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Abstract

Background: One of the major causes of pelvic organ prolapse is pelvic muscle injury sustained
during a vaginal delivery. The most common site of this injury is where the pubovisceral muscle
takes origin from the pubic bone. We hypothesized that it is possible for low-cycle material fatigue
to occur at the origin of the pubovisceral muscle under the large repetitive loads associated with
pushing during the second stage of a difficult labor.

Purpose: The main goal was to test if the origin of the pubovisceral muscle accumulates material
damage under sub-maximal cyclic tensile loading and identify any microscopic evidence of such
damage.

Methods: Twenty origins of the ishiococcygeous muscle (homologous to the pubovisceral
muscle in women) were dissected from female sheep pelvises. Four specimens were stretched
to failure to characterize the failure properties of the specimens. Thirteen specimens were then
subjected to relaxation and subsequent fatigue tests, while three specimens remained as untested
controls. Histology was performed to check for microscopic damage accumulation.

Results: The fatigue stress-time curves showed continuous stress softening, a sign of material
damage accumulation. Histology confirmed the presence of accumulated microdamage in the form
of kinked muscle fibers and muscle fiber disruption in the areas with higher deformation, namely
in the muscle near the musculotendinous junction.

Conclusions: The origin of ovine ishiococcygeous muscle can accumulate damage under sub-
maximal repetitive loading. The damage appears in the muscle near the musculotendinous junction
and was sufficient to negatively affect the macroscopic mechanical properties of the specimens.
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Introduction

Pelvic organ prolapse, a serious and common condition, adversely affects quality of life,
particularly in older women1829.55_ The lifetime risk of needing prolapse surgery ranges
between 1 in 10 to 1 in 5 women, with over 300, 000 surgeries being performed for

this condition in the U.S. every yearl”:53, Unfortunately, the surgery has a failure rate of
approximately 30% 4, so preventing prolapse in the first place would be desirable. To that
end, mechanistic insights are needed into the injury mechanism(s). Pelvic floor muscle
injury occurs most frequently during the first vaginal birth and has been identified as one of
the major causes for pelvic organ prolapse 3045, Moreover, a characteristic site of injury has
been identified with magnetic resonance imaging to be the origin of the pubovisceral muscle
from the pubic bonel2-14.34,

Most muscles originate from bone via a tendon or an aponeurosis that itself interdigitates
with muscle fibers and fascicles called the musculotendinous junction (MTJ), with their
other end inserting onto a bone at an enthesis where the tendon/aponeurosis inserts into

the bone 4790, Injuries to bone-tendon/aponeurosis-muscle units are common and tend to
occur at the tendon/aponeurosis-bone junction or at the musculotendinous junction 47. From
a mechanical point of view, junctions between dissimilar materials are well known to be
regions of mechanical stress concentration, not only due to the different material properties,
but also because these regions are usually accompanied by a change in cross-sectional

area; this means that if the whole unit is uniformly loaded these junctions have to sustain
higher stresses, making them more prone to tear %0, In the human, the pubovisceral muscle
originates bilaterally from the dorsal aspect of the pubic bone via an aponeurosis on either
side of the pubic symphysis26:27,

Low cycle fatigue failure can occur in soft connective tissues. For example, sub-maximal
repetitive loading has been demonstrated to cause failure of the origin of the human anterior
cruciate ligament (ACL), a highly organized connective tissue structure within the knee,

in less than 100 loading cycles 33. Recently, Chen et a/. ® found molecular, cellular and
ultrastructural evidence of low-cycle fatigue damage accumulation at the origin of the

ACL, more specifically at its femoral enthesis, following cyclic sub-maximal loading. So, if
low-cycle material fatigue can occur at the origin of the ACL, we reasoned that low-cycle
material fatigue could also occur at the origin of the pubovisceral muscle during the second
stage of a difficult vaginal delivery, when it can be stretched to at least 3 times its original
length every 3 min over a 3 h period 3241, The concept of low cycle material fatigue is

that a structure can fail under two or more repetitive sub-maximal loading cycles that would
not, by themselves, cause failure. This occurs because in each loading cycle there is a
microscopic damage accumulation that weakens the structure, making it more prone to fail
with the increase of damage accumulation.

