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Murine models of disease are a powerful tool for researchers to
gain insight into disease formation, progression, and therapies.
The biomechanical indicators of diseased tissue provide a unique
insight into some of these murine models, since the biomechanical
properties in scenarios such as aneurysm and Marfan syndrome
can dictate tissue failure and mortality. Understanding the prop-
erties of the tissue on the macroscopic scale has been shown to be
important, as one can then understand the tissue’s ability to with-
stand the high stresses seen in the cardiac pulsatile cycle. Altera-
tions in the biomechanical response can foreshadow prospective
mechanical failure of the tissue. These alterations are often seen
on the microstructural level, and obtaining detailed information
on such changes can offer a better understanding of the phenom-
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ena seen on the macroscopic level. Unfortunately, mouse models
present problems due to the size and delicate features in the me-
chanical testing of such tissues. In addition, some smaller arteries
in large-animal studies (e.g., coronary and cerebral arteries) can
present the same issues, and are sometimes unsuitable for planar
biaxial testing. The purpose of this paper is to present a robust
method for the investigation of the mechanical properties of small
arteries and the classification of the microstructural orientation
and degree of fiber alignment. This occurs through the cost-effi-
cient modification of a planar biaxial tester that works in conjunc-
tion with a two-photon nonlinear microscope. This system
provides a means to further investigate how microstructure and
mechanical properties are modified in diseased transgenic ani-
mals where the tissue is in small tube form. Several other hard-to-
test tubular specimens such as cerebral aneurysm arteries and
atherosclerotic coronary arteries can also be tested using the
described modular device. [DOI: 10.1115/1.4004495]

Keywords: microstructure, mechanical, collagen, elastin, mouse
aorta, two-photon, multiphoton

1 Introduction

The use of genetically modified mice has proven to be a valua-
ble addition to the study of disease etiology and treatment. Partic-
ularly, these mouse models for disease provide a means to test
disease progression at several different stages without the use of
postmortem/operation tissue. Mice can be created with inflictions
such as aneurysms and can be tested throughout development and
treatment. While development of the mouse models is a compli-
cated task, the characterization of the tissue can also be problem-
atic. In particular, the mechanical testing of such tissue presents
an especially interesting engineering problem. Mouse tissue is of-
ten too small and delicate to be able to test via typical planar biax-
ial testing. Likewise, the act of splaying a vessel open can
introduce unwanted stresses to the samples. Since the complete
understanding of disease necessitates determining the biomechan-
ical environment, a method to quantify biomechanical variations
with disease (because mechanical properties have been shown to
be altered with disease) is especially important [1-8].

Given that the mechanical properties are indicative of specific
pathological states and that the underlying microstructure in the
extracellular matrix (ECM) is ultimately responsible for the mac-
romechanical response, quantification of the microstructure in
conjunction with mechanical testing of tissue can provide unique
insights into structure-function relationships of tissue [9-12]. Pre-
vious groups have provided investigations into combining nonlin-
ear imaging techniques coupled to custom mechanical stimulation
devices [12-18]. In particular, other groups have demonstrated
dedicated devices for tubular tissue testing and, in some instances,
unable to characterize the microstructure on the same sample that
was quantified macroscopically (e.g., splitting a given specimen
in two: one half for macroscopic testing, one for microscopic test-
ing) [19-21]. These research teams have shown the usefulness in
the quantification of the mechanical and microstructural behavior
of murine models, and in particular, the testing of transgenic
mouse arteries, and how this characterization provides critical in-
formation on the mechanical behavior of soft tissues [22-25].

The purpose of this paper is to demonstrate the design and use
of a previously demonstrated planar microbiaxial optomechanical
device (MOD) with minor modular modifications that allows for
the simultaneous quantification of the macroscopic and micro-
structural properties of the same small tubular tissue specimen
[26]. This allows for the use of a single consolidated device for
which simultaneous mechanical stimulation of the same fully
hydrated tissue specimen can be done while performing multipho-
ton microscopy (collecting second harmonic generation and two-
photon emission fluorescence signal) without having to design an
entirely new device based on the tissue configuration (e.g., tubular
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Fig. 1 Solid model renderings of the MOD in the planar (right) and tubular (left) configurations.
(a) the sample, (b) inlet tube, (c) outlet flow screw. Note the preserved components in both
configurations.

or planar). The MOD has been specifically designed for integra-
tion with the Advanced Intravital Microscope at the University of
Arizona’s BIOS5 Institute. Initial tests have been run on wild-type
mice collecting axial stretch-pressure-diameter data to determine
the macroscopic mechanical behavior, and collagen/elastin signal
to determine the microstructural orientation and amounts of the
microstructural constituents with respect to load.

