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Contribution of Collagen Fiber
Undulation to Regional
Biomechanical Properties Along
Porcine Thoracic Aorta
As major extracellular matrix components, elastin, and collagen play crucial roles in reg-
ulating the mechanical properties of the aortic wall and, thus, the normal cardiovascular
function. The mechanical properties of aorta, known to vary with age and multitude of
diseases as well as the proximity to the heart, have been attributed to the variations in
the content and architecture of wall constituents. This study is focused on the role of
layer-specific collagen undulation in the variation of mechanical properties along the
porcine descending thoracic aorta. Planar biaxial tensile tests are performed to charac-
terize the hyperelastic anisotropic mechanical behavior of tissues dissected from four
locations along the thoracic aorta. Multiphoton microscopy is used to image the associ-
ated regional microstructure. Exponential-based and recruitment-based constitutive
models are used to account for the observed mechanical behavior while considering the
aortic wall as a composite of two layers with independent properties. An elevated stiff-
ness is observed in distal regions compared to proximal regions of thoracic aorta, con-
sistent with sharper and earlier collagen recruitment estimated for medial and
adventitial layers in the models. Multiphoton images further support our prediction that
higher stiffness in distal regions is associated with less undulation in collagen fibers.
Recruitment-based models further reveal that regardless of the location, collagen in the
media is recruited from the onset of stretching, whereas adventitial collagen starts to
engage with a delay. A parameter sensitivity analysis is performed to discriminate
between the models in terms of the confidence in the estimated model parameters.
[DOI: 10.1115/1.4029637]
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Introduction

Aortic wall mechanical properties are essential to the normal
cardiovascular function by modulating the blood pressure and
flow [1,2]. Composition and architecture of structural proteins
within aortic wall regulate its large deformation and orthotropic
mechanical response [3,4]. Elastin contributes to the flexibility
and resilience of the aorta and is considered to be mainly responsi-
ble for the passive elastic behavior under low stretch while colla-
gen fibers are still undulated. Collagen progressively engages in
load bearing at medium to high stretch and dominates the mechan-
ical response [5,6].

Content and architecture of elastin and collagen and, hence, the
mechanics of aorta vary not only with disease and aging (see
review by Tsamis et al. [7]) but also with anatomical locations
throughout the aortic tree [8–13]. For instance, elastin content
[14–17] and the number of lamellar units [18,19] appear to drop
markedly from proximal thoracic to distal regions of aorta. Pur-
slow [20] reported an increase in stiffness and ultimate tensile
strength in circumferential and longitudinal directions along the
thoracic aorta from the first to the sixth intercoastal arteries. Using
uniaxial tensile device, Sokolis [15] characterized the wall
mechanical properties of multiple segments along the porcine
aorta and found that regions proximal to the heart are stiffer at
low stretch levels which was attributed to higher elastin content.

Whereas distal abdominal aortas were found to be stiffer at me-
dium and high stretch levels due to higher collagen content. Infla-
tion tests of mice aorta showed that the circumferential elastic
modulus is the highest in the distal thoracic aorta close to the
diaphragm [21]. Haskett et al. [22] performed biaxial tensile
experiment on human aortas and found an increasing trend in cir-
cumferential and axial tangent modulus from the aortic arch to the
abdominal aorta. Through constitutive modeling, Rachev et al.
[23] showed that higher collagen mass fraction and lower elastin
mass fraction are associated with reduced compliance along the
aorta and fulfill the uniform distribution of wall stress across the
thickness and along the aorta.

In most of the previous studies, the variations in mechanical
properties have been mainly linked to the variations in elastin and
collagen contents or their ratio. However, microstructural proper-
ties and in particular the collagen undulation and its engagement
are speculated to contribute to the alterations in biomechanical
properties of aorta [24–26]. On the other hand, in a our recent
study a clear sequence for the engagement of collagen fibers was
identified between layers of aorta using microscopic imaging of
biaxially loaded tissues [27]. There is a need for more studies on
the longitudinal as well as through thickness variations in collagen
undulation and their association with the mechanical behavior of
aorta to provide a better understanding of its structure–function
relationship.

In this study, we perform planar biaxial tensile tests to charac-
terize the regional mechanical properties along the porcine de-
scending thoracic aorta. We use bilayer structurally motivated
constitutive models to account for the spatial variations in the
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collagen undulation as well as the corresponding mechanical
properties and support our modeling predictions with multiphoton
imaging. The goal of this study is not only to study the contribu-
tion of collagen undulation to the mechanical properties along the
thoracic aorta but also to reveal the layer-specific dynamics of
collagen engagement using bilayer constitutive models.

