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Quantification of the Elastic and Relaxation Properties of Human Tunica Albuginea under
Biaxial Loading

Sindy Hou
Abstract

Peyronie’s disease (PD) affects the tunica albuginea of the penis with a formation of dense and
fibrous plaques. The plaques can cause a variety of symptoms in the patient such as pain during
erection, erectile dysfunction, and penile disfigurement. There are many treatment options
available, though none without disadvantages. Quantification of the material properties of the
tunica tissue can inform potentially improved treatments. In this study tunica tissue (n=5) from
donors were tested biaxially along the circumferential and longitudinal directions to a specified
load magnitude and maintained at a fixed displacement for 30 minutes to allow for stress
relaxation. The loading and relaxation were then repeated for a second time. Stiffness, Young’s
Modulus, strain at inflection point between the toe region and linear region on the stress-strain
curve, as well as percent stress relaxation after 30 minutes were compared between anatomic
directions and ramp number. Only stiffness and percent relaxation showed a statistically
significant difference between ramps 1 and 2, regardless of direction (p = 0.012). The results
from this study report the baseline data of the biaxial mechanical properties of the tunica
albuginea to be used for future comparisons to the properties of PD and graft tissue.



Quantification of the Elastic and Relaxation Properties of Human Tunica Albuginea under
Biaxial Loading

Sindy Hou
General Audience Abstract

Peyronie’s disease (PD) affects a layer of tissue in the penis known as the tunica albuginea.
Dense and fibrous plaques form on this layer which can cause pain during erection, erectile
dysfunction, and penile disfigurement. There are many treatment options available, though none
without disadvantages. In this study tunica tissues from donors were tested in order to find the
material properties of the tissue to improve treatments. The tissue samples were pulled in tension
in two directions simultaneously to a specified load magnitude and then held at a fixed
displacement for 30 minutes. This protocol was then repeated a second time. The material
properties of the tissue were compared between the anatomic directions of the tissue was well as
protocol number. The results from this study report the baseline data of the biaxial mechanical
properties of the tunica albuginea to be used for future comparisons to the properties of PD and
graft tissue.
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1. Introduction
1.1. Clinical Background

Peyronie’s disease (PD) is a disorder that affects the penis in the connective tissue in the
tunica albuginea (TA) (Figure 1), which is mainly made of collagen and elastin [1].
Dense and fibrous plaques form at various sites within the TA, most commonly dorsally
and laterally [2]. As the disease progresses, the plaques may ossify, creating extremely
inelastic masses on an elastic tissue, which likely causes a variety of problematic
symptoms for the patient. These can include pain during erection, erectile dysfunction
(ED), penile curvature, deformity, narrowing, and hinging (a buckling effect due to a
narrow segment of the shaft) [3]. The size of the plaque has shown no correlation to the
severity of symptoms [4].

- Dorsal Peyronie's plaque

Skin

Dartos Fascia

Buck Fascia

—Tunica Albuginea

Erectile tissue

Figure 1: Cross-sectional view of penile anatomy and location of the TA [5].

During a normal erection in a healthy penis, a computational study [6] indicated that
mechanical stresses are dispersed throughout the organ (Figure 2), allowing the nerve
endings, blood vessels, and vascular bed to share equal local pressure. Though the
plaques themselves are painless, their existence very likely cause the mechanical stresses
to be redistributed along the organ (Figure 3), which can then increase the local pressure
on nerve endings, which are sensitive to any changes in stress distribution. [2].
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Figure 2: von Mises stress distribution in cross section of healthy penis model during full

erection [6]
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Figure 3: von Mises stresses in cross section of penis with Peyronie’s plaque model during full

erection [6]

Though PD can affect up to 13% of the male population, there is still no consensus on a
definitive cause of the disease [7]. However, there are a few common factors that are
thought to contribute to the development of this disease. PD prevalence is higher in cases
where the patient is older (55 years, [8]), already has ED, diabetes, a smoking habit, or
various cardiovascular diseases such as high blood pressure, heart insufficiency, and

arteriosclerosis [9] [8].

The estimated percentage of affected males is likely underestimated considering the
personal nature of the condition and those with PD could be reluctant to seek help. Those
who do seek help are usually treated with the goals to reduce curvature and pain as well
as restore penile function [10]. Within the first 12 months of disease onset, also known
as the acute stage, there are non-surgical treatment options [4]. However, there can be a
myriad of side effects with mixed results [10]. After the initial 12 months, and once the



disease has stabilized, also known as the chronic stage, surgical treatment is
recommended [11].

There are multiple surgical treatment options for PD, the choice of which depends on the
progression of the disease and the goals of the patient post treatment. Commonly, the
options are tunical albuginea plication (TAP), plaque excision and grafting (PEG), or an
inflatable penile prosthesis (IPP) [11]. Though the three all vary in their advantages and
disadvantages, there is no significant difference in patient-described satisfaction
postoperatively. TAP commonly results in penile shortening, so it is usually reserved for
cases that are less than 60 degrees of curvature. IPP is usually given to those with an
unsatisfactory rigidity in their erection. PEG is recommended for those with the most
severe cases of PD such as a curvature of greater than 60 degrees, and/or a so-called
hourglass deformity [12]. Though PEG has the highest reported patient satisfaction with
penile rigidity (72.4%) improvements to the biocompatibility of the graft material could
improve other post-operative outcomes such as ability to engage in sexual intercourse
(83.3%) and residual curvature (18.4%) [11].

Penile traction therapy (PTT), a non-surgical mechanical intervention, can be
implemented with a combination of traction and vacuum devices to treat PD. It has been
shown to reduce curvature as well as plaque volume and additionally can increase penile
length. A study showed that men can see a reduced curvature of 10-40 degrees, increased
penile length of 1-2.5 cm and enhanced girth. No adverse effects were seen on the men in
the study [13]. The penis is placed in a device that stretches it at a certain length for a
prescribed amount of time. PTT involves a prolonged tension at a set displacement,
thought there is currently debate on the device application (3 to 6 hours) and treatment
duration (3 to 6 months) of PTT [14].

