Origin of Residual Stress in Arteries
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SUMMARY. The structural protein elastin endows large agt®with unique biological functionality
and mechanical integrity, hence its disorganization,fragtation, or degradation can have impor-
tant consequences on the progression and treatment oflarad@eases. There is, therefore, a need
in arterial mechanics to move from materially uniform, pberenological, constitutive relations for
the wall to those that account for separate contributionBeprimary structural constituents. In this
paper, we employ a recently proposed constrained mixtudeiaf the arterial wall and show that
highly prestretched elastin contributes significantly éthithe retraction of arteries that is observed
upon transection and the opening angle that follows thediiction of a radial cut in an unloaded
segment. We also show that the transmural distribution$astia and collagen, compressive stiff-
ness of collagen, and smooth muscle tone play complemerutias.

1 INTRODUCTION

Observations in the 1960s revealed that arteries retraetwhnsected, thus suggesting the exis-
tence of an axial prestretch that defines the preferrediéngivo. Subsequent studies by [1], using
elastase and collagenase to selectively remove struconaponents from the wall, demonstrated
that nearly all axial prestretch in healthy arteries is duéhe presence of intramural elastin, not
collagen.

Findings in the 1960s revealed further that there existmésdegree of stress even when there
is no distending pressure” in an artery [2]. Independenépiadions [3] confirmed the existence of
residual stresses in arteries, which appear to arise framamiform growth and remodeling processes
during development and can change in responses to diseagargrin maturity [4]. Experiments
[5] using elastase, collagenase, and rapid freezing tatbaty remove the three dominant structural
constituents from the wall, showed that these residuastedepend primarily on intramural elastin,
not collagen or smooth muscle. Related to this finding, Z§flesuggested that net residual stresses
in the wall likely depend on different residual stressediniindividual constituents, with elastin
having a residual tension and collagen a residual compressi

The existence of residual stress in an intact but tractiea-&xcised arterial segment suggests a
net compressive stress in the inner wall and a net tensdessin the outer wall, which is captured
easily by both standard stress analyses [7] and compushtioodels of arterial growth [8]. Such
models have been based on materially uniform, phenomeicalpgonstitutive relations, however,
and thus have not been capable of assessing the potergmbfahdividual constituents or how they
are formed during development or maturity. The goal of tlaigqr, therefore, is to employ a recently
proposed materially nonuniform, structurally motivatednstrained mixture model of the arterial
wall to study the means by which elastin plays such an impbrtae in the development of axial



prestress and residual stress in the normal arterial wadlkey factors in mechanical homeostdsis.

We submit further that the constrained mixture model emgrdidyerein can be used to build residual
stresses into patient-specific computational models wittioe need to define spatially and tem-
porally changing opened configurations [9] which could beipalarly advantageous in modeling

complex geometries.

2 METHODS
2.1 Theoretical Framework

elastin

collagen

smooth muscle

Figure 1: Schema of the constrained mixture model of an arterial sggmiesisting of elastin, multiple families
of collagen fibers, and smooth muscle.

In contrast to usual formulations, which use the “stresg-frconfiguration as a reference [9],
we use the current, stressed configuration as a computhtifieeence. Hence, we prescribe the
kinematics for an idealized axisymmetric artery via twocassive motions (Figufe 1): mappings
of material points from thén vivo configurations, (r, 9, z), associated with the finite extension
and inflation of an intact cylindrical segment, to an intagt traction-free excised configuratigh
(p, ¥, ¢) and then to a nearly stress-free, radially-cut configargth, (R, ©, Z). The deformation
gradients for these motions are given by

F, = diag [ap G 1] LTy = ding [aR W )

ar’r’ A Op’ mp A’
with &, and A the residual stress related opening angle and axial stregspectively, and the
additional axial stretch related primarily to thevivo “prestretch”. The total deformation gradient
is thus computed vi&' = FoF; and incompressibility is assumed to hold during transieotions,
hencedet F = 1 herein. The Cauchy stressassociated with either the firedf = F; with Fo =1T)
or the total(F = F,F;) motion can be computed via

dive =0, o=-—-pl+ %FT T oot @

wherep is a Lagrange multiplier that enforces incompressibilityjs the net strain energy function
for the passive behavior of the wall, aad°t accounts for smooth muscle activity. Consistent with

1By prestress, we mean stress in a body under a normal statedifigom the absence of what might be thought of
as additional, perturbing loads. By residual stress, we nsg@sses that exist independent of applied loads, which must
self-equilibrate by definition.