At the origin of the ACL the damage accumulation occurs at the femoral enthesis, the
ligament-bone junction, and the ligament, as in tendon, consists primarily of collagen
type 1354, Moreover, there are a considerable number of studies that have shown fatigue
damage accumulation in tendons and collagenous structures at the fiber and fibril level
516,46,48,51,52.56 \\jith these considerations our working hypothesis was that the origin of
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the pubovisceral muscle could accumulate microscopic damage at the tendon-bone interface
under repetitive sub-maximal loading with the number of loading cycles being equivalent

to that experienced during a difficult vaginal delivery. Our alternative hypotheses were that
damage accumulation could occur in a different site, or that no evidence of fatigue damage
accumulation would occur.

To test our hypothesis, we performed low-cycle fatigue tests on ovine specimens using

a test protocol of 60 cycles to 60% failure displacement and analyzed the behavior of

the stretch-stress curves. We also examined histological sections of the specimens in a
search for evidence of damage accumulation. The tests were performed on the origin of the
ishiococcygeous muscle from female mature sheep, which is the structure most analogous to
the origin of the pubovisceral muscle in women.

Once we had obtained the mechanical properties of the ishiococcygeous muscle origin,

we developed a constitutive model for fatigue damage that was incorporated into a visco-
hyperelastic material model. Using a micro-genetic algorithm, we calibrated the material
parameters for the averaged response of the stress-time curve of our fatigue tests. This is
important for the development of realistic finite element models, which are highly dependent
on defining the appropriate constitutive laws and also defining the appropriate material
parameters 8. Finally, to explore how the results might apply to humans, we developed

a simplified finite element model of the origin of the pubovisceral muscle using our visco-
hyperelastic material model that included fatigue damage.

2. Materials and methods

2.1 Animal model of the origin of the pubovisceral muscle

While there is no perfect substitute for human specimens, using animal models in research
has become a common alternative since they provide significantly improved access to tissue
and there are fewer ethical constraints211.

In this study we decided to choose sheep as an animal model for the origin of

the pubovisceral muscle. This choice was made because they represent an established
reproductive model for humans, have prolonged labor with relatively large fetuses,
spontaneously develop prolapse, have similar pelvic muscles anatomy and were more
available than other large models such as primate?.

The human pelvic floor muscles, or levator ani, can be subdivided in the puborectal,
pubovisceral (also known as pubococcygeal) and iliococcygeus muscles. The human
pubovisceral muscle originates from the pubic bone on either side of the pubic symphysis
and inserts into the perineal body, vaginal wall and the anal canal 2°. In sheep, the levator
ani appears as a uniform muscle 849, and is designated as the ishiococcygeous if one follows
the terminology of Basset, E.G 6. Our dissections confirmed that the ovine ishiococcygeous
originates from the ishium and fans out from the origin to insert into the vaginal wall, anal
canal and tail bones (Figure 1b), consistent with Basset, E.G. 8 (Figure 1a). Although there
are some dissimilarities, we conclude that the origin of the ovine ishiococcygeous muscle is
the most homologous structure to the origin of the pubovisceral muscle in humans.
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2.2 Specimens procurement and preparation

Ten pelvises from female skeletally mature nulliparous sheep were collected thereby
providing 20 specimens of the origin of pubovisceral muscle. Age and weight were provided
for eight pelvises and the longitudinal and cross-sectional dimensions of the pelvic cavity
were measured for all specimens. The breed of the animals was not provided. Two fresh
pelvises, obtained from the Michigan State University Meat laboratory, were double bagged
and stored in the Biomechanics Research Lab at the University of Michigan at —20°C. Eight
pelvises were provided by the University of Minnesota’s Experimental Surgical Services and
sent to the University of Michigan via dry ice shipments.

The pelvises were kept frozen at —20°C for between 3 and 68 days (mean 28 + 16 days).
Each pelvis was thawed in their bags to room temperature overnight for dissection the next
day. After mostly blunt dissection was used to identify the ischococcygeal muscle, a scalpel
was used to free the insertions of the muscle at the vagina, anal canal and coccygeal bone.
The ischocyccygeal muscle takes origin immediately posterior to the obturator foramen
from the posteromedial aspect of the inferior ischium at its junction with the pubic bone.
So the muscle origin and underlying bone were excised en b/oc from the adjacent pelvic
bone by using a bone saw and pruning shears to divide the ischia ventral to the origin and
the pubic bone posterior to the origin (Figure 1). The paired left and right pubovisceral
specimens were then kept in a sealed container in a refrigerator for the mechanical tests to
be performed the following day. Prior to the mechanical tests, the specimens were thawed
to room temperature. A 1x Phosphate-buffered saline (PBS) was used to fully hydrate the
tissues. Then, to avoid a muscle tear caused by grips, the distal end of the muscle specimen
was adhered between two pieces of ripstop nylon (64 gsm) using cyanoacrylate glue. In all
the specimens, the ripstop ended 15 mm from the MTJ. To ensure a proper grip at the bone
end of the specimen, the bone was trimmed and flattened using a DREMEL® equipped with
a flush cut blade. During the preparation, the specimens were kept hydrated by frequently
spraying PBS solution or keeping them covered with a Kimwipe soaked in 1x PBS. Figure
2 shows a specimen prior to the mechanical test, before and after preparation with a digital
caliper showing the scale in mm. Specimens were designated ‘1’ through “10” according