1.2. Tissue Biomechanics

It is assumed that PD plaques in the penis can alter the material properties of the TA by
increasing the stiffness as the plaques [10]. There have been no experimental studies at
this time that compare the diseased and healthy TA tissue on a biomechanical level. One
previous study examined the elasticity and tensile strength of the TA, but only used slices
of tissue (thickness of 1.3 to 3.3 mm) in a uniaxial tensiometer. This study reported an
elastic modulus of approximately 100 MPa [15]. An additional study looked at the
breaking point pressure (penetration stress) tension test of the TA tested in the most distal
portion of dissected tissue [16]. The two studies focus on small regions of tissue rather
than larger, and do not include the bi-directionality of the tissue. Since in vivo the tissue
behaves as a continuous surface as opposed to a single point or small section, the tissue
needs to be tested in a way that replicates this.



Figure 4: Top picture: Network of elastic fibers of regular size, length, and direction in non-
diseased TA tissue (50 um section, Hart’s stain x100). Bottom picture: Undulating collagen
fibers of similar size in non-diseased TA tissue (5 um section, Hart’s stain x100) [17].

In vivo during an erection the TA will experience tension in two directions, longitudinally
and circumferentially (Figure 4). The collagen bundles and elastin fibers are arranged in
the TA with the inner layer circumferential and the outer layer longitudinal. The elastin
fibers form a lattice network that support the collagen bundles [17]. The complexity of
the tissue matrix structure likely leads to mechanical anisotropy, and biaxial testing will
allow for a more physiologically appropriate analysis [18].

The elasticity and viscoelasticity of the tissue needs to be quantified in order to
characterize the material properties of the TA (Figure 5). With the application of



progressively increasing tension, stiffness and Young’s Modulus of the TA can be
quantified, which can be useful in the creation and selection of skin grafts for surgical
reconstruction [12]. While characterizing the non-linear elastic behavior of collagenous
tissues, there are three main regions on the stress strain curve: the toe region, linear
region, and failure region. The toe region is the early loading phase, where the fibers in
the tissue are un-crimping and the slope on the stress strain curve is low. After the
majority of the fibers have been recruited (uncrimped), the linear region begins where the
fibers actually stretch. The point of transition between the toe region and the linear region
is the inflection point. After this region is the failure region, the point where the fibers are
stretched to the point of breakage [19] (Figure 6). Additionally, viscoelasticity describes
the time-dependent response of materials. One parameter for which viscoelasticity can be
quantified is tress relaxation, where the stress is measured while maintaining a fixed
magnitude of applied strain for a specified period of time.

(a) Elasticity (b) Viscoelasticity- Stress Relaxation
A

.
stress

longitudinal stress
circumferential stress

> >

longitudinal strain time
circumferential strain

Figure 5: a: stress-strain graph, where the slope of the linear region is the elastic modulus b:
stress-time graph where tissue strain is maintained for a specified duration of time, showing
stress relaxation
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Figure 6: Representative stress-strain curve with defined toe region, linear region, and failure
point. Orange circle represents the inflection point.

1.3. Digital Image Correlation

Digital image correlation (DIC) is a non-contact technique to optically measure strain and
displacement. DIC uses a collection of grey-scale images taken at continuous timepoints
of a deformation and tracks the movement of pixels in the region of interest. The software
calculates strain and displacement fields using a correlation algorithm [20]. DIC has been
extensively used with biological tissues such as cartilage, tendons, and soft tissue,
including the uterosacral ligament as well as vaginal tissue, both uniaxially and biaxially
[21-24]. Biological samples are extremely variable in regards to many physical properties
so DIC is preferable to see the full strain field. A full field of measurement also allows a
complete assessment of local change on an inhomogeneous sample [24].

1.4. Objective

To quantify the elastic and viscoelastic properties of non-diseased tunica albuginea tissue.

a) To compare material properties between the longitudinal and circumferential
directions.

b) To compare the material properties between repeated loads to examine material
changes after loading.



2. Methods

2.1. Specimen Preparation

Donor organs were collected from United Tissue Network (UTN) with a desired age

range between 30 and 70 years, as well as exclusions for PD risk factors such as diabetes,

smoking habits, and cardiovascular diseases. Organs were shipped frozen and

immediately stored in a -20 ° C freezer until ready for the day of testing, following IBC-

approved protocols. The donors for the reported data used for this study are listed in

Table 1.
Donor Identification Number | Age | Regions Dissected
GL1808774 49 Proximal
GL1810684 32 Proximal
GL1809101 42 Distal
GL1808895 58 Proximal and Distal

Table 1: Age and regions isolated from donors.
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Figure 7: Schematic of the anatomy of the cross section and layers of the human penis [25].



longitudinal cut
into corpus
cavernosum

Figure 8: Longitudinal cut into the corpus cavernosum after degloving in order to better
visualize the TA for dissection.

Two days prior to testing the organ was removed from the freezer and was thawed and
the next day was dissected. A continuous cut was made underneath the glands of the
organ which was used to then fully “deglove” the specimen by removing the outer layer
of skin (Figure 7). A rod like object was inserted into the ureter in order to isolate the
urethra inside the corpus spongiosum, which was then dissected out as well. Once the
glans was removed, two longitudinal cuts were made into each corpus cavernosa (Figure
8), starting at the marked x’s in Figure b and terminating around the central artery. The
corpus cavernosum is then removed from the tunica albuginea by separating the two
layers with dissection scissors circumferentially and superiorly, until the two cuts meet at
the fibrous septum, marked by the star in Figure 7. The fibers of the septum were then cut
to obtain a flat sheet of TA tissue. The Bucks Fascia, remaining corpus as well as the
dorsal arteries were then slowly dissected off to isolate the TA. This was then marked
with a surgical pen in order to mark 3 cm by 3 cm squares with the septum as a midline.
If the TA sheet was large enough, two samples: proximal (P) and distal (D) could be
obtained (Figure 9), otherwise, only one sample was attained. These samples were then
marked and wrapped in saline soaked gauze and placed in the refrigerator until the next
day.