[10], we employ a rule-of-mixtures constitutive relatiar the passive response, namely
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whereg’ are mass fractions for each structurally significant ctunstit andi?’? are individual strain
energy functionsi(= e for amorphous elastin,= ¢ = 1, 2, 3, 4 for four fibers of collagen fibers,
andi = m for circumferentially oriented passive smooth muscle)edpation[(B)F¢, \¢, and\™
represent the elastin deformation gradient, the colladmn ftretch and the smooth muscle stretch
respectively. These quantities are defined with respectdividual stress-free configurations (see
Figure 1). The active smooth muscle contribution is giverfilldy
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whereTy, A\, and)\ are the maximum (mass averaged) stress, the stretch at thieielstive force
generation is maximum, and the stretch at which the activeefgeneration is zero, respectively.
Clearly, therefore, the active stress depends on a castdoncentratiorC' and the muscle fiber
stretch. Whereas elastin is assumed to be distributed Bo#ily, families of parallel collagen
fibers are assumed to be oriented axially, circumferegtialhd diagonally [12], and the smooth
muscle cells are assumed to be oriented circumferentiefly Figure[ 1), the constituent stretch
ratios in appropriate directions’ are computed based on individual stress-free configusfion
each constituent and the constrained mixture theory is@yegdlto relate their kinematics to overall
vessel motion [13, 10].

The key observation, consistent with what suggested iriéhat elastin is produced during the
perinatal period and is normally stable thereafter|[14, tthjs it undergoes large multiaxial stretches
as the artery grows to the adult configuratign On the other hand, collagen and smooth muscle
turn over continuously throughout life [15] and we assumet they are deposited at a preferred
stretch during maturity. These assumptions result in higrestretches” in elastin than in collagen
and smooth muscle in maturity.

Equilibrium of thein vivo configurations,, both local and global (integral) forms, requires
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wherer; andr, denote intimal and adventitial radii sy andP and f are then vivo luminal pressure
and axial force, respectively. In order to ensure radiallggium, with the givenin vivo luminal
pressureP, equation[(5) is solved for the adventitial radiug while the axial forcef is computed
explicitly from equation[(5). In this way, in all the simulations, the material paramgtére intimal
radius, and the luminal pressure can be kept constant tegarthe features of the distribution
of constituents prestretches and mass fractions, whiléghtslariation in the outer radius (less
than 0.1% of the reference value reported in Table 1 for tlsesaimulated) preserves the radial

equilibrium.
Equilibrium of the unloaded configuratigh similarly requires
Pa d Pa
o
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Table 1: Parameter values used for the normal human basilar ar@ry [1

Prestretches and Elastic Parameters
Ge,=Gs. =14,G5 =1/ (G5,Ge )* Gm =1.2,G5 = 1.08
c® = 237.6 kPa,c§* = 36.5 kPa,c§ = 560.4 kPa,c§* = 3.5, c§ = 22.0
Mass Fractions (dry weight)
¢° = 0.02, o™ = 0.76, ¢ = 0.22
Muscle Activation Parameters
TIVI =150 kPa><¢m, )\1\1 =1.1, A() = 0.4, CB =0.68
In Vivo Geometry
r; = 1.42 mm,rq ~ 1.60 mm®

*uniform elastin prestretches for the reference case, dised $pecified otherwise.
#slightly dependent on the distribution of constituents niesstion and prestretch, this reference
value corresponds to uniform distribution of constitueand G , = G, = 1.4.