Materials and Methods

Sample Preparation and Mechanical Testing. Porcine aortas
(n¼ 3) from 12 to 24 month-old pigs are obtained from a local
slaughter house and cleaned of excess tissues. Four equal pieces
are cut along the thoracic section side-by-side, named as: proxi-
mal, midproximal, mid-distal, and distal. From each piece, a
square sample of �1.5� 1.5 cm is prepared for biaxial tensile
testing using a custom designed device [28,29] while another sam-
ple of �2.0� 2.0 cm is reserved for multiphoton microscopic
imaging. Samples are preconditioned through eight loading cycles
up to 30 N/m. Following the preconditioning cycles, a preload of
26 0.050 N/m is applied in order to flatten the arterial samples
and to keep sutures straightened. The preloaded configuration is
chosen as the reference configuration for stress and stretch calcu-
lations. Eight cycles of one equibiaxial and four nonequibiaxial
tensions are applied to each sample according to the following
protocols: fl:fc¼ 1:2, 2:3, 1:1, 3:2, 2:1. Where fl:fc is the ratio of
tensions applied in longitudinal and circumferential directions,
respectively.

Constitutive Modeling. Various phenomenological or structur-
ally motivated constitutive formulations have been proposed in
vascular mechanics (see reviews by Holzapfel et al. [30], Hum-
phrey [31], and Holzapfel and Ogden [32]). Structural-based con-
stitutive models need to take the layer-specific material properties
into consideration [33–38].

Herein, we adopt three structurally motivated constitutive mod-
els to fit the biaxial tensile data of each sample. In each model,
the aorta is assumed to be formed of two structurally significant
layers, i.e., media (M) and adventitia (A), with independent mate-
rial parameters such that the total strain energy function is
W ¼Pi¼M;A Wi [37,39,40]. The Cauchy stress is calculated as

T ¼ �pIþ @W=@Fð ÞFT , where F is the deformation gradient and
p is a Lagrange multiplier obtained from the incompressibility and
plane stress assumptions [1,39]. In the following, we describe the
strain energy function for each model:

Model A. An exponential-based model [6,30], assuming each
layer ði ¼ M;AÞ as a composite of amorphous elastin reinforced
by two families of symmetric diagonal collagen fibers (k ¼ 1; 2)
with the same material parameters ci1 > 0 and ci2 > 0. The strain
energy function for the layer i is then given by

Wi ¼
cie
2

I1 � 3ð Þ þ
X

2

k¼1

ci1
2ci2

exp ci2 k2k � 1
� �2

n o

� 1
h i
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where k2k ¼ kzsinc
i
k

� �2þ kh cos c
i
k

� �2
and cik is the fiber orientation

with respect to the circumference such that ci1 ¼ �ci2 ¼ ci. Elastin
in each layer i is assumed to behave as a neo-Hookean material

with a material constant cie.

Models B and C. Recruitment-based models where collagen
fibers within each symmetric diagonal family are assumed to be
naturally undulated according to a statistical distribution [41–47].
The strain energy function for the layer i is then given by

Wi ¼
cie
2

I1 � 3ð Þ þ
X

2

k¼1

1

2

ðEk

0

wi
f Ek � xð ÞqifkðxÞdx (2)

where Ek ¼ 1=2 k2k � 1
� �

is the strain in the direction of fiber fam-

ily k ¼ 1; 2. When straightened, individual collagen fibers are

assumed to behave linearly such that wi
f ¼ 1=2cicE

2
k [44,48–51]. c

i
c

is an elastic constant associated with collagen in each layer. In our

study, we choose cAc ¼ 200Mpa [43,48,50]. Some studies includ-

ing our own observations suggest that collagen fibrils in the media
are significantly thinner than the adventitial collagen [27,52–54].
Also, the media is known to contain a much greater fraction of
type III collagen which is considered to be more extensible com-
pared to type I collagen in the adventitia [55]. Therefore, we

assume cMc ¼ 1=2cAc . In Eq. (2), qifk is the recruitment distribution

density function, considered to be a normal distribution (model B)
or a Gamma distribution (model C) as the following:

Model B : qifkðxÞ ¼
1
ffiffiffiffiffiffi

2p
p

dik
exp � x� mi

k

� �2

2 dik
� �2

 !

(3)

where mi
k > 0 and dik > 0 represent the mean and standard devia-

tion of the normal distribution, defining the shape of the recruit-
ment of collagen fibers within layer i. Note that assuming the

symmetric fiber families mi
1 ¼ mi

2 and di1 ¼ di2.

Model C : qifk xð Þ ¼ xa
i
k
�1

bika
i
kC aik
� � exp � x

bik

 !

