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Abstract Aortic aneurysm is an important clinical condi-
tion characterized by common structural changes such as
the degradation of elastin, loss of smooth muscle cells, and
increased deposition of fibrillary collagen. With the goal of
investigating the relationship between the mechanical behav-
ior and the structural/biochemical composition of an artery,
this study used a simple chemical degradation model of aneu-
rysm and investigated the progressive changes in mechan-
ical properties. Porcine thoracic aortas were digested in a
mild solution of purified elastase (5 U/mL) for 6, 12, 24,
48, and 96 h. Initial size measurements show that disrup-
tion of the elastin structure leads to increased artery dilation
in the absence of periodic loading. The mechanical proper-
ties of the digested arteries, measured with a biaxial tensile
testing device, progress through four distinct stages termed
(1) initial-softening, (2) elastomer-like, (3) extensible-but-
stiff, and (4) collagen-scaffold-like. While stages 1, 3, and
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4 are expected as a result of elastin degradation, the S-
shaped stress versus strain behavior of the aorta resulting
from enzyme digestion has not been reported previously. Our
results suggest that gradual changes in the structure of elas-
tin in the artery can lead to a progression through different
mechanical properties and thus reveal the potential existence
of an important transition stage that could contribute to artery
dilation during aneurysm formation.
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1 Introduction

Arteries remodel as a result of changes in blood flow, pres-
sure, and other chemical factors (Martinez-Lemus et al. 2008;
Pistea et al. 2005) and aneurysms are formed when a sec-
tion of the arterial tissue becomes permanently distended.
Abdominal aortic aneurysms (AAA) are an important clinical
condition where ∼150,000 new cases are diagnosed yearly
with a mortality rate of 90 % if rupture occurs (Vorp and
Vande Geest 2005). Because of the high mortality rate of rup-
ture, it is desirable to be able to predict when a patient should
have surgery to repair the dilated tissue. Current clinical prac-
tices involve measuring the expansion rate and diameter of
the artery. Other parameters such as wall stiffness and peak
wall stress may offer better predictions as to when an aneu-
rysm will fail and thus provide for better patient care (Vorp
and Vande Geest 2005). In order to estimate the material
properties of the aneurysm wall, understanding the relation-
ship between artery structure and function is necessary.

Generally, arteries exhibit anisotropic and hyperelas-
tic stress versus strain curves where the majority of the
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passive mechanical behavior is due to the collagen and elastin
extracellular matrix (ECM) (Dahl et al. 2007; Dobrin 1978;
Fonck et al. 2007). The initial softer region of the stress ver-
sus strain curve has generally been attributed to the elas-
tin fibers supporting the load, whereas the stiffened region
is due to collagen fiber recruitment and collagen bearing
the load (Cox 1978). Normal artery behavior between dias-
tole and systole encompasses both the elastin-supported and
collagen-supported regions (Valdez-Jasso et al. 2011). Pre-
viously, studies have found compositional and mechanical
differences between aneurysm tissue and healthy tissue.
Common structural changes in aneurysm tissue include an
early loss of elastin and smooth muscle cells followed by an
increase in fibrillary collagen. For example, a 90 % reduction
in elastin and indicators of excess aged collagen/improper
new collagen synthesis are reported in AAA specimens com-
pared to non-aneurismal abdominal tissue (Carmo et al.
2002). It has also been shown that there are significant
changes in the media layer including a fragmentation of
the elastic laminae and fibers (Lakatta et al. 1987). Regard-
ing the mechanical properties, human aortic aneurysm tissue
shows increased elastic modulus and anisotropy compared
to healthy tissue (Matsumoto et al. 2009; Vande Geest et al.
2006).

Because of the limited access to human aneurysm tissue,
chemical degradation methods have been used to create mod-
els for aortic aneurysm. Elastase digestion causes the elastin
network to be disrupted in a manner similar to what occurs
in the formation of an aneurysm (Fonck et al. 2007). Use of
solutions such as calcium chloride or combinations of cal-
cium chloride/elastase more closely approximate aneurysm
formation by initiating inflammatory responses such as cal-
cium deposition and smooth muscle injury (Tanaka et al.
2009; Gertz et al. 1988). The chemical models of aneurysm
have been applied both in vitro and in vivo. In vitro methods
generally include harvesting arteries and subjecting them to
an enzymatic treatment by leaving arteries in a solution bath
or through local topical application (Miskolczi et al. 1998).
More complicated in vivo animal models involve surgically
exposing an artery and delivering the chemical/enzyme solu-
tion either perivascularly (Isenburg et al. 2007) or by tem-
porarily blocking an artery and delivering the intraluminal
solution (Kallmes et al. 2002).