wherep,; andp, denote intimal and adventitial radii iy . The two global equations can be solved to
determine the inner radiys and the nein vivo axial prestretch for prescribed material properties
and distribution of constituents prestretch and massifnact

Finally equilibrium of the radially-cut configuratig, can be satisfied via the following [8]
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whereR; and R, denote intimal and adventitial radii if,. Note that the additional global equilib-
rium equation enforces zero applied moments on the raetaliyection. The three global equations
can be solved to determine the inner raditis the netin vivo axial prestretch\ )\, given A from
above, and the residual stress related opening angfer prescribed material properties and distri-
bution of constituents prestretch and mass fraction.

2.2 Simulation Strategy

For illustrative purposes, we let the mechanical behavidhe elastin-dominated amorphous
matrix be isotropic and described by a neo-Hookean stramggrdensity function [16, 17]

we =S (002 + 00+ (69* ~3), ©®)

wherec; is a material parameter (Table 1) anfl (with : = r,0, z) are the principal stretches of
the elastin, whose deformation gradient is givenlsy= FG¢ (cf. equation 8).F¢ = G¢, in the
normal configuration (i.e., we do not delineate depositinaetshes during development for elastin
and its subsequent stretch due to normal growth). Simjletythe behavior of the passive smooth
muscle and collagen fibers be described by exponential ffi&js

W= g [ O ] e = B [ (00T ], ©)
3 3

wherecy, ¢, c§, c§ are material parameters (Table 1).

A fundamental assumption is that each structurally sigaificonstituent can possess a unique
natural configuration. That is, individual constituentedi@ot be unstressed when the overall tissue
is unstressed. It can be shown [13] that constituent-ldvelches (e.g.\¢, Ag, AZ, A, A™) can be
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Figure 2: (a) Overall axial stretch from the intact, unloaded configurati@ (b) opening angle due to a radial
cut, each for elastin prestretches distributed linearly through the thickrgss&l surfaces are for the intact
vessel whereas gray and black framed surfaces show resultsérand outer rings, respectively.

related to the tissue-level stretches (eXg., Ay, A;) via homeostatic deposition stretch (e Gy,
hor Ghzr Gy GTY).
Equations](5), (6), and[(7) were solved using a Newton-Raphson methodtermie the yet
unknown kinematic parameters (i.e,,in 5y, A andp; in 81, and®q, A\, andR; in [33).

3 RESULTS
Henceforth, we focus on the basilar artery, one of the pyragteries suppling blood to the brain.

3.1 Uniform versus Linear Distributions of Elastin Pregthes

Recall, that elastin is produced primarily during the lateryatal and early postnatal periods,
starting in the inner layer of the wall and moving outward &ris very stable [14, 15]. Hence, it is
reasonable to assume that elastin deposited earlier (i@yens) experiences higher prestretches in
the finalin vivo configuration since it “remembers” a smaller original confagion and is stretched
more during arterial enlargement compared to the elaspinglted later (outer layers).

Given this hypothesis, we compared a uniform versus a lidisaibution of elastin prestretches
for different mean value§', = G, = G, or for differencesAGj, between the highest prestretch
at the inner wallGs, (r;) = Gf%,(r;) = G5, (r;) and the Iowest one at the outer wélf, (r,) =
GSy(ry) = Giz(m) (i.e., AGS = G%(r;) — GS(rq)). Figure 2 shows the predicted overall axial
prestretch and opening angle as a function of assumed Vialubsth @Z and AGY, for the intact
vessel (solid surfaces) as well as for inner (gray frame)andr (black frame) rings obtained via
a circumferential cut at the mid-wall in tha vivo configuration [19]. As is evident from Figure
[2(a), the unloaded length decreased with increases in tha naue of elastin prestretch@ﬁ but
was nearly insensitive to transmural differene®&',. This result is explained easily by noting
that the unloaded length is dictated by an equilibrium betweompression of collagen and smooth
muscle and tension in the elastin; increasing the meanirelpststretch shifted the equilibrium
towards a greater compression of collagen and muscle asddtuards a shorter unloaded length.
The unloaded length for the inner and outer rings increasddlacreased, respectively, wikG§,
because the mean elastin prestretch increased in the indetegreased in the outer ring when the
magnitude of the distribution increased.