(4)

where aik > 0 and bik > 0 are the shape and scale parameters of
the Gamma distribution associated with the fiber family k and the
layer i such that ai1 ¼ ai2 and bi1 ¼ bi2.

Parameter Estimation. Best fit parameters associated with the
constitutive relations are independently estimated for each aortic
sample by minimizing the difference between the calculated and
the experimentally obtained stresses. All loading protocols are
included in the minimization process except for the equibiaxial
tension (1:1) case which is used after the parameter estimation to
examine the predictive capability of the models with the best fit
parameters. The objective function to minimize is [1]

S ¼
X

n

i¼1

Tc
zz � Te

zz

� �2

i
þ Tc

hh � Te
hh

� �2

i

n o

(5)

where n is the sample size and subscripts z and h correspond to
the longitudinal and circumferential directions. A direct search
method, built in MATLAB Optimization toolbox, is employed to
minimize the objective function. Given the fact that elastin mainly
presents in the medial layer [15,27,30,49], the contribution of
elastin in the adventitial layer was assumed to be minimal by
constraining the corresponding parameter cAe < 5kPa

� �

: A root-
mean-square (RMS) measure of error is calculated for the
goodness-of-fit assessment according to Wagner and Humphrey
[56]

RMS ¼
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Model Parameter Sensitivity Analysis. In this study, we ana-
lytically derived the partial derivatives of Cauchy stress with
respect to the constitutive parameters associated with collagen in
each model and calculated the dimensionless sensitivity coeffi-
cients [57,58] as

Szi ¼
Pi

Tzz

@Tzz
@Pi

; Shi ¼
Pi

Thh

@Thh
@Pi

(7)

where P ¼ cM1 ; c
M
2 ; c

A
1 ; c

A
2

� �

, dM;mM; dA;mA
� �

or aM; bM; aA;
�

bAg for models A, B, or C, respectively.

Multiphoton Microscopy. The three-dimensional microstruc-
ture of collagen and elastin fibers can be visualized using
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multiphoton scanning microscopy. Collagen has a noncentrosym-
metric molecular structure which enables label-free imaging with
second-harmonic generation (SHG). Label-free imaging is also
possible in elastin FAS they have endogenous fluorescence which
can be generated by a two-photon excitation process (2PEF) [59].
Three-dimensional imaging is possible due to the nonlinearity of
multiphoton processes providing intrinsic optical sectioning and
hence depth-resolved measurements. In this study, SHG from col-
lagen (417/80 nm) and 2PEF from elastin (525/45 nm) are
generated with a mode-locked Ti:sapphire laser (Maitai-HP, Spec-
tra-Physics) at 800 nm with an average power of 50 MW at the
sample. A video-rate scanning microscope is used for image
acquisition [60]. A quarter-wave plate positioned before the
objective (60X, NA1.0W, LUMPlanN, Olympus) generates the
quasi-circular polarization (1.8 dB) required to alleviate the exci-
tation polarization dependence of the SHG signal. Axial-stacks of
100 lm are recorded at nine locations on the adventitia in both
distal and proximal regions of arteries (n¼ 3) and maximum
intensity projection images were generated.

Waviness Quantification. Given the distance between the end
points of a fiber (L) and the fiber length (l), the straightness of
fibers (L/l) is quantified for a subset of images of adventitial colla-
gen from proximal and distal regions using NeuronJ [61–66]. A
completely straight fiber is represented by L/l¼ 1. Statistical anal-
ysis was performed by JMP Pro (version 10.0.2, SAS Institute
Inc.) using two-tail two-sample t-test assuming unequal variances
with p< 0.05 indicating a significant difference.

Results

Representative biaxial stress–stretch data obtained for the prox-
imal and distal regions (of Artery 2) along with the estimated
curves using model B are shown in Fig. 1. A stiffer response in

both directions is evident in the distal region compared to the
proximal region, particularly at higher stretches (Fig. 1). Fitting
curves using the other two models are not shown as there is a neg-
ligible difference in the goodness-of-fit using all models (RMS
error shown in Tables 1–3). In both circumferential and longitudi-
nal directions a precise fit is obtained for nonequibiaxial tension
protocols while the predicted model response under the equibiax-
ial tension (1:1) case also match the data reasonably well
ðR2 > 0:9Þ. The same behavior has been observed for the four
remaining aortas (not shown).

Figure 2 shows the longitudinal and circumferential tangent
modulus calculated for the equibiaxial tension stress–strain curves
at multiple stretches, averaged between three aortas. Distal
samples appear to be stiffer than proximal samples in both longi-
tudinal and circumferential directions and the difference in stiff-
ness dramatically increases with higher stretch. Best fit materials
parameters estimated for all samples using models A, B, and C
are given in Tables 1–3.

