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Abstract
An intraluminal thrombus (ILT) forms in the majority of abdominal aortic aneurysms (AAAs). While
the ILT has traditionally been perceived as a byproduct of aneurysmal disease, the mechanical
environment within the ILT may contribute to the degeneration of the aortic wall by affecting
biological events of cells embedded within the ILT. In this study, the drained secant modulus (E5 ∼
modulus at 5% strain) of ILT specimens (luminal, medial, and abluminal) procured from elective
open repair was measured and compared using unconfined compression. Five groups of fibrin-based
thrombus mimics were also synthesized by mixing various combinations of fibrinogen, thrombin,
and calcium. Drained secant moduli were compared to determine the effect of the components'
concentrations on mimic stiffness. The stiffness of the mimics was also compared to the native ILT.
Preliminary data on the water content of the ILT layers and mimics was measured. It was found that
the abluminal layer (E5 = 19.3 kPa) is stiffer than the medial (2.49 kPa) and luminal (1.54 kPa) layers,
both of which are statistically similar. E5 of the mimics (0.63, 0.22, 0.23, 0.87, and 2.54 kPa) is
dependent on the concentration of all three components: E5 decreases with a decrease in fibrinogen
(60 to 20 and 20 to 15 mg/ml) and a decrease in thrombin (3 to 0.3 units/ml), and E5 increases with
a decrease in calcium (0.1 to 0.01 M). E5 from two of the mimics were not statistically different than
the medial and luminal layers of ILT. A thrombus mimic with similar biochemical components,
structure, and mechanical properties as native ILT would provide an appropriate test medium for
AAA mechanobiology studies.
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Introduction
Abdominal aortic aneurysms (AAAs) affect a significant portion of the population in developed
countries, and the incidence is believed to be increasing as life expectancy increases. AAAs
are present in 4% to 8% of men over 60 and 1% to 3% of women over 60 [1]. The long time
course of the disease results in the formation of an intraluminal thrombus (ILT) in most AAAs
[2]. Some investigators have discussed the mechanical role of the ILT, with this tissue primarily
acting as a mechanical shield, thus decreasing the stresses acting on the AAA wall [3,4].

The ILT has traditionally been perceived as a byproduct of aneurysmal disease. However, some
investigators have hypothesized that the ILT may play a more active role in the pathophysiology
of AAA development [2]. The mechanical environment within the ILT and the AAA wall (e.g.,
matrix strain) changes as the aortic wall dilates. We hypothesize that this mechanical
environment may affect the biological activity of cells embedded within the ILT and therefore
contribute to the degeneration of the aortic wall. The mechanical properties of the ILT have
been investigated by a number of investigators. Many of these experimental investigations
have been based on the tensile behavior of the ILT [5-7]. These tests have primarily been on
the luminal and medial layers of the ILT, as gripping the abluminal layer is often times
impossible. The hydraulic permeability of the ILT was investigated by Adolph et al. [8],
however no distinction was made between how these values vary through the thickness of the
thrombus. To our knowledge, little information exists in the literature regarding the
compressive mechanical behavior of the ILT, especially for the abluminal layer. Such
information may be important not only in identifying how stress distributions are distributed
within the ILT and AAA wall, but also may be helpful in future studies on ILT mechanobiology.

Development of a thrombus mimic with similar components, structure, and mechanical
properties as native ILT would facilitate a more controlled environment for AAA
mechanobiology studies. Such a mimic would be ideal for in vitro testing as the number of
native ILT specimens available for testing will likely continue to decrease with the increasing
popularity of endovascular repair. Fibrin-based constructs present an attractive option for the
mimic because they can be constructed from blood proteins and components present in the
clotting cascade, and thus have a similar chemical structure as native ILT. The mechanical
properties of these fibrin-based constructs (e.g., elastic modulus, permeability, and strength)
can also be manipulated by varying the concentrations of fibrinogen [9-12], thrombin [12],
factor XIII [9,13], fibronectin [14,15], platelets [11], and calcium [9,11-13,16,17].

The purpose of this study was threefold: first, to measure the drained secant modulus at 5%
strain (E5) of the different layers of ILT taken from open repair; second, to measure how the
concentrations of fibrinogen, thrombin, and calcium affect E5 in fibrin based mimics; and third,
to determine the apparent differences in properties between the developed mimic and native
ILT. In addition, preliminary information on the water content and microstructure of the ILT
and mimics was assessed. Such information will serve as a baseline dataset for future studies
investigating the pressure distribution within the ILT and how the ILT may play a role in
aneurysmal mechano-pathophysiology.