2 Materials and Methods

Tubular specimens are cannulated and mounted in the MOD’s
specimen bath. The bath is kept at a controlled 37 = 1 °C, and the
cannulated specimen is coupled to inline motion control and load
measurement systems with optical systems to record macroscopic
and microscopic behaviors. Through the cannulation and mount-
ing scheme the sample can also be pressurized during data record-
ing. For the tubular specimens, circumferential displacement is
accomplished through the bath inflow tube (typically used to cycle
water when planar specimens are used) and is connected to a pres-
sure transducer (Omega Engineering, Inc., Stamford, CT) arrange-
ment in-line with a syringe pump (New Era Pump Systems, Inc.,
Farmingdale, NY). Longitudinal displacement is accomplished
via a stepper motor routed through a pulley and bellow scheme to
allow for application of axial loading to the sample. The load is
measured via load cells calibrated with precision hanging masses
(McMaster-Carr, Robbinsville, NJ). Macroscopic strain is
recorded automatically from underneath the sample by recording
axial marker position and outer diameter, while ECM changes
under macroscopic strain are obtained via multiphoton micros-
copy on the top surface of the sample. Outside diameter, intralu-
minal pressure, and two axial markers are recorded in software in
biaxial tubular sample testing.

2.1 Microscope. The microscope system was manufactured
in close collaboration with LaVision BioTec (Bielefeld, Ger-
many). The microscope is capable of simultaneous two-photon ex-
citation, second harmonic, and confocal imaging. Two-photon
processes are recorded through concurrent nondescanning reverse
(to allow for detection of more scattered photons than forward
detection alone) and forward detection (typical detection pathway
following the excitation beam back through the objective and scan
mirrors) [27].

The microscope consists of an upright Olympus BX51, a confo-
cal coupling and detection unit, and three nondescanning detec-
tion ports for reverse (epi) and two for forward (transmission)
detection. For the studies conducted in this paper, transmission
was not used, although the usefulness of transmission detection
becomes evident for the quantification of tubular specimens with
less scattering; for example, tissue engineered constructs based on
biological gels [28]. An Olympus XLUMPLFL 20x water immer-
sion objective with a numerical aperture of 0.9 was used in this
particular study. The laser scanner is composed of a triple lens tel-
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escope that allows adjusting the beam diameter to the back aper-
ture of the objective lens, a prism based chirp compensator
keeping the pulse width down to 120 fs in the sample, and an x/y
scanner allowing 1500 lines to be scanned per second. The laser
intensity is adjusted using an electro-optical modulator.

The photomultiplier tubes (PMTs) available on our system con-
sist of Hamamatsu H7422-40 (Ga-As), H6780-01 (blue), and
H6780-20 (red) sensors. The 7422 sensors were primarily used in
this study because in the visible range they have an order of mag-
nitude better detectability compared to the multialkali cathode
Sensors.

We expanded our system to allow simultaneous confocal imag-
ing with traditional fiber coupled laser sources in combination
with near-infrared two-photon excitation. The optics were adapted
so that light can be passed from a 568 nm argon-krypton laser
through the nondescanning dichroic mirror. The optics are also
able to collect confocal fluorescence emission and reflection at
568 nm. The main coupling dichroic on the reverse nondescan-
ning port was designed to reflect 350-560 nm and to pass the tita-
nium-sapphire (680—1060 nm) and confocal laser. Laser power on
the sample for the purposes of this study was 17 mW. Excitation
occurred at A =780 nm and ECM visualization was performed via
nonlinear microscopy (no confocal microscopy). Multiphoton
imaging offers advantages in our situation (hydrated ex vivo tis-
sues) over confocal microscopy in the ability to have superior
image quality, deeper optical sectioning, reduced photo damage,
and lack of a need for staining to visualize the extracellular ma-
trix, although staining can still be done and visualized should the
imaging of other items of interest need to be visualized [27]. For
collagen visualization, second harmonic generation (SHG) from
780 nm illumination is collected through a bandpass filter (377/
50). Fluorescence emission from elastin is collected through
another bandpass filter (460/80). Filters are from Semrock, Inc.
(Lake Forest, IL).