to each pelvis, with an ‘L’ or ‘R’ for left or right origin, respectively. So, a reference to
specimen ‘1R’ and ‘1L’ means they both belong to the same pelvis (No. 1) and are the right
and left ishiococcygeous origin, respectively.

2.3 Experimental design and protocol

This study was divided in two parts. In the first part, ultimate tensile tests were performed, to
characterize the failure mechanical properties of the muscle-tendon-bone unit. In the second
part, relaxations and fatigue tests were performed respectively at 35% and 60% of the failure
displacement. Three specimens were used for the ultimate tensile tests and 16 specimens

for relaxation and fatigue tests. Of these 16 specimens, 3 samples were not tested in order

to remain as untested controls. One specimen was discarded due to tear at the grips during
the ultimate tensile test. The controls were randomly selected from among the 16 specimens
using a custom Matlab® program.
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Custom design clamps were chosen to grip the specimens, however, to completely avoid
slippage, an abrasive sandpaper was also glued via double-sided adhesive tape to each grip.
The sandpaper made direct contact proximally with the bone, and for the other grip contact
with the ripstop nylon. An ADMET eXpert 4500 MicroTest system (Resolution 0.001N)
with MTESTQuattro (version 5) controller and a 100 Ibf load cell (WMC-100, Interface)
was the equipment used for all the tests. Figure 3 shows the specimen inserted in the setup
and ready for testing.

The ultimate tensile tests were performed under displacement control while the specimens
were stretched to failure at a displacement rate of 0.1 mm/s. It was decided not to
precondition the specimens since it changes the stress-strain response of the tissues 10,
Force-displacement data were acquired at a rate of 0.5 s1. Failure properties were obtained
at the peak of the force displacement curve: the mean force to failure and mean displacement
to failure were calculated from the results of all samples. The mean displacement to failure
served as the failure ‘baseline’ for the relaxation and fatigue tests.

The relaxation and fatigue tests were performed under displacement control. For the
relaxation tests, the specimens were stretched up to 35% failure displacement at 10 mm/s
and then the same displacement was maintained for 1000 s. Force-displacement data were
acquired at 0.01 s~ during the first 10 seconds, at 0.1 s~1 between 10 and 100 sec, and at 1
s~1 for the remaining 900 seconds. At the end of the relaxation test the specimen was taken
back to the initial position and allowed to rest for 20 min in the setup. Then, the fatigue test
was carried out. A preload of 0.7 N was initially applied to take up the slight slack caused
by the relaxation test. The specimen was then cyclically stretched between 60% and 45%

of the failure displacement for 60 cycles at a rate of 0.1 mm/s. This is approximately one
loading-unloading cycle every 53 s resulting in a fatigue test with a duration of 53 min. This
duration corresponds with the mean length of a second stage of labor of 54.4 + 23.6 min

28 The 60% failure displacement was chosen because during vaginal birth the levator ani
hiatus has an estimated stretch ratio of 1.62—3.76 23 and we wanted to stretch the specimens
to a large deformation, but one that still lay in the sub-maximal range. Moreover, we
predicted that the specimen would have permanent deformation so, to avoid compression in
the unloading stage, we decided to unload to 45% failure displacement instead of unloading
to the initial position. Force-displacement data were acquired at a rate of 1 s"X. Two cameras
Point Grey GRAS-50S5M-C acquired a picture per second during the test. Testing protocols
are summarized in Table 1

Throughout the mechanical tests, the sample was kept hydrated by regularly spraying 1x
PBS. Samples’ initial cross-sectional area was assumed to be a rectangle and both the
thickness and the width were measured at the MTJ using the digital caliper with a resolution
of 0.01 mm. A minimum of three measurements were performed for each dimension. For the
stress calculation, force was divided by initial and non-deformed cross-sectional area. So,
throughout the manuscript, the plotted stresses are engineering stresses, also known as first
Piola-Kirchhoff stresses, and represent force in the current configuration divided by area in
the non-deformed reference configuration. The stretch can be defined as L¢/L;, where Lg is
the final and L; the initial grip-to-grip distance.
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2.4 Digital image correlation

Digital image correlation was used to track a speckle pattern on a sequence of images
obtained from the fatigue tests in order to calculate the displacement or strain field on the
surface of the specimen. To create the speckle pattern, one surface of the specimen was
sprayed with graphite powder. which was applied with a squeeze bulb pump. The outlet had
a net in order to sift through smaller and more consistent speckle sizes for use. Digital image
correlation was performed using the software Vic-3D 7.