Methods
ILT Specimens

ILT specimens were procured from the elective open AAA repairs of six patients at the
University Medical Center, Tucson, AZ in accordance with the Human Subjects Protection
Program at the University of Arizona. General information about the patients is shown in Table
1. Specimens were placed in an isotonic phosphate buffered solution (PBS) immediately after
extraction from the aorta and stored at 4°C until testing. All tests were performed within 48
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hours of the surgery. Gentle physical manipulation was used to separate the ILT specimens
into three layers based on relative position and color: abluminal, medial, and luminal (Figure
1).

Thrombus Mimics
Bovine fibrinogen (Sigma, F8630) was dissolved in Hank's Balanced Salt Solution (HBSS,
Mediatech, 21-020-CV) to concentrations of 40 and 80 mg/ml, bovine thrombin (Sigma,
T6200) was dissolved in water to a concentration of 100 units/ml, and calcium chloride was
dissolved in HBSS to yield a calcium rich HBSS solution (1 M calcium). Five groups of mimics
were constructed by mixing the solutions, additional HBSS, and water with various ratios in
well plates to yield the final concentrations listed in Table 2. Mixed solutions were set in an
incubator (37°C, 10% CO2) overnight to gelate. The concentrations in M1 were chosen as a
baseline, and in groups M2, M3, and M4, the concentration of one component (fibrinogen,
thrombin, or calcium) was varied from the baseline to determine the effect of that component's
concentration on E5. In M5, the concentrations of thrombin and calcium that yielded the stiffest
mimics were used and the fibrinogen concentration was increased to 60 mg/ml in attempt to
create an even stiffer mimic.

Drained Secant Modulus
A circular biopunch (8 mm diameter) was used to cut cylindrically shaped samples from each
layer of the ILT and the mimic well plates. The thickness of each sample was measured by
taking the average of five measurements using a caliper. There were 14, 15, and 18 ILT samples
isolated from the abluminal, medial and luminal layers, respectively (thickness = 3.0±0.8, 4.5
±0.9, and 4.3±1.2 mm, respectively) and 32 mimic samples (thickness = 3.9±0.6 mm). Mimics
were set in a bath of PBS for at least one hour to allow fluid saturation.

Unconfined-compression stress-relaxation tests were performed on the samples in a bath of
PBS at 37°C using a dynamic mechanical analyzer (Perkin Elmer, Pyris Diamond DMA) which
had a spatial resolution of 1 μm and a load resolution of 0.5 μN (a schematic of unconfined-
compression testing is shown in Figure 2). Stress relaxation tests were performed by applying
and holding a 5% compressive strain for 20 minutes while measuring the corresponding
decrease in compressive load over time. Strains of 10% and 15% were also subsequently
applied for 20 minutes each. Since the samples did not equilibrate after 20 minutes, the
equilibrium load was determined by fitting the data to a 3-term sum of exponentials equation:

(1)

where L is instantaneous load, t is time, A is equilibrium load, and Bi and Ci are constants. A,
Bi, and Ci were fit to the data using Marquardt-Levenberg nonlinear regression technique within
the commercially available software package SigmaStat. Drained equilibrium stress (T∞) was
calculated as the equilibrium load divided by the initial cross sectional area. E5 was calculated
as T∞ at a 5% compressive strain divided by -0.05.

Water Content and SEM
As a step towards our long term goal, preliminary water content data and SEM images were
recorded for the ILT and mimics. The initial water content of all layers of the ILT from one
patient and from each of the mimics was measured. The volume of samples saturated with PBS
was obtained by measuring the volume of fluid they displaced in a graduated cylinder. The
PBS-saturated samples were then weighed, set in a biosafety cabinet to dry, and weighed 16
hours later. Initial water volume was calculated as the change in mass multiplied by the density
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of water. The reported value of water content is given as the water volume divided by the PBS-
saturated sample volume. Water content of M5 was not measured.

M1 was prepared for SEM imaging as follows. The sample was fixed in gluteraldehyde,
formaldehyde, and 0.015% ruthenium red. It was then fixed in osmium tetraoxide. The sample
was dehydrated in ethanol and quenched in liquid nitrogen, which broke the sample into pieces
to allow us to image an inside area instead of the surface. It was dried in CO2 to its critical
point, gold coated, and then SEM imaged (Hitachi S-3400N).

Statistical Analysis
Pair-wise comparisons of the drained secant moduli of the ILT layers and the mimics were
performed with a Mann-Whitney rank sum test using the software program SigmaStat. A non-
parametric test was used due to non-normal distributions of the sample groups. Significant
difference was determined by a p-value < 0.05.