Figure/ 2(b) shows that the opening angle depended stronglyoth the mean value and the
transmural distribution of elastin prestretches, but isweore sensitive to the latter. FAGS = 0
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Figure 3: Residual stresses in the intact, unloaded configurdtiofthe whole vessel for uniformly distributed
prestretch of elastinc;, = 1.55 (dashed)(@;, = 1.40 (solid), andG;, = 1.25 (dotted).
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Figure 4: Residual stresses in the intact, unloaded configuratiofithe whole vessel for a fixed mean elastin
prestretch’;, = 1.40, but different linear transmural distribution in prestretcha&? = 0.0 (solid), AGE =
0.1 (dashed)AGY, = 0.2 (dash-dotted)AG5, = 0.3 (dotted), AGj, = 0.4 (+), andAG}, = 0.5 (o).

(i.e., ahomogeneous material), both the whole vessel atrgsy obtained from the circumferential
cut opened to the same angle because the unloaded radigllgenfiguration was stress free and
the circumferential cut had no further effect. For nonumifqorestretche$AGS, > 0), however,
the inner (outer) ring experienced larger (smaller) opgringles because the mean prestretch was
higher (lower) than in the intact vessel; this is consisteittt reports by [19] and [5].

As is evident from Figure|3(a), larger opening angles for al@lvessel having greater mean
elastin prestretches can be explained by the increaseshdiecential residual stress in the intact
unloaded configuration, which leads to a larger opening nmrmeee equation (7) Figure 3 also
shows that increasing the mean elastin prestretches sextdhe residual stresses in the unloaded
configuration, but these residual stresses were not infiekgaalitatively by the value of,i. In
contrast, Figure 4 shows that the magnitude of the trandrdistibution in prestretctAGY, influ-
enced the transmural distribution of the residual stregsaltatively. Comparison of Figurés 3 and
4 shows that variations iAGY influence the residual stresses in the intact unloaded aoafign
much more thaii, .

Consistent with the unloaded configuration depending mainithe mean prestretch of elastin,
not its transmural distribution, increasingGy, led to less compression of inner layers and less
tension in outer layers, and thus a strong reduction of tiemiog angle. For high values &G5,,
the opening moment actually changed sign (Figure 4(a))dssel closed on itself after introducing
the radial cut (Figuré|2(b)). Uniform distributions of pretches never led to negative opening
angles, yet such results have been observed in arteries [20]

Figurd 5 shows that introducing a single radial cut was safficto release all residual stresses
only if the material was homogeneous, otherwise the vesasInet stress free in the radially-cut,
unloaded configuration.
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Figure 6: (a) Transmural distribution 65, andG%,, for different values ofK” as given by equation (10) for
Gy (r;) = 1.55 andGj, (r,) = 1.25. (b) Overall axial stretch and (c) opening angle as function& of

3.2 Nonlinear Distribution of Elastin Prestretches

The assumption of a linear distribution of elastin prestres through the wall implies that the
“rate of deposition” is somehow synchronized with artedal/elopment. To study different hy-
potheses for the rate of deposition of elastin, we consibre following distributions of prestretch
in the axial and circumferential directions

K

) = GiL () + 63 ()~ G )] (=) (10)
where K is a parameter governing the “deposition rat&”.> 1 models consequences of a higher
rate of deposition in early stages of development such thiaireer layers experience similar elastin
prestretches in maturity (Figure 6(a)) < 1 models a slower rate in early development such that
the inner layers experience a strong gradient in elastistygteh while the outer layers vary less.
K = 1 recovers the linear distribution. We studied potentialsemuences of the rate of deposition
by fixing the prestretches in thietima (G5, (r;) = 1.55) andadventitia (G%,(r,) = 1.25) and varying
the rate parametex’.