In the present study, we use in vitro mild elastase solu-
tions to create gradual structural changes in the artery
structure. Elastin and collagen assays quantify biochemi-
cal changes in the ECM and Movat’s pentachrome stain
reveal other structural changes not captured by the assays.
Biaxial tensile testing is used to characterize the mechan-
ical behavior of arteries, so we can relate the progres-
sive changes in the mechanical properties of arteries with
the gradual differences in microstructure and ECM
components.

2 Materials and methods

2.1 Tissue preparation and chemical degradation

Porcine thoracic aortas were obtained from 12–24 month old
pigs (160–200 lbs in weight) from a local abattoir and cleaned
of loose connective/fatty tissue. Approximately, 1.5 ∼ 2 cm
sized square samples were cut, so that one edge was parallel
to the longitudinal direction and the other edge was parallel
to the circumferential direction of the artery. The thickness of
each sample was taken at several locations with a pocket dial
thickness gauge, and measurements were averaged. Samples
of similar thicknesses were placed in a phosphate-buffered
saline (1× PBS) solution at 4 ◦C before further processing. A
5 U/mL ultra-pure elastase solution (MP Biomedicals, LLC,
OH) was used to gradually degrade tissues at 37 ◦C with
gentle stirring similar to the procedure detailed by Lu et al.
(2004). A total of 60 samples were divided evenly into five
time groups (6, 12, 24, 48, and 96 h, n = 12 at each of the
five time points) to assess mechanical and structural changes
after various digestion times. All samples were mechanically
tested at the fresh condition (n = 60) within 24 h of tissue
harvesting. After a period of digestion, samples were rinsed
in deionized water and the post-digestion mechanical testing
was performed.

2.2 Mechanical testing

A biaxial tensile testing device was used in this study to char-
acterize the mechanical behavior of aortic tissue following
protocols described previously (Grashow et al. 2006; Zou and
Zhang 2009). Briefly, four carbon marker dots were applied
on the tissue so that when tension was applied, the result-
ing stretch could be measured by tracking the position of
the marker dots using a CCD camera with a refresh rate of
7–8 Hz. Elastase-treated samples are more porous and frag-
ile. In order to reach physiologic meaningful stresses and
limit damage to the tissue (Szczesny et al. 2012), sandpa-
per tabs were attached to the top and bottom faces along the
edges of the tissue samples with cyanoacrylate glue (Elmer’s
Products, OH). Sutures were then looped through the sand-
paper fold and connected to the linear positioners. A tension
control protocol was implemented using a Labview program
(Sacks 1999). For all mechanical tests, a small preload of
2 ± 0.050 N/m was applied in order to straighten the sutures
connecting the tissue to the device. Initially, the samples were
put through a series of eight preconditioning cycles in which
they were loaded in both directions to 30 N/m for all tis-
sues. Following preconditioning, eight cycles of equi-biaxial
tension were applied to capture the anisotropic mechanical
behavior. Data used for the analysis came from the eighth
cycle when the stress versus strain curves had become sta-
ble. Fresh tests generally exceeded 120 kPa and tests after
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digestion had maximum stresses above 100 kPa. For consis-
tency, 100 kPa was chosen as the maximum stress when com-
paring the results from both fresh and post-digestion tests.

Cauchy stresses were calculated based on plane stress and
incompressibility assumptions (Humphrey et al. 2009):

σ1 = F1λ1
L2ot , σ2 = F2λ2

L1ot (1)

In Eq. (1), σ is the Cauchy stress, F is the applied load, λ is
the stretch, Lo is the initial length, and t is the thickness of
the tissue. The subscripts 1 and 2 correspond to the longitudi-
nal and circumferential directions of the tissue, respectively.
Cauchy stress versus Green strain was plotted to describe
the mechanical response. Green strain E is calculated as
(Holzapfel 2000):

Ei = 1

2

(
λ2

i − 1
)

(2)

where λ is the stretch and i = 1, 2.