Figure 9: Representative diagram of large isolated TA tissue. 3 cm by 3 cm squares marked for
further division. The septum (white dotted line) follows the longitudinal direction while
perpendicular to that is the circumferential direction. The eight approximate locations of
thickness measurement on the TA are marked with red dots.

The thickness of each sample was measured at eight locations (Figure 9) of the sample
with a laser displacement sensor (Keyence, LK G82, Itasca, IL) (Table 2). The samples
were then placed in a petri dish with 1X Phosphate Buffered Solutions (PBS, Fisher
Science Education, USA) for 15 minutes and the thickness was repeated and these
measurements were averaged. After the samples were hooked onto the biaxial machine,
the dimensions of the testing field (Figure 11) were 2.5 cm by 2.5 cm, which was
multiplied by the average thickness to estimate the cross sectional area [26]. For a
particular specimen, measured forces were normalized to its computed CSA in order to
compute stress.

Sample Identification | Median Thickness (mm)
101D 3.285+0.672
684P 2.841 +£0.503
774P 3.352 £ 0.954
895D 2.905 +0.803
895P 3.998 £ 0.674

Table 2: Average thickness of samples in millimeters.



2.2. Mechanical Testing

Methylene Blue (Fisher Science Education, USA) was then added into the petri dish with
PBS and the samples were soaked for an additional 15 minutes to allow the dye to
completely saturate for a sufficient contrast against a contrasting pattern. After soaking,
the sample was sandwiched between two custom 3D printed grid stencils in order to
puncture through with pairs of safety pins connected with a length of nylon wire. The
samples were then speckled with white spray paint in order to make a sufficient pattern
for the DIC, about 50% speckle density (Figure 10) (VIC-3D, Correlated Solutions, SC)
[26].
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Figure 10: DIC speckle pattern standards to use for comparison and confirmation of sufficient
speckling [27].

The sample was then loaded onto the biaxial instrument with the septum designated the
longitudinal direction while perpendicular to the septum was designated the
circumferential direction, and allowed to rest in the PBS in order for the dye to dilute
(Figure 11). The sample was preconditioned to 5% of the initial length at a rate of
0.Imm/s for 50 cycles until a consistent load-displacement graph was achieved. After
preconditioning, samples were then subjected to the following testing sequence: (1)
loading of sample at a rate of 0.1 mm / s until the measured load in each direction
reached 45N, (2) displacement held for 30 minutes to allow the tissue to undergo stress
relaxation, (3) unloading at a rate of 0.1 mm / s until both directions of the load cells
reached 0.5 N. The load was then manually lowered to around 0.2 N in both directions
and the tissue allowed to recover for 2 hours in the PBS, while ensuring that the sample
was under minimal loading. Steps 1-3 were designated as “Ramp 1”. The testing
sequence was then repeated a second time which was designated “Ramp 2”. Images were
recorded at a rate of 2 Hz while the biaxial load and displacement data were collected at a
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rate of 10 Hz. Since the two sets of data were taken at different rates, they were then
manually synchronized.

Figure 11: TA tissue pinned and speckled with high-contrast paint for DIC analysis during
biaxial load testing. Green arrows represent the longitudinal direction, blue arrows represent the
circumferential direction. White dashed line represents the approximate 2.5 by 2.5 cm testing
field.

2.3. Data Analysis

DIC images were processed in the VIC-3D software after assigning an x and y axis of
analysis with x being longitudinally along the septum and y being circumferentially.
These images were then analyzed in order to calculate the normal and shear strain from
the Green Strain tensor (Egs. 1-3) [28].

Exx Exy Exz
Exy Eyy Eyz
Exz Eyz Ezz

=3 (@) + @) (5 ®

11

E= (1)




=g +3((5) () +(5) .

In these equations, u, v, and w are the displacements in the x, y, and z directions. Exx is
the normal Lagrangian strain in the x direction while Eyy is the normal Lagrangian strain
in the y direction.

Stiffness and elastic modulus were calculated as the maximum slope of the load-
displacement curve and the stress-strain curve, respectively, for each of the two anatomic
directions (Figures 12-13). 30% of the total data points were used as the starting and
ending points for slope calculations, ex: total data points*0.3, designated p. 30% was
chosen as the criterion on the basis of a previous study testing diseased PD tissue from
this lab. Stiffness was calculated using equation 4, and the elastic modulus was calculated
using equation 5 for all available data points between the boundaries of 15-85% of the
collected data (initiation of test: 0%, final collected point: 100%) [26]. The largest slope
calculated from the load-displacement curve and stress-strain curve was designated the
stiffness and elastic modulus, respectively [Appendix Al].

45 T T T T T T T /
40

Load (N)
N
o
N

A

0 2 4 6 8 10 12 14 16 18
Displacement (mm)

Figure 12: Load-displacement curve with three sample stiffness calculation ranges. Each
range depicted consists of 30% of the total number of data points.
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Figure 13: Stress-strain curve with three sample elastic modulus calculation ranges. Each
range depicted consists of 30% of the total number of data points.

load at (i + %) — load at (i — g) 4)
stif fness =
displacement at (i + %) — displacement at (i - g)
lastic moduhus — stress at (i + g) — stress at (i — g) (5)
strain at (i + g) — strain at (i — g)

In order to objectively identify an inflection point between the toe region and the linear
region of each stress-strain curve, each data point in the ramp, i, was fitted by assuming
an exponential curve for the data before this point (Eq. 6) while the data after this point
was modeled as a line [29] (Eq. 7).

o=A(B¢-1) (6)
oc=me+q (7)

In equation 6 and 7, o is stress and ¢ is normal Lagrangian strain. 4, B, m, and q are
constants that were calculated with the code.