2.2 Microbiaxial Optomechanical Device. Mechanical
design was accomplished with the commercially available Solid-
Works 2009 (Concord, MA) and all programming was done in NI
LabVIEW 8.5.1 (Austin, TX). The device has been shown to be
capable of applying up to 100% strain to samples of 1 cm? for pla-
nar testing while observing ECM changes over several different
strain states [26]. Through minor modular modification, the ability
to test tubular specimens up to 5 mm in diameter and 50 mm in
length has been added. Smaller samples can be tested as governed
by the user’s capability in cannulating and mounting samples.

After a quick, reversible modification to the planar testing con-
figuration, the MOD has the capabilities to test tubular samples
under luminal pressure using a pump and pressure transducer, and
axial loading while simultaneously imaging with the microscope
or with a vision system to record macroscopic strain. The mounts
for the assembly used for planar biaxial testing are replaced with
custom pieces suitable for mounting and pressurizing tubular
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10 mm

Fig. 2 Cross section schematic of the tubular fixture pieces
that fits into the testing device. (a) outlet flow screw, (b) speci-
men, (¢) custom capillary tubes, (d) attachment pieces to push-
rods in bath. Thick arrow shows the flow direction from the

pump.

samples. The modular transformation to switch from planar to tu-
bular testing and back is shown in Fig. 1. The tubular testing as-
sembly is coupled to the pump typically used for cycling water in
the bath, but instead reconnected to allow it to pressurize the ves-
sel. Internal vessel pressure can be controlled by decreasing the
outflow of the vessel or by increasing the inflow from the pump
system (see Fig. 2). Pressure is recorded with a pressure trans-
ducer (Omega Engineering, Inc, Stamford, CT; range =0-259
mmHg, accuracy = +0.25%) mounted in line with the sample.
The modifications take roughly 5 min to switch from the planar to
tubular configuration.

The samples sit in a saline solution with the bath held at a user
specified temperature ranging from room temperature to 50 °C
(37 =1 °C for this study). The thermal control system (Omega
Engineering, Inc., Stamford, CT) is a first order system with a
thermocouple in the bath and two Kapton heaters underneath the
bath. The user sets a prompt and the temperature system operates
independently from the remainder of the system.

The specimen is attached to a closed-loop flow system with a
syringe pump to control fluid flow, and therefore pressure. Bel-
lows with the pushrods couple the sample inside of the bath with
the motion control system outside of the bath. The bellows allow
the rods to impose axial loads/displacements to the sample within
a water-sealed bath.

To apply mechanical load from the motors outside the bath to
the pushrods spanning the watertight seal, we use 0.305 mm thick
nylon coated braided steel line (Beadalon, Coatesville, PA)
crimped and soldered to the rods. One line in a single loading
direction is fed to a Microslide Linear Stage (Newmark, Inc., Chi-
cago, IL) to allow for manual loading of the sample (if desired)
while the other side is fed to a load cell. In the planar-testing con-
figuration both motors and both load cells are used to apply biax-
ial load. Tubular testing utilizes only a single axis for axial
loading of the sample (e.g., the other axis’s motor and load cells
that are typically used for planar biaxial testing are unused).

The system has capabilities for measuring loads in two setups:
high-load sensitive and low-load sensitive. In the high-load con-
figuration (load cells from Honeywell) we can measure from 10 to
1000 gs with =0.50% full-scale accuracy and =0.20% full-scale
repeatability. In the low-load configuration (load cells from
Omega Engineering, Inc., Stamford, CT) we can measure loads
up to 50 gs with =0.20% full-scale accuracy and *0.1% full-scale
repeatability.

The two motors (Newmark, Inc., Chicago, IL) have coupled lin-
ear stages which pull the loading line and have the capabilities to
microstep to 0.2 um resolution with maximum velocity of 10 mm/
s. Through an arrangement of pulleys each motor moves a single
axis [26].

The entire system rests on a customized cart that has vibration
dampeners to decrease not only vibration during testing but also
vibration during transport around the university campus.