2.3 Elastin and collagen assays

After mechanical testing, small pieces (approximately 1 ×
5 mm) were cut from each of the fresh and digested tissues
for elastin and collagen assays. Elastin content was measured
using a Fastin elastin assay kit (Biocolor, www.biocolor.
co.uk). The elastin assays measured soluble tropoelastins
and insoluble elastin that was solubilized into α-elastin
polypeptides following manufacturer’s protocols. The opti-
cal density was measured at 513 nm using the microplate
reader. Elastin content was expressed as ug of elastin/mg
of wet tissue weight. The amount of soluble and insolu-
ble collagen was determined following the extraction pro-
cedures described in detail by Reddy (2004). After isolating
the volumes of different types of collagen, the samples were
analyzed using a Sircol collagen assay kit (Biocolor, www.
biocolor.co.uk) following manufacturer’s instructions. The
Sircol collagen kit used a quantitative dye-binding method
and absorbance was measured using a SpectraMax M5 plate
reader (Molecular Devices) at a 540 nm wavelength. Colla-
gen content was expressed as ug of collagen/mg of wet tissue
weight.

2.4 Histology studies

After mechanical testing, randomly selected samples from
each group were fixed in 10 % formaldehyde (Fisher Scien-
tific) for histological studies. A cross-section was cut along
the circumferential direction, and the Movat’s pentachrome
stain was used to identify changes in the arterial structure.
The Movat’s stain allowed for identification of collagen fibers
(yellow), smooth muscle cells (red), ground substance (blue),
and nuclei/elastic fibers (purple to black) (Taylor et al. 1999;
Arbustini et al. 2002).

2.5 Statistical analysis

Experimental data were summarized with mean ±SD.
Values of elastin and soluble, insoluble, total, and cross-
linked collagen in fresh arteries were compared to data gath-
ered after elastase digestion using generalized estimating
equations taking into account the repeated measures (Liang
and Zeger 1986). Comparisons of the strains in both the lon-
gitudinal and circumferential directions were made between
fresh and digested arteries in the same manner as described
above. A two-tailed P < 0.05 was considered statistically
significant with post hoc test using the Bonferroni procedure
to adjust for multiple comparisons. Statistical analysis was
performed using the SPSS statistical package (version 19.0,
SPSS Inc./IBM, Chicago, IL).

3 Results

As a result of the digestion with the elastase solution, the
artery samples transition from an opaque solid material to a
translucent gel-like structure. The fresh artery thickness var-
ied from 0.84 to 1.95 mm (mean = 1.32 ± 0.21 mm). The
thicknesses of the digested arteries are not reported here due
to the uncertainty in measurements due to the formation of the
gel-like structure. In both the longitudinal and circumferen-
tial directions (Fig. 1a, b), there is a significant increase in the
side length of the artery samples after digestion (P < 0.001).
This increase in size occurs purely as a result of the removal
of elastin.

Figure 2 shows the elastin content of the arteries decreases
with increased time of enzyme treatment (P < 0.001). In
Fig. 3, the total collagen is calculated by adding the sol-
uble collagen with the insoluble collagen. The percent of
cross-linked collagen is determined by dividing the amount
of insoluble collagen by the total amount of collagen (Reddy
2004). Collagen assays show a significant increase in total
collagen, insoluble collagen, and collagen cross-linking
(P < 0.001) in all cases except in the total collagen after 6 h
of digestion (P = 0.059). The amounts of soluble collagen
are not significantly different between fresh and digested tis-
sues (P > 0.148) except after 48 h of digestion (P = 0.006).

The Movat’s pentachrome stains reveal some common
characteristics of aneurysm tissue. The elastase digestion
creates regions of loose/coiled elastin fibers (Fig. 4b) and
fragmented elastin fibers (Fig. 4b, d). Loss of smooth mus-
cle cells is evidenced by the disappearance of red-colored
cells and dark blackish nuclei within the remaining collagen
layers (Fig. 4b, c, d, e, f) and also between elastic fibers in
Fig. 4d. Note that elastase does not digest elastin through the
thickness in an even manner, but rather begins at the exterior
surfaces and progresses inwardly. The center of the media is
relatively preserved through the 12 h time point (Fig. 4c) and
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Fig. 1 Changes in the size of the longitudinal (a) and circumferential
(b) directions of the tissue after treating with elastase for 6, 12, 24, 48,
and 96 h (n = 12). The lengths post-digestion were normalized to the
fresh tissue measurements. ∗ P < 0.05
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Fig. 2 Elastin content, expressed as ug of elastin per mg of wet tissue
weight, at fresh conditions (0 h, n = 60) and after treating with elastase
for 6, 12, 24, 48, and 96 h (n = 12) ∗ P < 0.05

layers of elastin still remain in the very center after 24 h of
digestion (Fig. 4d). The remaining tissue after 48 and 96 h of
digestion is primarily collagen and contains minimal elastin
(Fig. 4e, f).