These equations are simply a means to describe the shape of the curve, and not to

mathematically model the biaxial mechanical behavior. The data point that yielded the
highest R squared value from fittype in Matlab for both equations (6) and (7) was

13



designated the inflection point. Normal Lagrangian strain at the inflection point was
recorded for further analysis. Code used for the aforementioned calculations are provided

in Appendix A.

Percent relaxation was also calculated. The biaxial tension test required that both
directions reached the maximum load of 45 N; however, the first direction to reach the
peak load would begin to relax while the second direction was still being loaded in
tension. As seen in Figure 14, this created a secondary drop (as indicated by the arrow in
the figure) in the first direction.

Stress (MPa)

0 é 1 ‘O 1 ‘5 2I0 2‘5 3‘0 3I5 4l0 4‘5 50

Time (s)
Figure 14: Example of the differing times at which peak load was attained for each axis as well
as initial stress relaxation in a tissue sample. The arrow indicates the secondary drop in the
direction which reaches the target 45N first. Green: longitudinal, blue: circumferential.

Although this issue was acknowledged and observed in every test, the “interrupted”

relaxation was not considered in the calculations. The percent stress relaxation recorded
was based on equation 8 where the peak stress was the stress measured upon attainment
of 45 N and the equilibrium stress was that measured after 30 minutes from the peak, in

each respective direction.

(8)

peak stress — equilibrium stress

% Relaxation = peak stress x 100%

Many factors led to variability in tissue, and in all tests, one direction would reach the
maximum load before the other. If the tension test were to be stopped when the primary
direction reached the maximum load, vital information could be overlooked or
miscalculated in the secondary direction. Therefore, although the tissue was tested
biaxially, the values calculated for analysis were considered independently, and material
properties were calculated with the full 45N data inclusive in both directions.

14



2.4. Statistical Analysis

Data were statistically analyzed using JMP Pro 14 (SAS, Cary, NC). The independent
variables were direction and ramp number while the dependent variables were stiffness,
elastic modulus, strain at inflection point, and percent relaxation. A two-way ANOVA
was performed on the averaged ranks of each variable to determine whether the
dependent variables were dependent on directions and ramp number. Sample number was

added as a random effect. Statistical significance was assumed for a p value less than
0.05.

15



3. Results

All graphs and data are represented in Figures 15-23.

45 45 7
\
40 40
35 35
30 30
Z 2 Z2
kel kel
8 8
520 520
15 15
10 10
5 5
0 = 0
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Displacement (mm) Displacement (mm)
0.7 0.7
y
0.6 0.6 i
"
p
0.5 0.5 1
! J
— — t
€ 04 € 04 1
s s /|
w w J
« o« !
Lo3 203 )/
7] »n !t
i
I
0.2 0.2 /, !
y
‘
0.1 0.1 /
S
/
- _ -
0 S — 0 ===
0 002 004 006 008 01 012 014 016 018 0.2 0 002 004 006 008 01 012 014 016 018 0.2
Strain(mm/mm) Strain(mm/mm)
0.65 0.65
0.6
— — |
@ © |
o o
= = !
73 73 |
7] ?
2 2 |
3 3 !
|
0.4 |
|
|
|
0.35 035 i
| |
| [
0.3 0.3 L
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Time (s) Time (s)

Figure 15: Top: load-displacement, middle:
stress-strain, bottom: stress relaxation graphs
for sample 101D.

Green: longitudinal, blue: circumferential.
Solid line: ramp 1, dotted line: ramp 2. Solid line: ramp 1, dotted line: ramp 2.

Figure 16: Top: load-displacement, middle:
stress-strain, bottom: stress relaxation graphs

for sample 684P.
Green: longitudinal, blue: circumferential.
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Figure 17: Top: load-displacement, middle:
stress-strain, bottom: stress relaxation graphs
for sample 774P
Green: longitudinal, blue: circumferential.
Solid line: ramp 1, dotted line: ramp 2.
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Figure 18: Top: load-displacement, middle:
stress-strain, bottom: stress relaxation graphs
for sample 895D
Green: longitudinal, blue: circumferential.
Solid line: ramp 1, dotted line: ramp 2.
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Figure 20: Scatter plot of stiffness (N/mm) data with mean and standard deviation bars. Circle:
ramp 1, square: ramp 2, blue: longitudinal, green: circumferential.
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Figure 21: Scatter plot of elastic modulus (MPa) data with mean and standard deviation bars.
Circle: ramp 1, square: ramp 2, blue: longitudinal, green: circumferential.
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Figure 22: Scatter plot of stress relaxation (%) data with mean and standard deviation bars.
Circle: ramp 1, square: ramp 2, blue: longitudinal, green: circumferential.
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Figure 23: Scatter plot of strain at inflection point data with mean and standard deviation bars.
Circle: ramp 1, square: ramp 2, blue: longitudinal, green: circumferential.
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3.1. Linear Region Stiffness
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Figure 24: Scatterplot of stiffness (N/mm) data between ramp number and direction, with mean
and standard deviation bars.

The data from Figure 24 showed that there was no statistically significant difference in
the stiffness of the tissue between the longitudinal and circumferential direction (p =
0.981). However, between ramp 1 and ramp 2, there was a statistically significant
increase in stiffness (p < 0.0001).

3.2. Elastic Modulus
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Figure 25: Scatterplot of elastic modulus (MPa) data between ramp direction and direction, with
mean and standard deviation bars.
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The modulus of elasticity data (Figure 25) showed no statistically significant difference
between the longitudinal and circumferential direction (p = 0.381) or between ramp 1 and
ramp 2 (p = 0.719).