Collagen parameters of model A (cM2 and cA2 in Table 1) are
shown to increase on average from proximal to distal regions and,

for model B (Table 2), the mean values (mA) and the standard

deviations (dA) of the Normal recruitment distribution appear to
be reducing on average from proximal to distal regions. Figure 3
depicts the representative recruitment distribution densities esti-
mated for the proximal and distal regions (of Artery 2) using mod-
els B and C. Both medial and adventitial collagen fibers in the
distal region seem to engage in load bearing earlier and more
abruptly compared to the proximal region. The regional difference
in the recruitment is more pronounced collagen fibers in the
media.

Moreover, it appears that the medial collagen is recruited grad-
ually from the beginning of loading while the adventitial collagen
starts to engage with a delay that is fairly consistent between the
two models.

Fig. 1 Representative stress–stretch responses for proximal ((a) and (b)) and dis-
tal ((c) and (d)) regions of thoracic aorta in the longitudinal and circumferential
directions using biaxial loading protocols: fl:fc51:2, 2:3, 1:1, 3:2, 2:1 (fl:fc is the
ratio of tensions applied in the longitudinal and circumferential directions). The
curves estimated using model B are shown as solid lines while the model response
predicted for the equibiaxial tension protocol (fl:fc5 1:1) are shown as dashed
lines.
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The convexity of strain energy functions is briefly demonstrated
for model B in the Appendix. Meanwhile, Fig. 4 illustrates the 3D
contour plots of the strain energy stored in media and adventitia
using the estimated parameters of model B for Artery 2. Higher
levels of the strain energy stored in the distal region is mostly due
to the larger contribution of collagen.

In Fig. 5, the sensitivity coefficients are plotted against the
corresponding stretches using the optimal (nominal) sets of model
parameters for the proximal region of Artery 2 (Tables 1–3). For
model A, sensitivities with respect to cM2 ; c

A
2 are less significant

compared to cM1 ; c
A
1 at low stretch while sensitivity coefficients

increase rapidly with stretch. Relatively larger sensitivities are no-
ticeable for parameters of models B and C compared to model A,
meaning that models B and C are more sensitive to the variations
in their parameters than model A. However, there appears to be a
large degree of linear dependency between sensitivity coefficients
of model B (with respect to di;mi. in Figs. 5(c) and 5(d)).

Representative SHG images of medial and adventitial collagen
fibers along with 2PEF images of medial elastin from proximal
and distal regions are shown in Fig. 6. A highly corrugated

collagen structure is noticeable in the proximal adventitia whereas
a relatively less undulated structure can be seen in the distal
region. We did not notice a significant structural difference in
medial collagen and elastin between proximal and distal regions.

Figure 7 compares the straightness of fibers quantified for adven-
titial collagen in proximal and distal regions. We found that straight-
ness of distal collagen fibers (0.976 0.02) is significantly larger
than the straightness of proximal collagen fibers (0.776 0.09).

Discussion

Understanding the regional properties of aortic wall may shed
light on pathophysiology of vascular diseases prevalent to specific
regions of aorta. To this end, constitutive models that are moti-
vated by the microstructure provide a powerful tool to account for
the observed differences in biomechanical properties with the
help of advanced microscopic techniques. In this study we per-
formed biaxial tensile tests on aortic samples taken from four dif-
ferent locations along the descending thoracic aorta and employed
bilayer structurally motivated constitutive models to account for

Fig. 2 Average longitudinal (a) and circumferential (b) tangent modulus at multi-
ple locations (proximal, midproximal, mid-distal, and distal) along the descending
thoracic aorta

Table 1 Parameters of model A estimated for aortic samples at four locations (proximal, midproximal, mid-distal, and distal) along
three thoracic aortas

cMe ðkPaÞ cAe ðkPaÞ cM1 cM2 cA1 cA2 cM cA RMS

Proximal
Artery1 45.48 0.28 154.91 2.39 34.11 1.01 34.68 80.00 52.25
Artery2 83.95 0.17 38.94 5.26 103.10 3.62 57.36 31.49 35.03
Artery3 6.78 2.53 65.34 1.30 246.59 3.01 80.00 34.06 24.38
Artery4 0.00 0.10 56.13 0.77 238.90 1.54 80.00 30.74 28.22
Artery5 12.03 0.15 96.73 0.00 344.94 1.29 80.00 31.44 36.62
Mean 29.65 0.65 82.41 1.94 193.53 2.09 66.41 41.55