Journal of Biomechanical Engineering

Fig. 3 Screenshot from the testing program. Scale is 0.5 mm.
Black markers are cyanoacrylate/ceramic markers with marker
tracking boxes. The diameter is recorded in the elongated rec-
tangle shown.

The same optical system used to track markers in the planar
configuration is used to record diameter and axial stretch to calcu-
late stress and strain. The orientation of the sample is also identi-
fied throughout the test to assure the diameter is measuring
parallel to the central axis of the sample. Light is directed from
underneath the sample using a 4/8 aluminized mirror (Edmund
Optics, Inc., Barrington, NJ) to a telecentric lens system (Infinity,
Inc., Boulder, CO) (InﬁniMax'M, 223 mm working distance, 5.0
mm field of view, 5 um resolution) to a camera (Prosilica, Inc.,
Newburyport, MA, GC2450, 2448 x 2050, 3.45 x 3.45 um pixel
size). The light is folded because the sample is viewed through a
water-sealed window in the bottom of the bath. The distance from
the window to the sample is 6 mm to assure the sample does not
touch the window. Image acquisition and processing is done with
the LabVIEW Vision suite. A screen capture can be seen in
Fig. 3.

A new set of control software was created to allow for testing
of the tubular specimens since the protocol for testing needed to
be altered. Data is acquired via a DAQ (National Instruments,
Inc., Austin, TX, Instrunet 1100 8 channels 14 bit analog input).
All devices are connected to this board except for the strain mea-
surement system, as it is connected through a GigE vision connec-
tion in the computer.

The system was verified via the use of precision springs and a
gravity-fed pressure head. The large-load load cell reading accu-
racy was 0.18%, and the small-load load cells were accurate in the
readings to 0.07%. The camera system measured changes of 6 ym
repeatably. The large-load load cells measured to *£1.3 gs resolu-
tion, and the small-load load cells measured to 0.5 gs resolution.
The pressure transducer was accurate to 0.04%.

2.3 Data Processing. Data is reported for macroscopic and
microscopic mechanical behavior. Macroscopically, the data is
reported as the circumferential (00) and axial (ZZ) second Piola
Kirchoff stresses (Syg, Sz7) and Green’s strains (Egy, Ez,). Circum-
ferential stress is reported from Eq. (1) (where P is the intraluminal
pressure, 7 is radius at a given point, and ¢ is the thickness), and
axial stress from Eq. (2) (where F is the axial force and A is the
cross sectional vessel area) [9,29]. The circumferential strain can
be seen in Eq. (3) (where r, is the initial radius), and axial strain is
shown in Eq. (4) (where 1, is the axial stretch) [9,29]. Stress-strain
data was fit to the Fung strain energy (W) density shown in Eq. (5),
where ¢, A, A,, and A3 are material constants [9,10].

Pxr

Spp = ——
Y (1 + 2Egy)

ey
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Fig. 4 Excised heart from mouse after cleaning of extraneous
tissue
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Microscopic data is reported as the orientation of structural
fibers and percent collagen/elastin through the wall thickness. The
orientation is calculated from a custom Matlab routine previously
shown by Kirkpatrick et al. [30]. The software overlays vectors in
the direction of fibers, then organizes the vectors into a histogram.
The mode of the histogram gives an indication of the preferential
alignment of the fibers and the full-width at half-maximum
(FWHM) provides an indication of the spread of orientation.
While edge detection works well for collagen structure, the elastin
structure demonstrates an issue due to the elastin folding at lower
pressures. To account for this, edge detection parameters only

looked at sharp edges instead of gradual changes in intensity, as is
seen with elastin folding. Orientation is calculated for every image
in a given imaging stack and all vector orientations added for the
entire thickness. This gives a view of how all fibers cumulative
through the thickness are oriented. Orientation through the depth
was also quantified as the mode of the histogram produced at each
slice through the thickness. Percent collagen through the wall
thickness is reported as

#Collagen Pixels .
#Collagen Pixels + #Elastin Pixels

%Collagen = 100 (6)

and %EFlastin is 1-%Collagen. The collagen and elastin pixels are
counted by thresholding images and counting pixels in Image]
corresponding to SHG or 2PEF signal. Fiber orientation and
stress-strain behavior, and the corresponding fit to the data, are
reported as a representative set of data. Multiple samples (n =35,
wild-type mice) were tested and average and standard deviation of
the maximum tangential modulus are provided to show repeatabil-
ity. To prevent processing images with fibers oriented normal to
the imaging plane (as would occur primarily after optical section-
ing past the thickness of the wall), image post-processing stops af-
ter reaching the intimal/luminal interface with scanning starting at
the adventitia.