3.3. Percent Stress Relaxation
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Figure 26: Scatterplot of percent stress relaxation data, presented by ramp number and direction,
with mean and standard deviation bars.

Stress relaxation of the samples were measured after both directions reached the
maximum load of 45N. The tissues were held at the displacement measured at the peak
load, however the strains at which the stress relaxation was recorded were not consistent
between samples. The strain at which the stress relaxation occurred was considered a
covariant in the statistical calculations. The data from Figure 26 showed that there was no
statistically significant difference in the percentage stress relaxation between the
longitudinal and circumferential direction (p = 0.461). There was a statistically
significant decrease in stress relaxation between ramp 1 and ramp 2 (p < 0.0001).
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3.4. Strain at Inflection
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Figure 27: Scatterplot of the strain at inflection point, plotted by ramp number and direction,
with mean and standard deviation bars.

The inflection points determined using the aforementioned approach (intersection of
linear and exponential curves) corresponded to different loads/stresses, therefore, the load
at the inflection point was considered as a covariant for a more objective comparison. At
the inflection point the strain (Figure 27) showed a statistically significant increase
between ramp 1 and ramp 2 (p = 0.048) but showed no statistically significant difference
between the longitudinal and circumferential direction (p = 0.551).

The DIC strain maps were studied in order to examine potential differences in strain
patterns. As noted, the stiffness of the TA tissue increases between the two ramps, so it is
expected that for the second ramp, a larger load is required to reach the same strain from
the first ramp. We examine the strain maps at the inflection point of each ramp as a
comparison point. In these figures, the longitudinal direction is denoted by the green
arrows while the circumferential direction is denoted by the blue arrows.
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Figure 28: DIC strain map at the inflection point in both directions for ramp 1 and ramp 2 for
sample 101D, with corresponding load and strain values. In the first ramp, the circumferential
direction reached maximum load of 45 N first, while in the second ramp, the longitudinal
direction reached the maximum load of 45 N first.

In the longitudinal direction at the inflection point during ramp 2, a lower load is required
to reach the same strain that was measured in the first ramp. However, in the
circumferential direction, the opposite is true where in the second ramp a higher load is
required to reach a lower strain compared to the first ramp (Figure 28)
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Ramp 1 Inflection Point
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15.357 0.101 13.979 0.0963

Figure 29: DIC strain map at the inflection point in both directions for ramp 1 and ramp 2 for
sample 684P, with corresponding load and strain values. In the first ramp, the longitudinal
direction reached maximum load of 45 N first, while in the second ramp, the circumferential
direction reached the maximum load of 45 N first.

In sample 684P, the longitudinal direction did not show the stiffening that was expected,
as the tissue reached a much higher strain in the second ramp compared to the first at a
similar load. The same occurred in the circumferential direction between ramps where the
sample required a lower load to reach a higher strain (Figure 29).
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Figure 30: DIC strain map at the inflection point in both directions for ramp 1 and ramp 2 for
sample 774P, with corresponding load and strain values. In the first and second ramp, the

longitudinal direction reached the maximum load of 45 N first.

In the longitudinal direction of sample 774P, a higher load is needed to reach the strain
recorded at the inflection point of the first ramp. In the circumferential direction, the
opposite can be observed, where a lower load in the second ramp is needed to measure a

higher strain. (Figure 30).
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Figure 31: DIC strain map at the inflection point in both directions for ramp 1 and ramp 2 for
sample 895D, with corresponding load and strain values. In the first and second ramp, the

longitudinal direction reached the maximum load of 45 N first.

In both the longitudinal and circumferential directions of sample 895D, a lower load in
the second ramp is required to attain a similar strain from the first ramp. (Figure 31).
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Figure 32: DIC strain mapping at the inflection point in both directions for ramp 1 and ramp 2
for sample 895P, with corresponding load and strain values. In the first and second ramp, the
circumferential direction reached the maximum load of 45 N first.

In the last sample, 895P, in both the longitudinal and circumferential directions, a higher
load is needed in the second ramp in order to acquire a comparable strain to the first ramp

(Figure 32).
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Based on the 5 tissue samples, comparisons between ramp 1 and ramp 2 revealed that the
TA was neither stiffer (higher load for similar strain) nor less stiff (lower load for similar
strain). Since the stiffness of the tissue increases between ramps and this is not shown at
the inflection point which is normally at lower loads relative to the peak load of 45N, it
can be deduced that the larger changes in tissue mechanics would occur at higher loads
where the linear region exists. This is consistent with observations from previous studies
which found that stiffening of soft connective tissues with acellular collagen constructs
occurs in the linear region relative to the toe region [30].

4. Discussion

The objectives of this study were to quantify the elastic and viscoelastic properties of the
non-diseased human TA. TA tissue was dissected from human donors and prepared as 3
cm by 3 cm samples for biaxial biomechanical characterization. The tissue samples were
loaded in tension simultaneously in two anatomic directions up to a prescribed load of
45N, allowed to stress relax in both directions, and following a recovery period, received
the same loading protocol.

Overall, the results from this study indicate that the non-diseased TA tissue exhibits no
statistically significant differences by anatomical directions (longitudinal and
circumferential) with regard to stiffness, elastic modulus, normal strain at the inflection
point, and percent stress relaxation. Hence, under the prescribed biaxial loading
conditions, TA tissue exhibits mechanical isotropy, though the additional of more
samples to the analysis would be help to confirm these observations. Additionally, there
was no statistically significant difference in elastic modulus between the two ramps.

