high effective anisotropy, while decregsincauses a marked decrease in the
effective anisotropy. In order to retain the sarffective anisotropy with decreasing stretch

coupling, a higher anisotropy structure tensor nhestused. The effective anisotropy can be

taken from equation 5.21 as

(5.22)

X2 Stretch

1 1.5 2 2.5 3
X1 Stretch

Figure 5-9: With decreasing stretch coupling pateme, a smaller effective
anisotropy ratio is observed.
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5.3.3.3 Stress Coupling under Biaxial L oading Condition

To further understand the effects of c1 to the alVenodel performance, a parametric
study was performed on the parameter on the model prediction of stress-stre&haviors
Using a transversely isotropic structure tensor diarity, the near-uniaxial and equibiaxial
behaviors are plotted in Figure 5-10. As the caouplparameter is decreased (increasingly
negative) the near-uniaxial behaviors become claséhne equibiaxial behavior. It is seen that
the behavior of the equibiaxial case also has tavdefl shift with decreasing;,chowever this
shift is not nearly as large as the shift in theamial cases. This indicates that there is a marked
decrease in the stretch coupling. Though this &gamly shows the transversely isotropic case,

the same effect is seen with orthotropic structeresors. The novelty of this model is clearly

shown here, allowing the tuning of the stretch ¢iogp
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Figure 5-10: The effect of;con the stretch coupling is shown here. Different
values of ¢ are shown by symbols, and loading ratios are shoyvhine styles.
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For each value of;¢ctwo stretch ratios are plotted, an equibiaxiadecé&dotted
lines) and a near-uniaxial case with the transvetsetch of 1. The structure

tensor here is transversely isotropic, withy=0.8, u=1 = u=10, 8,=34°,
R/1,=0.005, KA=0.05.

100 T

Stress

Stretch

Figure 5-11: The effect of;con the behavior of the anisotropy, with constant
structure tensor anisotropy ratio. The near-unlacgages along the uniaxial and
longitudinal directions are shown with varying Elere,k=0.93,y=0.67, u=1 =

Lg=10, §,=34°, R/}=0.005, KA=0.05.

In section 5.3, it is shown that mfluences the anisotropic behavior of the matefiais
effect of g on the anisotropy of the material is shown in fegg®-11. The two near-uniaxial
behaviors along the circumferential and longitutidieections are shown, whilg ¢ changed. It

is seen that with lower stretch coupling, a lowléeaive anisotropy is also obtained. Wit}¥0,
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the anisotropy is high, but with decreasingtbe engagement stretch of the crimped fibers is

also decreased, affecting the softer direction mmole so than the stiffer direction.

5.4 Discussion

5.4.1 Model Parameter ldentification

This constitutive model has nine independent mopatameters. Using the two

parameters from histology, there are seven indepeniting parameters. The two parameters
?0 and the effective anisotropy of the material aed through the histology analysis. However,

the three parameters corresponding to the elaatirbe fit to the low-stretch regions only. This
can be done with only the uniaxial tests and th&bégxial stress tests. In doing so, there are
now four independent fit parameters. There is &erlay between the coupling parameter and
the anisotropy of the structure tensor, as showsention 5.3.3. Because of this interplay, the
coupling parameter and structure tensor anisotnopapt be changed together and can be
determined from the high-stretch portions of thaxtal test data. Because the structure tensor
anisotropy is determined from the histology and tbepling parameter, the structure tensor
thickness, the out-of-plane dimension, is anotlitting parameter. The parameter associated
with the bending stiffness, R/Is a fitting parameter, and affects the transitioom elastin-
dominant to collagen-dominant regions. The paramii, the density of collagen fibers,
affects the contribution of the collagen strainrggefunction multiplicatively, which acts as a

scale factor.
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54.1.1 Histology

The histological images were assumed to be a soap$hhe overall fiber arrangement
in the tissue. Because two-photon imaging imagengity is a function of many factors such as
concentration and imaging depth, not all collagiert are imaged. This is acceptable, as the
majority of fibers are imaged. Because there waghtesides to the slices of tissue imaged, it
was assumed that the images sufficiently repredehtetissue, from the adventitia to the media
through to the intima. The tissue fixing processdusould have produced a change to the fiber
orientation due to non-uniform shrinking, howewis small change is not expected to greatly
affect the results.

There may be some error introduced due to the ematuthe hand-traced fibers, but these
errors were minimized. Three people performed iber ftracing, with instructions to trace any
fiber that was thought to be significant, with ab&0-50 fibers traced per image slice. This
sufficiently eliminated user bias, since the numbiefibers traced per image were similar. This
method, though, does not account for out-of-plaberftortuosity, as the fibers do not solely
exist in the plane of the image. We then acknowdetliat the measured tortuosity from the
images is lower than the true tortuosity accountiog three-dimensional fiber crimp. This
should not greatly affect the results, but with enadvanced imaging methods, the true fiber

tortuosity can be measured.

54.1.2 Low Stretch Couplingin Artery Tissue

From Table 5-1, it can be seen the coupling paraneets -4.31, which represents a very
weak coupling of multiaxial behavior from collagéhers. Although the precise reason is not

clear, we postulate that this is due to how collafjlbers are organized in arterial tissue.
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Collagen fibers in arterial tissue are mainly surmded by non-proteinous solutions and may
have some entanglement or attaching points witktialaetwork. Also, collagen fibers form a
loosely crosslinked network with few crosslinkingimts. Therefore, because collagen fibers are
not tightly connected to the matrix material, macapic deformation may not be easily
transferred to collagen fiber. In particular, defation of a few collagen fibers may not affect
other collagen fibers. This is in a sharp conttastubbery networks, where the macroscopic
deformation can be mapped into network deformatiging a RVE element and the deformation
of individual macromolecular chain can be calcudaising the conditions of affine deformation

and force balance, such as Arruda-Boyce eightainaidel.

5.4.1.3 Constitutive model convexity requirements

From equation 5.17 it is seen that with highly riegestretch coupling parameters, a loss
of convexity can take place. That is, the contaidithe fiber stretch can become concave at high
stretches due to the stretch coupling parametertth Wighly negative stretch coupling
parameters, convexity of the strain energy functisnretained at physiologically-relevant
stretches, however exceeding stretches at whichagamccurs would cause a change in the
shapes of the contours as seen in figure 5-3, wiimlid eventually cause a loss of convexity.
The loss of convexity could indicate that fiber @dam has occurred, and the parameters of the
model have changed. As in Merodio and Ogden (200@&),loss of convexity could correlate

with the fiber failure.

5.5 Conclusions

In this paper, an anisotropic constitutive model tfee hyperelastic response of artery

tissue is presented. The constitutive model isligimable and has nine parameters, however
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some parameters can be taken from histological uneaents. Because the constitutive model
was driven by the microstructure of the collagdrefs, measurements of the collagen fibers can
drive two parameters of the model, the tortuositgl ¢he angular distribution. The constitutive
model captures the stretch coupling of the tisbweugh the use of a coupling parameter. This
parameters allows the model to account for the umoferm distribution of the fiber orientation

in order to capture the multiaxial in addition ke tuniaxial behavior of the material. The model
can lose convexity with certain combinations of elogarameters, however the range of
deformations at which a loss of convexity occursusside of the range of the pseudo-elastic
response of the tissue. These inelastic effectsnateconsidered, as they would cause an

evolution of material parameters.
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