2.4 Sample Testing. All experimental procedures for mouse
testing were performed according to the approved protocols of the
University of Arizona Institutional Animal Care and Use Commit-
tee as described previously [31]. Young wild-type (129/BL-Swiss)
mice at (2-3 month old) were sacrificed, and the entire thoracic
aorta was dissected out in cold 1XPBS (pH 7.4) (Fig. 4). Excess
fat from the aortic tissue was carefully removed under a dissecting
microscope. Figure 5(a) shows an aorta after removal and clean-
ing. Descending aorta was immediately glued with cyanoacrylate
to the custom tubular testing fixture.

After placing the sample in the fixture shown in Fig. 2, the fix-
ture was attached to the MOD and pulled to different axial stretches
(see Fig. 5(b)). The sample was pressurized to 100 mmHg under
six different axial stretches (1.=0, 1.07, 1.15, 1.22, 1.30, 1.38)
[32]. Dilatation (and subsequent circumferential strain) and axial
stretch were recorded via the vision system. Correspondingly, tests
were done holding the pressure constant at different pressures and
applying an increasing axial strain while recording the same set of
data. The same tests were run under the microscope. Obtaining a
single image stack from testing of the mouse aorta took approxi-
mately 10 min with three line averages. To assure the same region
is imaged between strain states the sample is repositioned under the
objective exactly between the two axial markers and the central
axis of the sample. This occurs in the axial direction by moving
each of the axial markers into the microscope field of view

Fig. 5 (a) Vessel prior to mounting (ruler is in centimeters with millimeter submark-
ings). (b) Vessel mounted and placed in testing bath.
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Stretch to 2.=0, 1.07,
1.15, 1.22, 1.30, or 1.38

Pressurize to 100 mmHg
recording pressure, second
harmonic generation
(collagen), and
autofluorescence (elastin)

Pressurize to 100 mmHg
recording diameter, axial OR
stretch, and pressure

Depressurize, apply next
axial stretch, then
repressurize

MACROSCOPIC
DIdODSOYDIN

Calculate preferred
orientation and degree of
orientation of the collagen
and elastin at different
strain states

Calculate maximum
tangential modulus, OR
constitutive constants, etc.

Fig. 6 Testing procedure for macroscopic and microscopic
testing

sequentially then placing the objective exactly halfway between the
markers by using the motorized stages location tracking. The cir-
cumferential direction is placed in the same manner, but by placing
the center halfway between the outside diameter of the vessel
instead of using placed markers. The microscope objective is
moved up during pressurization while simultaneously imaging to
keep track of the top of the sample. Samples are loaded slowly (30

s to reach maximum) and held at pressure for 5 min prior to acquir-
ing an image to account for any viscoelastic effects. Correspond-
ingly, the axial direction is loaded slowly and held for 5 min prior
to imaging to eliminate viscoelastic effects. The test sequence may
be seen in the flow chart in Fig. 6. The MOD is situated under the
microscope in the exact same manner as was demonstrated previ-
ously [26]. Microscopic imaging occurs by locating the center point
and performing raster scans starting at the adventitia and moving
through the thickness of the aorta to the intima. Image slices were
acquired every 8 um until the entire thickness was imaged.