Figure 5 shows the averaged Cauchy stress versus Green
strain curves from the biaxial tensile tests. The fresh arter-
ies (Fig. 5a) display anisotropic and hyperelastic behavior
with the circumferential being stiffer than the longitudinal

direction. After 6 h of digestion, the initial slopes of the
curves are mildly reduced, but the overall behavior still has
the anisotropic hyperelastic properties (Fig. 5b). After 12 h
of digestion, an elastomer-like behavior is seen in the lon-
gitudinal direction as the stress versus strain curve loses the
J-shape and becomes more S-shaped (Fig. 5c, the S-shaped
curve is not very prominent in the averaged data, and an
clearer example of the S-shape behavior from a single artery
is shown later in Fig. 7). At 24 h of digestion, the arteries
have a pronounced J-shape curve with a very low initial slope,
extended toe region, and prominent strain stiffening at higher
strains (Fig. 5d). Finally, after 48 and 96 h of digestion, the
stress versus strain curves lose the initial toe region and are
very stiff shortly after the onset of loading (Fig. 5e, f).

Figure 6 shows representative Cauchy stress versus Green
strain curves and the progression of the mechanical prop-
erties through four major stages: initial-softening (IS),
elastomer-like (EL), extensible-but-stiff (ES), and collagen-
scaffold (CS) behavior, note only the longitudinal direction
is shown. Table 1 shows the changes in the frequencies of
normal/fresh (F), IS, EL, ES, and CS behavior with the elas-
tase digestion periods. Note that after 6 h of digestion, the
Cauchy stress versus Green strain behavior in the circumfer-
ential direction was almost unchanged for six samples and
was counted as “fresh” behavior. The longitudinal strains of
the digested tissue show statistically significant differences
from strains of fresh tissue in the 6, 12, 48, and 96 h condi-
tions (P < 0.001) but not in the 24 h condition (P = 1.0).
For circumferential direction, there are statistically signifi-
cant differences in the strains at the 12 (P = 0.001), 48
(P < 0.001), and 96 h (P < 0.001) conditions, but the 6
and 24 h digestions do not have significant differences from
the fresh tissue (P = 0.08 and P = 1.0, respectively).
Our mechanical results show the arteries have very differ-
ent mechanical behavior depending on the amount of elastin
digestion, which will be discussed later.

4 Discussion

In this study, arteries are treated with mild elastase solu-
tions for five different durations to capture the progression of
changes in mechanical properties. Our measurements show
an increase in size of the arteries in both the longitudinal
and circumferential directions following elastin digestion
(Fig. 1). Previous experimental studies of arteries in dogs
have also reported vessel dilation with elastase treatments
(Dobrin and Canfield 1984), and artery dilation is a charac-
teristic of aneurysms in general (Humphrey and Taylor 2008).
It has been suggested that aneurysms may form due to cyclic
loading that progressively weakens an artery that initially had
structural damage (Gasser et al. 2008). Here, we show that
the dimensions of arteries increase with elastin degradation
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Fig. 3 Total (a), soluble (b), and insoluble (c) collagen, expressed as ug of collagen per mg of wet tissue weight, at fresh conditions (0 h, n = 60)
and after treating with elastase for 6, 12, 24, 48, and 96 h (n = 12). The percent of cross-linked collagen is also presented (d). ∗ P < 0.05

prior to any preconditioning or loading. This indicates that
the structural damage caused by removing elastin is enough
to create artery dilation before pulsatile blood flow loading
would further expand the structure.

Decreased elastin content in the media as well as the dis-
ruption and fragmentation of the elastic lamellae are com-
mon characteristics of aneurysms (Guo et al. 2011; Hellen-
thal et al. 2009; Stanley et al. 1975). The decrease in elas-
tin content with increased digestion time (Fig. 2) is further
confirmed by the Movat’s pentachrome stains of the artery
cross-sections (Fig. 4). The histology slides also display other
characteristics of aneurysm tissue such as loss of smooth
muscle cells, which has been previously reported to occur in
thoracic aortic aneurysm (Guo et al. 2011). Other character-
istics of aneurysm including excess deposition of collagen,
medial neovascularization, and inflammatory cell infiltration
(Hellenthal et al. 2009; Stanley et al. 1975) are not present
in the current in vitro study.