Statistically significant differences between ramp 1 and ramp 2 were observed for linear
stiffness, percent stress relaxation, and strain at the inflection point. The stiffness of the
non-diseased tissue increases while the percent stress relaxation decrease, as detailed in

Table 3.
Longitudinal Circumferential
Stiffness Ramp 1 | 5.08 £0.44 5.03£0.65
Ramp 2 | 6.52+0.37 6.56+ 0.24
Percent Stress Relaxation | Ramp 1 | 22.0+2.6 225+753
Ramp2 | 17.7+£5.0 19.4+3.5

Table 3: Mean values with standard deviation for stiffness, strain at inflection, and percent stress
relaxation for the longitudinal and circumferential direction in both ramps.
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A comparison can be made between the biaxial material properties of non-diseased TA
tissue and previous data (generated by our research group) for biopsied PD plaques as
well as pericardium graft [26], which is often used for PD surgical reconstruction. The
previous study used the same protocol to prepare the samples as well as preconditioning,
however, the testing protocol involved loading the sample 3 times sequentially, without
the stress relaxation, but allowing 15 minutes for recovery between ramps. Hence, data
from only the first ramp were compared between the non-diseased (current study) and PD
tissue [26]. A two-way ANOVA was performed on the averaged ranks of for both
stiffness and modulus to compare the non-diseased TA to the diseased PD plaques as well
as the non-diseased TA to the pericardium graft (Figures 33 and 34).
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Figure 33: Stiffness (N/mm) of healthy vs diseased (PD) TA tissue vs pericardium graft
material, with mean and standard deviation bars.
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Figure 34: Elastic modulus (MPa) of healthy vs diseased (PD) TA tissue vs pericardium graft
material, with mean and standard deviation bars.

The non-diseased TA tissue exhibited a lower stiffness in comparison to the PD plaques
(p = 0.0409), but a higher stiffness than the pericardium graft tissue (p < 0.0001). The
healthy tissue also differs from the diseased PD plaques and graft tissue when comparing
the elastic modulus (p = 0.0028, p < 0.0001, respectively) [23]. The TA tends to ossify
during the onset of PD, so the result from the stiffness comparison is congruent with this
assumption. However, further research needs to be done in regards to the results from the
elastic modulus comparison, in particular, taking into account the varying thickness of the
tissue with more precise dissection. The graft tissue has a vastly different stiffness
compared to the healthy TA tissue, further confirming the necessity to create a graft that
can better approximate the properties of the healthy TA.

The results from this study can also be compared to the previous studies done on the
material properties of the human TA. The elastic modulus of the healthy TA when loaded
uniaxially to rupture resulted in values around 100 MPa, considerably higher than the
average elastic modulus found in the current study (32.92 + 16.74 MPa) [15]. As seen
from the elastic modulus data from this study, the values have a wide range and the
number of samples are low, both of which can be the reason for the discrepancy between
studies. The previous uniaxial rupture study tested tissues from donors within 12-24
hours from death [15], whereas the current study tested tissues which had gone through
multiple freeze-thaw cycles. The introduction of multiple freeze-thaw cycles can lower
the elastic modulus of the biological material [31].

31



Based on the outcome of this study, it can be concluded that the TA tissue becomes
stiffer and relaxes less after being pulled in tension up to 45 N. Previous work has
reported that an increased number of cycles in fatigue loading of tendons also resulted in
higher stiffness [32]. The stiffness increase is found on the observation that mechanical
cyclic tensile loading increases the strength of the collagen crosslink thereby increasing
the effective stiffness of the fibrils [30].

This study provides a benchmark for testing non-diseased TA tissue as well as a
preliminary understanding of the material properties of the tissue. Still, there were several
study limitations. The donor organs from UTN arrived in insulated packaging with dry
ice, were immediately place in the freezer in lab, but will still undergo freeze thaw cycles
which can affect the material properties of the tissue [31]. Another limitation is that the
tissue is tested ex vivo rather than in vivo. In vivo, tissues that experience loading can
induce cellular signaling events that affect collagen structure, but this would not occur
when testing tissues ex vivo [30]. The non-diseased TA tissue was also tested only to 45
N because of the limitations of the equipment. Equipment that would allow further
tension possibly to rupture could provide more information on the behavior of the tissue.
Creep testing can also be done on the non-diseased TA to provide more information on
the viscoelasticity of the tissue.

Though the sample size for this study is low, future work can expand upon this work with
additional samples. Results from this study can be used to identify suitable grafts which
more closely match TA properties, since it can be seen from this study that the material
properties of non-diseased TA tissue are different from the current graft standard. This
can, in turn, aid in better recovery and patient satisfaction which currently is only at 72.4
% [11]. The stiffening of the tissue after a succeeding ramp can be an important factor
with PTT surgery, as the penis will have to go through multiple treatments of loading.
Stress relaxation properties of the TA can also be beneficial for designing the treatment
protocols of PTT, as the practice involves not only the number of treatments, but the
duration of treatments.
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Appendix A: Matlab code used to calculate material properties

1 close all; clc;clear;
2
3 warning off;
4
5 p = 0.3; %percentage of data used
[3
7 %% Read in and define relevent data
8
9 source dir= 'source directory';
10 %determine path to the folder that contains data
11
12 source files = dir(fullfile(source dir, '*filename Data PD.csv'));
13
14 data=xlsread(source files.name); %read data file
15
16 %% LONGITUDINAL
17 %% Load(Y) against Displacement (X)
18
19 [s1, s2] = size(data):
20 disp=data(2:s1,16);
21 load=data(2:s1,9);
22 strain=data(2:s1,2);
23 stress=data(2:s1,13);
24
25 [s3, s4]l=max(disp); % max load ~ point of failure s3=max s4=position;
26 disp cut=disp(l:s4);
27 load cut=load(l:s54);
28 strain cut=strain(l:s4);
29 stress_cut=stress(l:s4);
30
31 [len]=length(disp cut):;
32
33 index=transpose(l:1:1len);
34
35 w=round (p*len) ;
36 h=round (w/2) ;
37
38 %% Calculate max slope for stiffness and modulus
39
40 guess_stiff=zeros(l,1-w-1);
41 guess_mod=zeros(1l,1-w-1);
42 for j=h+1:(len-h-1)
43 guess_stiff(j)=((load_cut(j+h)-load cut(j-h))/(disp_cut(j+h)-disp cut(j-«
h))):
44 guess_mod(j)=((stress_cut(j+h)-stress_cut(j-h))/(strain cut(j+h)-«
strain_cut(j-h)));
45
46 3=9+1;
47 end
48 [max_stiff, loc_stiff]l=max(guess_stiff);
49 [max_mod, loc mod]=max(guess_mod);
50
51 load_stiff=load_cut(loc_stiff);
52 load _mod=load cut(loc_mod);
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%% Piecewise curve fit for inflection point