3 Results

Collagen fibers in the wild-type mouse displayed a primarily
axial orientation of fibers in the unpressurized state with the fibers
moving more circumferentially after bringing the vessel to pres-
sure. Qualitatively, this can be seen in Fig. 7 along with evidence
of fiber-crimp straightening. Elastin showed folding at lower pres-
sures with noticeable straightening at higher pressures. Similar to
collagen, elastin demonstrated fiber directionality shifting from
more axial to more circumferentially oriented. Displayed in Fig. 7
is an aorta at 0 and 100 mmHg. The mode of the collagen fiber
orientation in the unloaded case is in the —30 deg to —40 deg bin
with —45 deg corresponding to the axial direction and 45 deg cor-
responding to the circumferential direction. When the vessel was
pressurized the fibers showed preferential alignment in the 20 deg
to 30 deg bin. The FWHM increased from 22.7 deg to 59.8 deg,
indicating a spread of orientation of the collagen fibers. The elas-
tin fiber orientation in the unloaded case showed preferential fiber
alignment in the —40 deg to —50 deg bin. Upon loading, the elas-
tin fibers behaved similar to the collagen fibers, displaying a
spread of orientation larger than in the unloaded case with a shift

Fig. 7 Representative multiphoton images of the mouse aorta in the unpressur-
ized (a and b) and pressurized (c and d) states. (a) and (c) show the vessel near the
outside of the thickness, (b) and (d) show the vessel towards the intima. Red is
SHG signal (collagen), green is autofluorescence (elastin). Scale bar is 100 um.
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Table 1 Overall results summary

Macroscopic

Fung constants

& Al
1.18E+06 6.92E—01

A;
3.46E—-02

A;
4.53E—-02

Circumferential maximum tangential modulus
0.29 * 0.043 MPa

Microscopic

Fiber histogram mode (fiber orientation)®

Collagen
Unloaded
—30 to —40° bin

Loaded
20 to 30° bin
Elastin

—40 to —50° bin —30to —40°, 40 to 50° bins

Full-width half-maximum (spread of orientation)

Collagen
Unloaded Loaded
22.7 59.8
Elastin
18.8 58.6,32.9

#—45 deg corresponds to the axial direction, +45 deg corresponds to the
circumferential direction.

of the mean mode. However, unlike the collagen case, the fiber
histogram showed two peaks. The elastin showed peaks (mean
mode) in the —30 deg to —40 deg bin and 40 deg to 50 deg bin in
the loaded case and —40 deg to —50 deg in the unpressurized
case. The FWHM in the unloaded case was 18.8 deg for the single
peak, and the FWHM of the two peaks in the loaded case was
58.6 deg for the major peak (—30 deg to —40 deg bin) and 32.9
deg for the minor peak.

Testing several mice (n=>5) yielded an average and standard
deviation for the maximum tangential modulus of 0.29 = 0.04

Fig. 8 Representative stress versus strain plots for tubular
mechanical test of a wild-type mouse aorta. Axial stress is rep-
resented on the left, while circumferential stress is represented
on the right. Blue data points represent the acquired data and
the surfaces represent a Fung fit.

MPa. Fitting to the Fung strain energy density resulted in the con-
stants shown in Table 1, along with an overall summary of results
from the mouse testing.

Figure 8 shows the macroscopic data along with a surface dem-
onstrating the fit to the data. The fiber orientation histograms (Fig.
9) shows the collagen and elastin orientation analyses at the zero
load and 100 mmHg points, along with percent collagen and elas-
tin through the depth. As was expected, collagen existed in higher
relative quantities more towards the adventitia, with the intima
showing relatively higher amounts of elastin. This is also seen in
the multiphoton images from the microscope, with relatively more
green displayed, as the objective got closer to the lumen. Figure
10 shows the mean mode through the depth. This shows which
fibers through the depth passively respond most to mechanical
loading. The x axis is not labeled with the depth through the wall
because the thickness of the pressurized vessel is smaller than the
unpressurized vessel due to vessel lumen distension. The data
shown here captured behavior unable to be captured in the cumu-
lative histogram. For instance, it showed how closest to the intima
the fibers did not display much passive realignment, whereas the
fibers further away from the intima displayed realignment in the
direction of loading. The representative microscopic data through
the thickness was for the entire thickness of the aorta, intima to
adventitia, of 120 um for the unpressurized case.
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Fig. 9 Representative histogram plot of collagen (a) and elastin (b) fiber angle per-
cent occurrences for unpressurized (red) and pressurized (pink) states. The full
width at half maximum is shown on the plots and increased from the unpressurized
(0 = 5 mmHg) to pressurized (100 = 5 mmHg) states. (¢) Representative percent colla-
gen and elastin through the wall thickness as measured with thresholding.
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Fig. 10 Representative mode of the orientation histograms
through the thickness of the aortic wall. (a) shows how collagen
orientation changes and (b) shows how elastin orientation
changes.