Midproximal
Artery1 79.32 0.43 126.71 2.61 32.19 2.13 34.64 67.69 47.03
Artery2 45.99 4.25 92.16 3.37 168.66 3.19 53.82 28.46 39.06
Artery3 8.56 0.12 53.79 0.49 269.17 3.11 80.00 33.79 41.31
Artery4 0.00 0.10 70.51 0.53 246.34 0.81 80.00 34.95 33.15
Artery5 0.00 0.10 433.21 1.60 136.71 0.26 34.57 80.00 31.37
Mean 26.77 1.00 155.27 1.72 170.61 1.90 56.61 48.98

Mid-distal
Artery1 126.71 5.00 220.42 4.61 74.79 3.30 30.73 66.82 91.61
Artery2 78.65 4.22 138.72 6.72 88.21 3.69 29.30 53.35 54.76
Artery3 0.00 0.10 311.14 5.26 249.69 4.78 30.54 61.86 63.92
Artery4 71.45 5.00 75.67 0.89 123.32 8.08 10.00 47.34 118.17
Artery5 185.75 0.65 75.32 0.27 70.26 10.78 10.00 43.85 86.44
Mean 92.51 2.99 164.26 3.55 121.25 6.12 22.12 54.64

Distal
Artery1 63.26 0.19 81.29 8.31 128.22 5.87 14.31 52.92 85.80
Artery2 104.27 1.39 178.76 9.23 57.17 7.02 32.85 55.49 64.51
Artery3 0.00 0.10 458.96 6.79 89.48 1.46 34.81 80.00 72.89
Artery4 102.31 2.53 44.66 11.15 53.96 1.00 43.48 10.00 206.32
Artery5 159.25 4.46 56.64 10.09 73.45 3.74 45.99 10.00 324.79
Mean 85.82 1.73 164.06 9.11 80.45 3.82 34.29 41.68
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the layer-specific variations in structural and mechanical proper-
ties along the aorta.

Variations Along the Length of Aorta. Our results clearly
indicated an elevated stiffness (larger contribution of collagen) in
the distal thoracic aorta relative to the proximal thoracic aorta

(Fig. 1) which is in line with the general perception based on
numerous studies. That is, the aortic stiffness increases along the
aortic tree from proximal to distal regions [15,22,67]. The reason
for this variation is not fully understood although the variation in
elastin and collagen content is suspected to be a contributing fac-
tor. The current study suggests that the rapid stiffening response

Fig. 3 Recruitment distribution densities estimated for medial and adventitial col-
lagen fibers in the proximal ((a) and (c)) and distal ((b) and (d)) thoracic aorta using
models B (top panels) and C (bottom panels)

Table 2 Parameters of model B estimated for aortic samples at four locations (proximal, midproximal, mid-distal, and distal) along
three thoracic aortas

cMe ðkPaÞ cAe ðkPaÞ dM mM dA mA cM cA RMS

Proximal
Artery1 104.99 5.00 0.43 1.07 0.50 1.74 34.13 73.87 48.22
Artery2 125.26 0.21 0.53 1.26 0.17 0.62 31.43 55.89 29.81
Artery3 117.89 0.92 0.48 1.09 0.29 0.94 30.40 61.28 21.82
Artery4 90.99 4.71 4.95 0.00 0.28 1.03 29.02 66.14 30.53
Artery5 158.34 0.17 4.42 0.00 4.69 8.87 26.95 56.80 41.25
Mean 119.49 2.20 2.16 0.69 1.18 2.64 30.39 62.80

Midproximal
Artery1 132.20 5.00 0.33 0.90 0.28 1.06 34.51 66.38 48.34
Artery2 122.88 0.18 4.16 0.00 0.19 0.66 29.28 51.99 32.24
Artery3 114.81 0.12 3.96 1.11 0.32 1.05 29.20 53.79 42.19
Artery4 113.76 0.10 1.75 2.90 1.19 3.47 35.33 80.00 35.51
Artery5 184.93 5.00 3.19 0.00 1.89 4.26 33.36 66.14 32.04
Mean 133.72 2.08 2.68 0.98 0.77 2.10 32.34 63.66

Mid-distal
Artery1 229.10 0.16 0.24 0.61 0.20 0.71 30.46 65.46 89.76
Artery2 141.79 5.00 0.26 0.64 0.19 0.64 28.56 50.27 46.21
Artery3 183.88 5.00 0.20 0.50 0.19 0.57 31.12 60.47 57.17
Artery4 114.21 4.99 6.65 0.00 0.22 0.68 26.43 49.35 81.89
Artery5 209.15 2.30 5.29 0.00 0.13 0.48 29.65 47.18 61.03
Mean 175.63 3.49 2.53 0.35 0.19 0.62 29.24 54.55