During the formation of an aneurysm, there is gener-
ally an increase in the amount of collagen and collagen
cross-linking in the artery (Humphrey and Taylor 2008) that
has been attributed as a response of the body to compen-
sate for the loss of elastin (Lasheras 2007). Our collagen

assay results also showed an increase in total collagen con-
tent and collagen cross-linking after the elastase treatment
(Fig. 3a, d); however, this clearly is not due to arterial remod-
eling. The increase in collagen cross-linking is attributed to
the increase in insoluble collagen (Fig. 3c) in this study.
Our method of measuring insoluble collagen in the tissue
involves denaturing covalently cross-linked collagen into
gelatin for measurement with the Sircol collagen assay kit
(Reddy 2004). As the artery is subjected to the elastase treat-
ment, the process of removing elastin can also loosen/weaken
the cross-linked collagen network. This would make the col-
lagen network more susceptible to the denaturing process and
thus the amounts of extracted insoluble collagen are higher.

The anisotropic and hyperelastic behavior of aortic tis-
sue has been well documented and corresponds to the results
from the fresh artery tests. Destruction of the elastin network
leads to decreased stiffness in arteries (Lacolley et al. 2002),
and this corresponds with our results where the loss of elas-
tin causes the decreased slope and is characteristic of the
first shift in mechanical behavior called the initial-softening
phase.

The second stage that the artery behavior transitions to is
termed elastomer-like because the stress versus strain curves
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Fig. 4 Histology images of the cross-section of arteries with Movat’s
Pentachrome stain. The arteries are cut along the circumferential direc-
tion, and the adventitial side is on the left for all six images. Collagen
fibers (yellow), smooth muscle cells (red), ground substance (blue),

nuclei/elastic fibers (purple to black). Scale bar is 200 μm. Images
a through f show the fresh tissue and samples and after treating with
elastase for 6, 12, 24, 48, and 96 h

have a stiff initial slope, a softer middle region and finally
the increased slope at higher stresses (Fig. 7a). S-shaped
behavior is commonly found in tensile tests of various elas-
tomers (Cheng et al. 2011; Kanyanta and Ivankovic 2010;
Lee et al. 2009). Elastomers, such as polyurethanes, are lin-
ear segmented copolymer chains and have a structure that
consists of loosely coiled domains of polyesters and stiff
domains of urethane linkages (Kanyanta and Ivankovic 2010;
Oprea and Vlad 2006). At low stresses, the material as a
whole is stiff because the load is not high enough to untangle
the coiled polyester domains. However, at some threshold
stress, the coiled domains will untangle/slip past each other,
which leads to large displacements with minimal increase in
stress. Once the coiled domains have been straightened out,
the material will exhibit strain stiffening as the straightened
polyester and stiff domains now bear the load (Lee et al.
2009; Cheng et al. 2011). Our histology studies show that
between the digested and undigested regions the ECM in
some areas seems undisturbed (highlighted in green) while
in other areas, the interconnecting elastic fibers and SMCs
are removed (Fig. 7b). Areas affected by the enzyme that
have lost the SMCs and interconnecting structure become
regions of loose and coiled elastin fibers, while the undigested

regions should be relatively stiff since they retained the orig-
inal ECM network. We suspect that the cause of the elas-
tomer-like behavior is that the digestion process results in
the elastin network having a structure that closely resem-
bles an elastomer. In a previous study of inflation testing on
dog carotid arteries, S-shaped behavior occurs in the circum-
ferential direction of the tissue and this is attributed to the
waviness of the elastic lamellae in the circumferential direc-
tion (Dobrin and Canfield 1984). In our study, the S-shaped
behavior is evident in both longitudinal and circumferential
directions (Fig. 7a) and so the original structure of the elastic
lamellae is not a likely cause for the elastomer-like behavior.