Results
A representative ILT sample is shown in Figure 1. Figure 3 shows the load response over time
for a typical unconfined-compression stress-relaxation test. T∞ at each strain of the three ILT
layers is shown in Figure 4. The luminal and medial layers appear to have a similar stiffness,
while the abluminal layer had a much stiffer response. Figure 5 shows the T∞ at each strain of
the mimics. M5, which has the highest fibrinogen concentration and the lowest calcium
concentration, appears to be the stiffest, while M2, which has the lowest fibrinogen
concentration, was the most compliant.

Mean and standard error values of E5 for the ILT layers and mimics are reported in Table 3
along with statistical comparisons between each mimic and ILT group. The abluminal layer
was found to have a significantly greater E5 than all other samples. There was no significant
difference between the E5 for the medial and luminal layers. The E5 of M4 was not significantly
different than the luminal layer, and the E5 of M5 was not significantly different than the medial
layer. All other mimics were significantly less stiff than the ILT layers. The differences between
the baseline mimic (M1) and the other mimic groups (M2, M3, M4, and M5) indicate that the
stiffness of the mimic can be manipulated by adjusting the concentration of fibrinogen,
thrombin, or calcium. For example, a decrease in fibrinogen (20 to 15 mg/ml) or thrombin (3.0
to 0.3 units/ml) decreases E5, while a decrease in calcium (0.10 to 0.01 M) increases E5.

Water content for the ILT layers and mimics is reported in Table 4. Water content of the ILT
ranged from 0.77 to 0.83 and that of the mimics ranged from 0.93 to 0.96. Figure 6 is an SEM
image taken of M1. While there appears to be significant degree of nonhomogeneity in mimic
structure, the fibrinous network of the clot is qualitatively similar to results reported by Wang
et al. for native ILT [5].

Discussion
In this study, the compressive behavior of the luminal, medial and abluminal layers of the ILT
and five thrombus mimics were investigated using an unconfined-compression setup. We
report a higher compressive stiffness for the abluminal layer compared to the medial and
luminal layers, suggesting a nonhomogenous mechanical behavior of the ILT in compression.
Our results also indicate that a mimic can be constructed whose mechanical properties can be
modified controllably using variations in calcium, fibrinogen, and thrombin concentrations. In
particular, we present here mimics which behave mechanically similar to the luminal and
medial layers of native ILT.
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Several other groups have investigated the mechanical properties of the ILT. Boschetti et al.
reported the compressive elastic modulus of the ILT luminal, medial, and abluminal layers at
45% compressive strain to be approximately 11, 20, and 22 kPa, respectively [18], which is
higher than what we report (1.5, 2.5, and 19 kPa) at a 5% compressive strain. This increase is
likely due to the difference in applied compressive strains. However, in both cases the data
show a trend of increase in modulus from the luminal to the abluminal layers. Hinnen et al.
reported an ILT elastic modulus of 35 kPa based on a cyclic shear strain on the order of 0.01.
However, in this study the ILT was not divided into layers [19]. This is higher than what we
report, which is likely due to the difference in methods—Hinnen et al. measured the shear
modulus and converted it to elastic modulus using the Poisson's ratio. They also report the
development of a mimic with a similar elastic modulus as the ILT, but no mention is made of
addressing the biological composition and structure of the ILT. Similarities in these properties
will also likely be important in developing an in vitro test setup for future mechanobiological
studies.

Our results demonstrate that the E5 of the mimics can be adjusted by changing the concentration
of fibrinogen, thrombin, or calcium. Carr and Carr showed that the elastic modulus of a
thrombus increased with an increase in fibrinogen (1 to 4 mg/ml) and decreased with an increase
in calcium (5 to 20 mM) [11], which is consistent with our results. Ryan et al. modeled fibrin-
based constructs as a viscoelastic material and found similar relationships between storage
modulus and the concentrations of fibrinogen and calcium [12]. However, they also found that
the storage modulus decreases with an increase in thrombin concentration (0.1 to 5 units/ml),
which is opposite to the relationship we found. This difference may be due to their difference
in methodology—they used cyclic shear tests while we used stress-relaxation compression
tests.

In addition, Ryan et al. examined the effects of fibrinogen, thrombin, and calcium
concentrations on the structure of the fiber network in fibrin-based constructs by analyzing
computerized three-dimensional models based on SEM images from the constructs. They
found that increasing fibrinogen, increasing thrombin, and decreasing calcium decreases fiber
length and diameter and increases fiber density and branch points in the fibrin network. They
concluded that maximal stiffness is established in fibrin networks that consist of a balance
between large fibers and high branching. These results suggest that there is an optimal
concentration of fibrinogen, thrombin, and calcium for making a mimic of maximum stiffness.
A fibrinogen or thrombin concentration that is too high or a calcium concentration that is too
low may decrease the stiffness of the resulting mimic because, although the branching may be
great, fiber size would be too small.