The net unloaded axial stretch and the opening of the twasratgained from both circumfer-
ential and radial cuts are shown in panels 6(b,c) as a fumcfid{. The unloaded length decreased
monotonically withK for the whole vessel and both rings. This is consistent withather findings
because increasinfy leads to an increased mean prestretch and thus an incresssction upon
unloading. Moreover, the order,, < A < A, was preserved regardless of the valuégabecause
the mean elastin prestretch was higher in the inner ringithétre whole vessel and it was higher in
the whole vessel than in the outer ring.

Figure 6(c) shows that the opening angle for the intact Vegae smallest fof = 1 and those
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Figure 7: Opening angle as a function of the normalized constrictor otraten for Gf,(r;) = 1.55,
G5 (rqe) = 1.25, K = 3.

for the inner and outer rings differed most when> 1. K > 1 led, consistently with the aforemen-
tioned observations for linearly distributed prestret;he larger opening angles compared to the
whole vessel. In contrast, the outer layers experiencedja teansmural variation of prestretch with
radial position, which led to a negative opening angle (sarfles have been reported for different
arteries in|[20]). ForK < 1 the high level of inhomogeneity within the inner ring oveeimed
the effect of mean elastin prestretch, thus the inner rirened less than the whole vessel while
the small inhomogeneity in the outer layer dominated theceif the small mean prestretch and its
opening angle was larger compared to the whole vessel. Tér@mmpangles for both inner and outer
rings reinforce the finding, shown in Figlire 2, that the disttion of elastin prestretch dominates the
effect of its mean valueK > 1 are the most realistic results, predicting higher openimgjes for
the inner ring compared to the outer ring [19]. Moreover,sidering that most layers of elastin are
deposited and cross-linked during early development, iteilslition of elastin prestretches given
by K > 1 could be the most representative.

3.3 Brief Summary

Based on results presented thus far, it appears that a fomardistribution of elastin prestretch
with AGS, > 0andK > 1is the most realistic — it yields a nearly uniform stressribistion through
the thickness at any pressure during the cardiac cycle fowirs) and it gives a larger opening angle
for the inner ring than the outer ring following a circumfetial cut (Figuré 6(c)). Moreover this type
of distribution could find its explanation in the developrteprocess as discussed earlier. For these
reasons we assunt&; (r;) = 1.55, G5 (r,) = 1.25, andK = 3 (see panel|6(a)) in the remaining
simulations.

3.4 Effect of Smooth Muscle Tone

All prior computations for both the intact and the radiatiyt unloaded configurations were per-
formed with no smooth muscle tone (i.e., passive). Nevirtise muscle tone can influence the
opening angle because it modifies the distributions of hotivo and residual stresses. Figlre 7
shows that an increased smooth muscle tone increased thingmangle, consistent with data for
rat aorta reported by [21] and [22] as well as with simulagiom[11]. Moreover, our simulations
showed that the opening angle of the inner (outer) ring isenfl@ss) sensitive to smooth muscle
contraction than that for the whole vessel.
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3.5 Aging
Itis reported in [23] that transmural gradients of elastid aollagen mass fractions reverse with age
in human aorta. In particular, the amount of elastin de@easd that of collagen increases from
theintima to theadventitia in young individuals; conversely, in aging the amount oinral elastin
decreases while that of collagen increases and adveseliistin increases while collagen decreases,
all without significantly changing total scleroproteindhigh the wall (i.e., the sum of elastin plus
collagen was reported to be nearly uniform and not a funcifage). Later studies on human aortas
[24] showed further that there is an increase in the openigdeavith age.

We simulated effects of the redistribution of collagen aladtn in the wall reported in [23] by
assuming the linear distributions depicted in Figure 8 ekieping uniform the total mass fraction
of the scleroprotein (i.e®(r) + ¢°(r) = 0.24 Vr € [r;,7,]). The simulations confirmed that a
gradual reversal in the gradients of elastin and collagein(aging) causes a monotonic increase in
opening angle.
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