The third stage of the stress versus strain curves is the
extensible-but-stiff phase, characterized by a hyperelastic
behavior with a very low initial slope and rapid change
to a high slope. Based on the histology images and elas-
tin assays, at 24 h, there is limited elastin left in the arte-
rial tissue and this can explain the very low initial slope
(Cox 1978; Lacolley et al. 2002). There is a large initial
stretch because a small amount of elastin is still present and
supporting the initial loading. The high slope in the stress
versus strain curves occurs when the collagen fibers have
been recruited to support the load. As seen in Fig. 6 (curves
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Fig. 5 Averaged Cauchy stress versus Green strain curves. Images a
through f show the fresh tissue (n = 60) and samples after treating with
elastase for 6, 12, 24, 48, and 96 h (n = 12). One-sided error bars of

a standard deviation (SD) are shown for the longitudinal and circum-
ferential directions. ∗ P < 0.05 when compared to strains from the
corresponding stresses in the fresh condition

labeled ES (a) and ES (b)), the strain at which the curve shifts
from low slope to high slope can vary greatly from sample to
sample. This is possibly due to sample-to-sample variation
such as in artery thickness, as certain arteries at 24 h might
be closer to the fourth stage of mechanical behavior. Since
digestion occurs from the exterior to interior, thinner sam-
ples progress faster toward the collagen-scaffold behavior,
which leads to collagen recruitment at lower strains (Intengan
et al. 1999). We expect arteries change from the elastomer-
like stage into behavior that resembles the ES (a) curve of
Fig. 6 because the remaining elastin should still bear the ini-
tial load. As the elastin is further degraded, the collagen fibers

are recruited earlier so the shift to a stiff slope is expected to
occur to a lower strain (more like ES (b) curve in Fig. 6).

After 48 and 96 h of elastase digestion, there is a complete
removal of elastin and the arteries have a collagen-scaffold
behavior characterized by a very high slope shortly after the
onset of loading. The mechanical behavior measured in this
experiment after 48 and 96 h is very similar to those measured
in studies of porous collagen scaffolds created from porcine
aorta for tissue engineering (Lu et al. 2004). Our biochemical
assays and histological studies show minimal elastin left in
the tissues at these time points, which explains the lack of
the initial soft region because the collagen fibers are the only
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Note only the longitudinal direction is shown

component left supporting the load. The reason why the 96 h
samples appear isotropic (Fig. 5f) might be due to the fact
that the size changes of the sample in the longitudinal and
circumferential directions due to elastase digestion were not
included. Previously, we have mentioned that the size of the

samples increases due to the elastase digestion (Fig. 1) and
because of this, digested samples have “initial stretches”. The
amount of initial stretch in the tissue increases with longer
digestion times and affects the starting point of the stress
versus strain curves. The initial stretches in the longitudi-
nal direction at 96 h are significantly greater than the ini-
tial stretches in the circumferential direction (1.395 ± 0.058
vs. 1.326 ± 0.092, P = 0.037). In Fig. 8a, b, these initial
stretches due to elastase digestion are included in the Green
strain calculations. As shown the Fig. 8b, the tissue samples
are still likely anisotropic after 96 h of elastase treatment but
appear isotropic if the initial stretch is excluded. It is noted the
initial stretch of the longitudinal and circumferential direc-
tions for the other time points (6, 12, 24, 48 h) are not signifi-
cantly different (P = 0.53, P = 0.58, P = 0.86, P = 0.82,
respectively).

The initial-softening, extensible-but-stiff, and collagen-
scaffold stages are expected changes as a result of the elas-
tase digestion however, the elastomer-like stage however has
not been reported before. Studies on rubber have shown the
presence of an elastic instability such that when a rubber tube
is inflated past a certain limit point a local dilation can form

Table 1 The changes in the frequencies of fresh (F), initial-softening (IS), elastomer-like (EL), extensible-but-stiff (ES), and collagen-scaffold
(CS) stages with elastin degradation

Stage → Longitude Circumference

F IS E L ES C S F IS EL ES C S

Digestion time
0 h 60 – − – − 60 – – – −
6 h – 4 8 – − 6 4 2 – −
12 h – – 10 2 − − 5 7 – −
24 h – – − 6 6 − – – 8 4

48 h – – − – 12 − – – 1 11

96 h – – − – 12 − – – – 12

The 0 h time point corresponds to the tests of the fresh arteries. All arteries were tested at the 0 h condition (n = 60), and then 12 arteries were
tested at each of the digestion time points (n = 12)

Fig. 7 a Cauchy stress versus
Green strain curves from a
sample after 12 h of elastase
digestion demonstrating
elastomer-like behavior and b
Movat’s pentachrome stain
showing that the digestion
process results in the formation
of an ECM structure that closely
resembles an elastomer with
some areas undisturbed
(highlighted in green) while in
other areas the interconnecting
elastic fibers and SMCs were
removed. Scale bar is 50 μm
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Fig. 8 a Cauchy stress versus Green strain curves of the data in Fig. 6
but including the initial stretches due to elastin degradation. b Cauchy
stress versus Green strain curves of an artery after 96 h digestion with
(dotted lines) and without (solid lines) the initial stretches included