rsq_exp=zeros(l,len-2);
rsg_lin=zeros(1l,len-2);

ft_exp = fittype('a*(exp(b*x)-1)");

ft_1lin = fittype('m*x+b");
for i=2:1len-1

[f_exp,g_expl= fit(strain cut(l:1i), stress_cut(l:i), ft_exp):;
[f lin,g lin]= fit(strain cut(i:len), stress_cut(i:len),ft lin);

rsq_exp(i-1)=getfield(g_exp, 'rsquare');
rsqg_lin(i-1)=getfield(g_lin, 'rsquare');

end

rsq diff=2-rsq exp-rsq lin;

locations = find(rsg diff < 0.01);

if length(locations)==

locations(1l) = find(rsq diff == min(rsq_diff));

end

loc_inf = locations(1):

inflectionstrainlL= strain cut(loc_inf);

%% Display

display('Longitudinal Values')

display(['Stiffness is ' num25tr(max_stiff) ' N/m'])

display(['Modulus is ' num2str(max mod)

' MPa'l)

display(['Strain at inflection point is ' num2str(inflectionstrainL)])

display([' '])

CIRCUMCERENTIAL
%% Load(Y) against Displacement

[s1, s2] = size(data):
disp=data(2:s1,17);
load=data(2:s1,11);
strain=data(2:s1,3);
stress=data(2:s1,15);

(X)

[s3, s4]=max(disp); % max load ~ point of failure s3=max s4=position

disp cut=disp(l:s4);
load cut=load(l:s54);
strain cut=strain(l:s4);
stress_cut=stress(l:s4);

[len]=length(disp cut):
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%% Piecewise curve fit for inflection point

rsq_exp=zeros(l,len-2);
rsg_lin=zeros(1l,len-2);

ft_exp = fittype('a*(exp(b*x)-1)");
ft_1lin = fittype('m*x+b");
for i=2:1len-1

[f_exp,g_expl= fit(strain cut(l:1i), stress_cut(l:i), ft_exp):;
[f lin,g lin]= fit(strain cut(i:len), stress_cut(i:len),ft lin);

rsq_exp(i-1)=getfield(g_exp, 'rsquare');
rsqg_lin(i-1)=getfield(g_lin, 'rsquare');
end

rsq diff=2-rsq exp-rsq lin;
locations = find(rsg diff < 0.01);

if length(locations)==
locations(1l) = find(rsq diff == min(rsq_diff));
end

loc_inf = locations(1):
inflectionstrainlL= strain cut(loc_inf);
%% Display

display('Longitudinal Values')

display(['Stiffness is ' num2str(max_stiff) ' N/m'])

display(['Modulus is ' num2str(max mod) ' MPa'])

display(['Strain at inflection point is ' num2str(inflectionstrainL)])
display([' '])

CIRCUMCERENTIAL
%% Load(Y) against Displacement (X)

[s1, s2] = size(data):
disp=data(2:s1,17);
load=data(2:s1,11);
strain=data(2:s1,3);
stress=data(2:s1,15);

[s3, s4]=max(disp); % max load ~ point of failure s3=max s4=position
disp cut=disp(l:s4);

load cut=load(l:s54);

strain cut=strain(l:s4);

stress_cut=stress(l:s4);

[len]=length(disp cut):
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159 display('Circumferential Values')

160 display(['stiffness is ' num2str(max stiff) ' N/m'])

161 display(['Modulus is ' num2str(max mod) ' MPa'])

162 display(['Strain at inflection point is ' num2str(inflectionstrainC)])
163 display([' '])

164
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Appendix B: Standard Operating Protocol
Dissection

1) Organs are stored in the freezer until 48 hours prior to testing where they are removed and
placed in the fridge to thaw.

2) 24 hours prior to testing, run the organ in a water bath to finish thawing while prepping the
dissection tools and space.

a) Tourniquet band

b) Tweezers

c) L shaped dissecting scissors
d) Curved Kelly clamp

¢) Small dissection scissors

f) Skin marking pen and ruler
g) Size 10 scalpel

h) Saline

1) Thin tube ex. coffee straw
j) Cutting board

k) Large lab zip lock bag

1) Small lab zip lock bag

m) Syringe

n) Paper towels

3) Open specimen bag and remove organ.

4) Place tourniquet at base of penis and cause moderate tumescence by injecting normal saline
or water into corpora with small needle and syringe.

5) Using the scalpel, make a circumferential incision just underneath and around the glans.

6) Use the tweezers to lift up the skin of the penis and use the Kelly clamp to separate the skin
from the Bucks Fascia by spreading the Kelly clamp. Repeat the procedure until the entire
organ is degloved.

7) Use the small dissecting scissors to cut away the degloved skin.

8) Remove the tourniquet to and wipe away the saline with paper towels.

9) Insert the small tube/straw into the urethra in order to isolate the urethra. Make lateral
incisions on either side of the tube/straw into the corpus spongiosum in order to cut out the
urethra with the scalpel.

10) Using the scalpel, make two longitudinal incisions through the midline of each corpus
cavernousum. Do not cut through the midline of the organ as you will go through the septum
ad bypass the corpus cavernosum. You should notice a white layer of tissue, the tunica
albuginea (TA) connected to the red spongy tissue, the corpus cavernosum (CC).