Distal
Artery1 137.28 0.70 0.17 0.50 0.15 0.51 17.12 52.97 90.90
Artery2 175.12 0.12 0.14 0.39 0.12 0.46 32.14 53.01 54.95
Artery3 186.97 0.55 0.20 0.48 0.17 0.54 28.26 51.36 72.25
Artery4 115.99 1.16 8.98 2.79 0.14 0.51 23.91 45.18 119.72
Artery5 181.53 5.00 2.72 3.64 0.12 0.44 14.16 46.38 250.88
Mean 159.38 1.51 2.44 1.56 0.14 0.49 23.12 49.78
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Fig. 5 Sensitivity coefficients of longitudinal and circumferential stress with
respect to the constitutive parameters associated with collagen for model A ((a)
and (b)), model B ((c) and (d)), and model C ((e) and (f))

Fig. 4 Three-dimensional contour plots of strain energy stored in media and adventitia given
the estimated parameters of model B for proximal ((a) and (b)) and distal ((c) and (d)) regions
of Artery 2
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of distal samples may also be explained with less undulation in
collagen fibers in both media and adventitia (Figs. 3(b) and 3(d)).
Less undulation of fibers (in a load-free configuration) leads to a
rapid recruitment as the fibers become straight upon loading. The
association between higher undulation of collagen fibers and
higher compliance of proximal region of the thoracic aorta

corroborates the stronger pulse-dampening function of proximal
aorta in dampening the pulsatile output of the left ventricle.

The underlying structural differences in adventitial collagen
fibers between proximal and distal regions was visually inspected
using multiphoton microscope (Fig. 6). Collagen appears to be
highly dense, corrugated, and hard to trace in proximal regions.
Whereas in distal regions it seems to be less undulated with a
more defined and traceable structure. This was further confirmed
by the quantification of waviness for SHG images of adventitial
collagen (Fig. 7).

These results are in line with other observations; Martin et al.
[24] reported a stiffer material property for the human aorta com-
pared to the porcine aorta and associated the stiffer property with
less elastin content as well as collagen waviness in the human
tissue. Using inflation tests, Lillie et al. [25] described that the cir-
cumferential stretch at which the first collagen recruitment takes
place, decreases along the thoracic aorta. Collagen waviness in
the thoracic aorta was found to be inversely correlated with age
[50,68]. Recently, we showed that gradual digestion of elastin
from load-free aortic tissues clearly reduces the collagen waviness
[27,49], in agreement with other reports [69,70]. Although we
have not quantified elastin content nor included the mass (volume)
fractions in constitutive models, these studies together with our
observation suggest that there is a coupling between elastin and
collagen and possibly a relationship between content and structure
of wall constituents.

Variations Through Multiple Layers of Aorta. For each
layer of media and adventitia, we assumed the same constitutive
form but independent material parameters [30,40]. Model predic-
tions for the recruitment distributions suggest that the medial col-
lagen engages in load bearing from the onset of loading whereas
the adventitial collagen is being recruited at a later stage of
stretching (Fig. 3). Indeed, our recent multiphoton image analysis
of biaxially stretched aortic tissues showed that medial collagen
appears to be engaged throughout the stretching process while the
adventitial collagen is engaged only after 20% of equibiaxial
strain [27]. A transmural difference in the recruitment threshold of
collagen fibers was also indicated using two-photon microscopy
for carotid arteries [66]. Together, these findings demonstrate dif-
ferential engagement of collagen fibers between aortic layers and
imply the importance of constitutive formulations with layer-
specific structural properties. This differential engagement of col-
lagen add more emphasis on the well-known role of adventitial
collagen in preventing the aorta from over inflation [1].

A significantly larger ratio of elastin material constants between

media and adventitia was predicted ðcMe =cAe > 20), which is

slightly above the range ð6 < cMe =c
A
e < 14Þ previously suggested

by Holzapfel et al. [30]. Indeed, multiphoton microscopy in the
current as well as our previous studies did not capture any signal
from elastin in the adventitia, at least within 60 lm depth from the
outermost layer of the adventitia [27,49]. These results together
with the observation of higher Young’s modulus for the media
compared to the adventitia under low stretches [71], lend more
support to the notion that elastin constitutes only a small portion
of the adventitia compared to the media [15].