(Gent 2005; Bogen and McMahon 1979). This principle of
an elastic instability has been suggested as a reason for aneu-
rysm formation (Akkas 1990). Other studies have used sim-
ulations to show that limit point instabilities are not the cause
of intracranial saccular aneurysms and instead the formation
and growth of aneurysms are due to the arterial remodel-
ing (Kyriacou and Humphrey 1996; Taylor and Humphrey
2009). Our results indicate that elastin degradation during
the remodeling process may form an elastomer-like structure
in the artery, which could contribute to the rapid increase in
diameter.

The greater initial stretches in the longitudinal than in the
circumferential direction after 96 h of elastase digestion indi-
cates some structural difference in the two directions. The
anisotropy of arterial tissue is mainly due to the alignment
of families of collagen fibers at a certain angle from the cir-
cumferential direction (Dahl et al. 2007). The application of
elastase also results in the loss of SMCs and the removal of
cells has been shown to reduce collagen fiber crimping in
rabbit carotid arteries (Williams et al. 2009). It seems possi-
ble that with less fibers oriented in the longitudinal direction,
when the fibers uncrimp due to loss of the elastin/SMCs,
this leads to the longitudinal direction having a large initial
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Fig. 9 Cauchy stress versus Green strain curves of an artery after 12 h
digestion, showing the longitudinal direction is in the elastomer-like
stage while the circumferential direction is in the initial-softening stage

stretch. With the presence of more collagen fiber bundles in
the circumferential direction, the uncrimping effect may have
been reduced as there is more structure remaining to support
the tissue shape.

In general, it appears as though the circumferential direc-
tion progresses through the four stages of mechanical behav-
ior more slowly than the longitudinal direction (Table 1).
As an example, the circumferential direction is still in the
initial-softening stage while the longitudinal direction has
already has elastomer-like behavior after 12 h of digestion in
the example artery (Fig. 9). The cause of this different rate
of progression may be due to the different structure of the
elastic lamellae in the two directions. In the circumferential
direction, the lamellae are very wavy and corrugated while
in the longitudinal direction, the lamellae sheets are fairly
flat (Arribas et al. 2006; Clark and Glagov 1985). Stretched
elastin fibers are found to be more susceptible to degradation
during elastase digestion processes (Jesudason et al. 2007),
and this could have led to a faster disruption of the elastin
in the longitudinal direction. Studies have shown the corru-
gated structure of the elastic lamellae in the circumferential
direction of rabbit abdominal arteries are not fully straight-
ened until ∼80 mmHg (Wolinsky and Glagov 1964). Our
samples are digested in elastase solutions without any load,
so the waviness of the elastin structure in the circumferential
direction could also have delayed the disruption of elastin
through a shielding process. The difference in progression
of the circumference and longitude also explains the flip in
anisotropy seen after 24 h of digestion (Fig. 5d). It is possible
that the longitudinal direction is closer to reaching the colla-
gen-scaffold stage and so the initial distensibility is smaller
after 24 h. In contrast, the circumferential direction is most
likely still within the extensible-but-stiff stage and so the ini-
tial distensibility is larger causing the switch in anisotropy
of the tissue.
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Fig. 10 Elastin content, expressed as ug of elastin per mg of wet tissue
weight, versus circumference length at fresh conditions (0 h, n = 60)
and after treating with elastase for 6, 12, 24, 48, and 96 h (n = 12).
The arrows indicating the 1.5× diameter increase and ∼90 % elastin
decrease are shown to describe the beginning and final tissue states
studied in previous literature of AAA

It is generally accepted that AAAs are characterized by a
1.5× increase in diameter and have about a 90 % decrease
in elastin content (Humphrey and Taylor 2008). These val-
ues were measured from non-aneurismal and aneurysm aor-
tic tissue that had been harvested during preemptive repair
surgery (Carmo et al. 2002). However, aneurysm tissue that
is harvested to avoid rupture will be already dilated and at
the end point of the structural changes that occur as a result
of the disease. Our study shows the elastomer-like behav-
ior appeared around 12 h of digestion in elastase. This is also
when the greatest decrease in elastin content (occurs between
6 and 12 h) and the greatest increase in circumference length
(happens between 12 and 24 h) occurred (Fig. 10). Follow-
ing a hoop stress estimation based on results from Ohashi
et al. (2009), the estimated stresses in porcine descending tho-
racic arteries ranges between 98 and 180 kPa for diastolic and
systolic pressures of 110–170 mmHg, respectively. The elas-
tomer-like behavior for some samples (Figs. 7a and 9) occurs
around a Cauchy stress of around 85 kPa, that is, near the
stresses experienced during diastole. Note that the stress lev-
els at which the elastomer-like characteristics appear seemed
to depend on not only digestion time but also sample thick-
ness. Because our protocol used fixed digestion times, the
elastomer-like behavior was evident at various stress levels
and thus the change in mechanical properties from being
J-shaped to S-shaped could be physiologically relevant and
play some role in artery dilation.