Two of our mimics (M4 and M5) were not statistically different than the ILT luminal and
medial layers, respectively. The long-term goal of our group is to develop a mimic which
mechanically, structurally, and biochemically behaves similar to the ILT. Our results suggest
that our current mimics may be adequate for mimicking the luminal and medial layer
compliance, while the abluminal layer will require further modification. Increasing the E5 of
the ‘abluminal’ mimic may be accomplished by further adjusting the concentrations of
components already stated or through the addition of additional components. For example, the
stiffness of thrombus has also been shown to increase with the presence of factor XIII [13] and
fibronectin [14]. Furthermore, platelets may be added to the mimic in future studies, as they
are a major component of thrombus and have also been shown to increase stiffness of fibrin-
based constructs [11]. Addition of such biologically active components may also provide a
mechanism by which the aging of the ILT can be modeled.

While not the focus of the current work, determination of the hydraulic permeability of the ILT
and our mimic is ongoing within our laboratory. Specifically of interest will be how these
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values may change as a function of location in the ILT as well as progression of the disease
(thick vs. thin ILT). This information can also be used in future studies to model the convective
transport in this tissue, which will be essential in assessing the effectiveness of drug delivery
in. Development of a pharmacological treatment has been suggested as an alternative treatment
of AAA which have been detected but not progressed to a stage where invasive procedure (i.e.
open surgery or endovascular repair) is warranted [20]. In other words, when an AAA is
detected, treatment to inhibit (or slow) the progression of AAA can be employed without delay,
instead of employing a period of watchful monitoring. Doxycycline, an MMP inhibitor, is one
such drug currently under investigation [21,22].

One of the limitations of this study is the number of ILT samples tested. For example, the
reported water content data only had one sample for each group. Current research in our
laboratory is aimed at further identifying differences in water content and structure for the ILT
layers and our mimics. For example, while we did find a qualitative similarity in our SEM
mimic structure compared to ILT structure reported elsewhere, it is not immediately clear
whether the non-uniformity in structure shown in Figure 6 is real, or simply an artifact of the
SEM specimen preparation methods. Another possible limitation of our study was the length
of time in which samples were stored prior to testing; specifically as such storage may result
in degradation and changes in mechanical behavior. However, our data suggest that there was
no significant difference in E5 for samples tested within 24 hours of the AAA repair versus 24
to 48 hours after the repair. It is also important to note that the E5 reported here is based on
compression at 5% strain, whereas it may not be accurate at larger strains. In fact, our results
suggest that the drained properties above 5% may be mildly nonlinear (Figure 4). Other
researchers have similarly reported increasing stiffness at higher strains of thrombus and fibrin-
based constructs [23-25].

As previously stated, our goal is to develop a mimic which has similar properties to the ILT,
and the immediate future goal of our lab is to measure and compare permeability between the
groups by analyzing the time dependent change in load of our unconfined-compression tests.
Finite element analysis can also then be used to model the ILT layers and mimics as poroelastic
materials. Further investigations will also include computationally modeling the fluid
movement through the ILT during the heart cycle and investigating the potential of different
drug delivery strategies. Additionally, cells typically found in the ILT (e.g. macrophages and
neutrophils) can be embedded into the mimics to study how the ILT may be involved in the
mechanobiology and progression of AAA.
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Figure 1.
ILT specimen with abluminal (A), medial (M), and luminal (L) layers.
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Figure 2.
Schematic of an unconfined-compression test. The undeformed sample is on the left and the
deformed sample is on the right. Step compressive strains of 5, 10, and 15% were applied to
each sample, and the time dependent load relaxation was recorded.
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Figure 3.
Load (L) output over time (t) for an unconfined-compression stress-relaxation test. Arrows
indicate where strains of -0.05, -0.10, and -0.15 were applied.
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Figure 4.
Equilibrium stress (T∞) versus strain (ε) of the ILT layers (with standard error bars).
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Figure 5.
Equilibrium stress (T∞) versus strain (ε) of the thrombus mimics (with standard error bars).
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Figure 6.
SEM image of M1. The scale bar is 20 microns.
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Table 2

Final component concentrations of thrombus mimics with number of samples tested (n).

Group Fibrinogen (mg/ml) Thrombin (NIH units/ml) Calcium (M)

M1 (n=9) 20 3.0 0.10

M2 (n=5) 15 3.0 0.10

M3 (n=5) 20 0.3 0.10

M4 (n=8) 20 3.0 0.01

M5 (n=5) 60 3.0 0.01
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Table 4

Water content of ILT layers and mimics.

Sample Water Content

Abluminal 0.83

Medial 0.77

Luminal 0.78

M1 0.93

M2 0.95

M3 0.94

M4 0.96
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