The intrinsic elastic property of collagen in each layer ðcMc ; cAc Þ
was considered to be independent of the axial location along the
aorta. Indeed, this parameter showed only a minor change from
thoracic to abdominal regions [68] with a weak correlation with
age [50] using similar recruitment-based models. We chose to fix
these values based on the suggested values in the literature in
order to solely look for the possible structural variations of colla-
gen and also to reduce the number of optimization parameters
and, hence, the nonunique solutions.

Collagen fiber families in the media and adventitia were found
to be mainly oriented toward circumferential and longitudinal
directions, respectively (Tables 2 and 3), consistent with other
studies [27,30,35,72,]. In addition, Schriefl et al. [35] reported no

Fig. 6 Representative SHG images of collagen in media and
adventitia and 2PEF images of elastin in media of proximal (left
column) and distal (right column) regions of thoracic aortas.
Adventitial collagen fibers are highly undulated in the proximal
region compared to the distal region while there is no obvious
difference in medial elastin and collagen waviness between
proximal and distal region (images 3603360 lm).

Fig. 7 Mean and standard deviation of adventitial collagen
fibers straightness measured at proximal and distal regions
(p< 0.05)
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significant variation in preferred collagen fiber directions along
the aorta from thoracic to abdominal regions, in parallel with our
model predictions (Tables 2 and 3).

Note that in this study an integrated contribution of elastin and
collagen of multiple arterial layers to the total behavior of the
aortic wall was modeled, disregarding the possible structural and
mechanical coupling between multiple layers. A number of stud-
ies has investigated the layer specific mechanical properties
through dissection and testing of individual arterial layers
[36,38,73]. The layered inhomogeneity of soft tissue properties
has also been investigated with other techniques such as pipette
aspiration [74].

Model Comparison and Parameter Sensitivity Analysis.
Each model in this study introduced eight unknown parameters
to the nonlinear least squares problem while showing minimal dif-
ferences in the goodness-of-fit (Tables 1–3). Models B and C
assumed linear behavior for individual fibers when engaged but
considered the Normal and Gamma statistical distributions for the
engagement. Other forms of statistical distributions have been
suggested and used in literature as well [43,65]. In our study, both
models were able to characterize the differences in fiber engage-
ment dynamics between layers while describing the variation of
properties along the aorta. In model A, the intrinsic properties of
collagen fibers and their gradual engagement in load bearing were
represented with an exponential function. While model A also
showed an increasing contribution of collagen fibers along the
length of aorta, it is difficult to interpret the sequence of fiber
engagement between the two layers using this model.

Parameter sensitivity analysis is a study used in many fields as
a tool to assess the identifiability of model parameters and the
design of experiments using nonlinear regression [58]. Valent�ın
and Humphrey [75] studied the sensitivity of a mixture model of
arterial growth and remodeling to the changes in parameters asso-
ciated with the matrix turnover. Ellwein et al. [57] analyzed the

sensitivity of the lumped parameter models predicting blood flow
and pressure in cardiovascular systems. The analysis of sensitivity
in this study showed that the recruitment-based models are more
sensitive to variations in the respective constitutive parameters
compared to the exponential-based model (Fig. 5). However, the
linear dependency of sensitivity coefficients observed for
the recruitment-based models may cause difficulties in terms of
the convergence and even the nonunique solutions (see Ref. [58]
for a detailed discussion).

Limitations

One of the main challenges of nonlinear least squares problems
with large number of unknown variables is the existence of multi-
ple local minima [58,76,77]. To address this issue, the optimiza-
tion was repeated with several initial points to assure the
optimality of the solutions. Porcine thoracic aorta is a relatively
thick artery and the difference in waviness between proximal and
distal locations using multiphoton microscopy was observed only
over 100 lm thickness. Also, advanced quantitative analysis of
fiber engagement under mechanical loading and its variation with
location are ultimately needed. Our ongoing studies suggest that
there are no significant changes in the opening angle along the
thoracic aorta. Such results are consistent with the earlier report
by Han and Fung [78]. Therefore, we do not expect much correla-
tion between collagen undulation and residual stress quantified
through the opening angle tests. The in vivo axial stretch, how-
ever, may be correlated with the overall collagen undulation
which deserves to be investigated more thoroughly. Inclusion of
mass (volume) fraction of constituents [43] corresponding to dif-
ferent regions of interest along the aorta could improve the model
predictions. Constitutive models with distributed collagen fiber
orientation would provide a better match with the image analysis
of fiber dispersion compared to models with multiple families of
parallel fibers [34,45,47,64,79–81]. Also extending the constitu-
tive models to include the passive contribution of smooth muscle