In the present study, although stress was reported, we
would like to mention the layers of the arterial wall may
not bear equal amounts of load and so accurate stress calcula-
tions can be compromised. Our histology studies showed that
the tissue degradation was occurring unevenly through the
thickness. We often have a central band of unaffected layers
sandwiched between two bands of collagen layers (where the

elastin had been removed) and these layers of the arterial wall
may bear different amounts of load. In addition, due to the
creation of the loose and gel-like collagen layer with elas-
tin degradation, the thickness measurement can vary greatly
based on the amount of hydration. This can lead to uncer-
tainty in the thickness measurement and further affect the
reported stresses.

5 Limitations

There are several limitations in this study and improvements
to the digestion and structural analysis methods could give
more information about the formation of an elastomer-like
structure in arteries. Here, we studied porcine aortas, which
differ from human both in structure and pressure ranges
(Holzapfel et al. 2005; Ohashi et al. 2009; Vande Geest et al.
2006). Future experiments would benefit from higher ten-
sions to reach stresses experienced during systole. Collagen
remodeling and increase of cross-linking of collagen, which
does not occur in our study, can lead to collagen recruit-
ment at lower strains (Intengan et al. 1999) and may reduce
the elastomer-like behavior. Intima thickening in aneurysm
may also compromise the structural/mechanical changes due
to elastin degradation. The thickness of the porcine aortas in
our study leads to an uneven digestion of the arteries, which is
not what occurs normally in aneurysm formation. Using thin-
ner arteries from rats and rabbits, other chemical degradation
studies of aneurysm tissue are able to degrade the media more
evenly through the entire artery thickness (Guo et al. 2011;
Stanley et al. 1975). Another aspect for further investigation
is digesting the tissues under physiologic strains. As men-
tioned earlier, stretched elastin networks are found to be more
susceptible to elastase degradation (Jesudason et al. 2007).
The sandpaper tab attachment method is different from the
conventional hooking method in biaxial tensile testing and
may lead to stress concentrations in the corners of the tissue
(Sun et al. 2005). Although not shown here, our early val-
idation studies found minimal differences in characterizing
the overall tissue behavior between the two methods. Finally,
future studies of the artery structure such as examining the
collagen and elastin fiber orientation with three-dimensional
microscopy will help understand the transition in mechan-
ical properties between healthy and elastin-depleted/dilated
arteries.

6 Conclusions

This study intends to determine a relationship between
the mechanical properties and the structural/biochemical
composition of an artery and give possible insights into
the formation of aneurysm. While previous studies have

123



Progressive structural and biomechanical changes in elastin degraded aorta 371

generally looked at healthy versus already dilated/ruptured
tissue, this study investigates the gradual changes in mechan-
ical properties with a mild elastase treatment. Our results
show that digestion of elastin in the artery leads to artery
dilation in the absence of loading. Four distinct mechanical
stages are identified in the digested arteries. The initial-soft-
ening, extensible-but-stiff, and collagen-scaffold-like stage
are explainable with the changes in elastin measured by
the assays and histology techniques. The more interesting
elastomer-like stage happens when elastin degradation and
increase in circumferential length occur most rapidly. This
elastomer-like stage, which may occur during the transi-
tion between healthy and dilated tissue states, has not been
reported by previous experimental studies of aortic aneu-
rysm. However, the behavior during this transition could be
important for artery dilation as the artery has the potential to
exhibit large stretches with a minimal increase in pressure.
Finally, the circumferential and longitudinal directions of the
artery progress through the four stages at different times due
to the different organization of elastin in the two directions.
Future studies with other digestion solutions under physi-
ologic stresses as well as improved methods of assessing
structural changes would make a more complete assessment
of the relationship between the mechanical integrity and the
microstructure/biochemical composition of arteries.
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