4 Discussion

This study provides a thorough description of an MOD that is
capable of assessing structure-function relationships in hard to test
tissues. This is done through employing modular design as
opposed to more costly techniques of separate instruments for sep-
arate conformations of tissues. It is demonstrated that this tech-
nique is viable for the characterization of tissues in different
forms on the macroscopic and microstructural level. While this
cost-effective adaptation was designed specifically for the planar
system demonstrated previously, the modular components can be
easily scaled or modified to other biaxial tensile testers made for
biological materials as the general components of the testers are
typically unchanged from instrument to instrument: load cells,
water bath, motion system, sample mounting assemblies, etc
[6,33]. Modular modifications to the mounting schemes, integra-
tion of a pressure transducer, and reprogramming can be done to
achieve the alternate tissue-testing configuration. Through the
implementation of modular components suited for different
shapes of tissues, a consolidated equipment approach can be used,
saving time and money in testing and device design and
fabrication.

Similar to the behavior of the planar biaxially tested samples,
we expected preferential fiber alignment in the direction of the
applied stress. This was confirmed as the fibers moved from an
organization primarily from the axial direction for the unde-
formed case to the circumferential direction in the pressurized
case. Investigating this behavior can prove valuable as previous
studies have shown that under different disease or age states dif-
ferent microstructural signatures are displayed [34,35]. Interest-
ingly, all fibers through the thickness did not respond the same
way to the mechanical loading. The causes for the depth-de-
pendent response of the fibers are currently being investigated in
our laboratory.

In this study a given field of view was monitored in the middle
of the aorta, but in reality the properties along the length of the
aorta are known to change [5,36]. Our laboratory is currently
investigating these alterations. In addition, our laboratory is begin-
ning studies into the differences in the microstructure of tissue
under different disease states through the use of transgenic mouse
models. The unique ability of the MOD to test very small vessels
(mouse aorta) is now being leveraged within our laboratory
to investigate the coupled microstructural and macroscopic
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biomechanical behavior of various genetically engineered mouse
models of human disease.

Scans are made in a planar fashion on a cylindrical volume;
thus potentially introducing error if proper measures are not taken
to ensure all fibers are captured (e.g., those fibers running concen-
tric to the vessel wall). In this study, scans were made with a small
enough resolution governed by z-depth resolution of the micro-
scope and data was only post-processed from the adventitia to the
intimal/luminal interface. This allows for the collection of a full
three-dimensional dataset of a cylindrical volume reconstructed
from two-dimensional slices. Higher resolution z-depth scans
would provide even higher resolution volume reconstructions.

This coupled microscopic and macroscopic biomechanical
behavior can also be used to develop further fiber-driven consti-
tutive models. Microstructually based constitutive models have
been derived and used to model cardiovascular tissues [37,38].
However, most of these reports utilize either assumed or back-
fitted orientation values for collagen and/or elastin [39]. This
leaves researchers wondering if the fibers as derived in such
models are accurate. The data generated from our device will
aid in development of future constitutive models where the
microstructure can be imposed from our image data, and not
assumed or back-fit. The authors realize that the development of
such a model will be quite challenging, but also believe that the
data as generated by our device will be critical in testing the
developed model’s validity.

The depth dependence of orientation and relative quantities
also provides researchers with the ability to compare transgenic
mice with each other, or with wild-type mice. This is useful
because some diseases have shown alterations in deposition of
ECM proteins [40]. Quantification through the depth and how
they respond to load could allow researchers to look at how depo-
sition and response are altered with disease.

5 Conclusions

We have presented here a novel device that can examine the
biomechanical behavior of tissue macroscopically and micro-
scopically under several different conditions without the need for
freezing, sectioning, or other destructive techniques that may
cause physical realignment, tissue degradation, or other undesir-
able effects on the microstructure. In addition, the device is fit to
test a variety of tissues under planar or tubular protocols and has
also been designed to acquire macroscopic mechanical data on the
same samples. The ability of the device to produce novel data in
several shapes and sizes through minor modifications to an exist-
ing device proves a valuable proof-of-concept to assist biome-
chanical researchers to make discoveries previously unachievable
given the current landscape (e.g., size, cost, etc.) of most biaxial
testers.
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