Table 3 Parameters of model C estimated for aortic samples at four locations (proximal, midproximal, mid-distal, and distal) along
three thoracic aortas

cMe ðkPaÞ cAe ðkPaÞ aM bM aA bA cM cA RMS

Proximal
Artery1 121.06 2.64 1.72 1.75 2.66 1.62 33.50 67.80 47.52
Artery2 124.22 5.00 1.30 4.63 3.75 0.33 31.56 55.80 28.62
Artery3 130.31 0.12 1.41 2.62 2.70 0.82 30.69 60.90 22.64
Artery4 102.57 4.85 1.22 5.10 4.08 0.36 28.42 60.99 33.80
Artery5 182.91 4.26 1.23 4.84 3.47 0.40 25.96 50.78 57.89
Mean 132.21 3.37 1.38 3.79 3.33 0.71 30.03 59.25

Midproximal
Artery1 139.88 4.79 1.87 1.36 3.45 0.70 34.69 67.34 50.31
Artery2 117.93 1.19 0.74 62.16 2.62 0.68 27.48 50.93 28.70
Artery3 116.80 3.20 1.22 3.57 2.34 1.96 32.30 61.23 42.24
Artery4 128.23 3.34 1.30 5.69 3.87 0.40 34.13 62.00 38.85
Artery5 222.51 3.80 1.26 4.48 2.77 0.47 28.01 52.56 44.14
Mean 145.07 3.26 1.28 15.45 3.01 0.84 31.32 58.81

Mid-distal
Artery1 236.33 0.19 1.76 0.88 3.20 0.51 30.56 66.00 89.28
Artery2 154.21 0.23 1.61 1.23 3.10 0.44 29.19 50.70 46.59
Artery3 202.65 0.20 1.74 0.78 2.11 0.71 30.46 59.30 54.88
Artery4 115.50 3.87 1.07 5.73 3.47 0.43 36.62 60.85 70.26
Artery5 201.41 3.24 1.03 8.05 3.75 0.34 33.56 53.68 53.55
Mean 182.02 1.55 1.44 3.33 3.13 0.49 32.08 58.11

Distal
Artery1 153.87 0.71 2.40 0.43 4.07 0.20 20.17 53.76 93.58
Artery2 189.80 1.18 2.45 0.30 5.25 0.12 31.52 51.81 54.75
Artery3 220.44 2.21 1.60 0.93 3.81 0.17 24.71 47.55 63.42
Artery4 103.54 3.91 1.12 6.45 3.42 0.44 33.27 52.24 74.03
Artery5 138.88 4.99 1.01 6.32 3.27 0.46 31.55 57.71 128.73
Mean 161.31 2.60 1.72 2.89 3.96 0.28 28.24 52.61
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cell [82–85] would complement our models although its contribu-
tion to the passive stiffness of the wall is known to be much less
than the extracellular matrix [3].

Conclusions

The degree of collagen undulation was demonstrated to be a
factor leading to the difference in mechanical properties along the
thoracic aorta. Bilayer recruitment-based constitutive models
were able to capture a sequence for collagen recruitment between
arterial layers. That is, medial collagen recruitment occurs early
from the beginning of loading followed by the recruitment of
adventitial collagen. Current study underscores the need for fur-
ther studies on the constitutive models that account for the layer-
specific collagen engagement dynamics with the help of advanced
microscopic imaging.
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Appendix

A Convexity Study of the Constitutive Models

For details of the convexity of model A see, Holzapfel et al.
[30] and Gasser et al. [34]. Herein let’s focus on model B and, for
simplicity, consider the artery as one layer of collagenous tissue
with symmetric fiber families. Then, the strain energy function
(Eq. (2)) is rewritten as

Wðkz; khÞ ¼ wðEÞ ¼
ðE

0

wf E� xð Þqf ðxÞdx (A1)

where wf ¼ 1=2ccE
2, E ¼ 1=2ðk2z sin2 cþ k2h cos

2 c� 1Þ, and c is

the absolute value of the fiber family orientations with respect to
the circumference. Assuming cc > 0, it is easy to show that

wðEÞ > 0;w0ðEÞ > 0;w00ðEÞ > 0 and also

Wp ¼ w0Ep;Wpq ¼ w00EpEq þ w0Epq (A2)

where subscripts p and q indicate the partial derivatives with
respect to principal stretches kz or kh, i.e., p; q 2 z; hf g. It can be
shown Wzz > 0 and, therefore, Wðkz; khÞ is considered to be
strictly convex if the determinant of the Hessian matrix is positive
as [34]

WzzWhh �W2
zh ¼ w00w0E2

hEhh þ w00w0E2
zEhh þ w02EzzEhh > 0

(A3)

In the same fashion, the convexity of the model with two layers
can be shown.
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