11) While gripping the white TA tissue with tweezers, use the dissecting scissors to separate the
CC and TA. Circumvent the organ moving laterally from both longitudinal cuts until the
septum is visible on both sides.

12) Use the dissecting scissors to cut through the fibrous septum and cut the isolated TA tissue
away from the remainder of the organ. You should be left with a rectangular sheet of TA
tissue.

13) Using the tweezers and L shaped dissecting scissors, clean off the TA by removing the
remainder of the Buck’s Fascia and CC that may remain.
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14) Using the ruler, measure out 3 cm x 3 cm squares, making sure that the septum is in the
middle of the square. Try and isolate the most dorsal region of the tissue. If the dissected TA
is large enough, one dorsal and one proximal region can be cut.

15) Take the TA square(s) and wrap them in saline soaked gauze and put them in labeled bags.
Place these bags into the fridge for the next day’s testing.

16) All remaining biological waste should be placed into one large bag and put back into the
freezer until proper disposal can be done. All tools and equipment should be cleaned based
on biological protocols.

Specimen Preparation

1) Remove the previously isolated and dissected TA out of the fridge and place on petri dish.

2) Using a thickness measurement device (caliper or laser sensor), take 8 thickness
measurements (two for each side of the square) of the tissue.

3) Add enough 1 X PBS solution to be able to completely immerse tissue. Allow up to 15
minutes to soak.

4) Repeat step 2.

5) Re-immerse tissue into PBS and add methylene blue dye to the container. Allow up to 15
minutes for dye to dissolve into tissue sample.

6) Using the premade clamps, place safety pin loops through the tissue in marked locations.

7) In the fume hood, use spray paint can and perforated metal sheet to speckle a pattern on the
tissue sample. Speckles should be fine and dense, but separated with sufficient space.

8) Let paint dry on sample for 10 minutes.

Testing Apparatus

1) Biaxial:
a) Ensure the biaxial is equipped with 50N load cells.
b) Zero load cells

2) Camera system

a) Set up tripod on the biaxial so that the camera focuses on the field of view.

b) Set up light fixtures, making sure that they point down on the sample to prevent shadows
in the images.

c) Calibrate the DIC system with the rubber sample by loading the rubber sample on the
biaxial and pull to about 0.2N in each direction. Adjust the brightness and focus.

d) Calibrate the DIC system again with the calibration grid by taking approximately 30
images of the grid and running the images through the DIC software. These images allow
the cameras to know where their field of view is in space and will ensure focus and
aperture are sufficient for testing.

e) Do not move or adjust the cameras after calibration.

41



Testing Protocol

1) Load the prepared sample onto the biaxial with the longitudinal direction along the A axis
and pull to about 0.2N in each direction.

2) Capture an image of the sample and analyze the speckle pattern to ensure proper distribution.
If not, remove the sample from the biaxial and re-speckle.

3) Fill the bath with 4 liters of 1 X PBS solution.

4) Slowly raise the bath to immerse the sample (quick immersion can cause speckles to fall off).

5) Repeat step 2.

6) Allow the sample to rest in the bath for about 15 minutes for the dye to dilute. After 15
minutes, slosh the water in the bath to dissipate it evenly through the solution.

7) Place the lid on the bath, making sure no air bubbles are trapped.

8) Precondition the sample by stretching the sample to 5% of the initial hooked length and
unloading. Up to 50 cycles can be performed until the load peaks stabilize.

9) Immediately prior to beginning biaxial protocol, begin image capture at 2 images per second.

10) Biaxial protocol
a) Pull the sample to 45N in both directions using displacement control of 0.1 mm per

second.
b) Hold the sample at the displacement of max load for 30 minutes.
c) Slack the sample to 0.5N in both directions using displacement control of 0.1 mm per
second.

11) Stop image collection.

12) Slack the sample manually to 0.1N and let it rest for 2 hours for recovery.

13) Repeat steps 9 and 10.

14) Remove the sample from the biaxial and wrap in saline soaked gauze and place in the freezer
for future disposal with the remaining organ waste.

15) Drain water bath with vacuum and wipe bath dry with paper towels.

16) Remove crosshead screws of biaxial and to prevent salt buildup.

Data Analysis

1) Truncate the image sequence from the stress relaxation portion of the testing protocol by a
factor of 10. Combine these images with the image sequence from the ramp up. Each sample
2) Run the combined images through the DIC software.
3) Correct the axes of the processed images by aligning the x axis with the longitudinal
direction.
4) Export the data from the DIC and biaxial into excel sheets. Since these collected data at
different frequencies, match up the data by trimming the rows.
5) Organize and combine the two data sheets together in a sheet with the following headings:
a) Index: starting from 0
b) exx[1]— Lagrange: from DIC
c) eyy[l]— Lagrange: from DIC
d) exy[l]— Lagrange: from DIC
e) el[l1] - Lagrange: from DIC
f) e2[1] - Lagrange: from DIC
g) gamma[l] — Lagrange: from DIC
h) A Deformation: A axis absolute displacement from biaxial

[y T—
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6)

1) A Avg Load: A axis force reading from biaxial

j) B Deformation: B axis absolute displacement from biaxial

k) B Avg Load: B axis force reading from biaxial

1) A CSA: cross sectional area of sample

m) A Stress: A Avg Load divided by A CSA

n) B CSA: cross sectional area of sample

o) B Stress: B Avg Load divided by B CSA

p) A Deformation Shifted: A axis relative displacement from biaxial
q) B Deformation Shifted: B axis relative displacement from biaxial
Run the master excel sheet through the Matlab code in Appendix A.
To get the percent stress relaxation value, the stress at the peak load as well as the stress of
the load 30 minutes after the peak was recorded.
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