2.5 Permanent deformation

As referred in section 2.2, the distance from the MTJ to the ripstop nylon was originally set
to 15 mm. After the fatigue tests, the same distance was remeasured using a digital caliper
in all the specimens in order to provide an estimate of the permanent deformation due to the
submaximal cyclic loading.

2.6 Microscopic damage assessment

A histological evaluation was performed to assess if there was damage accumulation in

the specimens subjected to cyclic loading at a submaximal level. We were aware that the
freeze/thaw process, to which all specimens were subjected to, can affect the appearance of
the muscle’s microscopic structure, with loss of striation, loss of intracellular staining and
formation of ice crystals 1°. As such, the analysis between the controls and tested specimens
was made with those artifacts in mind when assessing any true mechanical damage.

Due to the size of each sample it was necessary to divide it in two, one part including the
muscle-tendon and the other, the tendon-bone (Figure 4) in order to fit within the histology
slide cassettes. Tendon-muscle sections were again divided in two so that one part was sliced
in the y-z plane and the other in the y-x plane (Figure 4). Tendon-bone sections were only
sliced in the y-z plane. The specimens were fixed immediately after the fatigue test in 10%
Formalin for 3-4 days. In the case of each control, the specimen was kept hydrated with
1xPBS during the testing phase of the contralateral specimen and both specimens were fixed
at the same time.

After fixation, the samples were rinsed under running tap water for 20 min and then
transferred to 70% Ethanol. The tendon-muscle samples were then ready for the paraffin
processing procedure: 1 h in 80% ethanol, 2 h in 95% ethanol, 3 h in 100% ethanol, 3

h in xylene and 3 h in paraffin. Tendon-bone samples had to be decalcified using 20%
EDTA, the decalcification being checked regularly using a FaxitronTMX-Ray Specimen
Radiography System. After decalcification, the tendon-bone specimens were submitted to
the same paraffin processing procedure as the tendon-muscle specimens. The next step was
to embed the samples in paraffin, which was performed using a Leica HistoCore Arcadia
embedding center. A Leica RM2255 microtome was then used to section 5 um slices of all
samples. Samples were stained with Masson’s Trichrome and observed on a Nikon E800
light microscope. The Masson’s Trichrome stain allowed us to distinguish between muscle
cells and collagen fibers, which are stained red and blue, respectively. Cell nuclei stained
black.
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2.7 Constitutive modeling and finite element simulation

Based on our experimental evidence, presented in section 3.1-3.3, we assumed a transversely
isotropic response and considered the viscoelastic behavior. We chose to apply and develop
a phenomenological material model since they tend to have a simpler implementation, which
makes them more robust and computationally efficient than the complex multi-scale models,
and often conduct to similar macroscopic results. Multi-scale models have the advantage
that the material parameters have generally a straightforward relationship to with structural
features 3°, however, depending the desired application they are not always necessary.
Moreover, multi-scale models are computationally more expensive and tend to have a greater
number of material parameters which complicate any real application. We considered the
Holzapfel-Gasser-Ogden (HGO) 22 model for the hyperelastic behavior, paired with the
generalized Maxwell-model for the viscous effects 2021 and a phenomenological fatigue
damage material model, whose law of evolution was developed in this work. So, the
complete material model is transversely isotropic visco-hyperelastic, including a continuous
damage model.

Since the high water content causes soft tissues to be incompressible or quasi-
incompressible 3%, we applied a penalty function for the volumetric contribution to assure
incompressibility. The complete strain energy function can be represented in a decoupled
form as:

oy VSC

W =Wy + [(1 = Dp) - (P + ¥ )| +|(1 = Dp) - (P5 + ¥ )] ®

where ¥, is the volumetric contribution, ¥, is the isochoric matrix contribution, ¥; the

isochoric collagen fibers contribution, ¥,y° and W;*° are the viscous contributions associated

respectively with the ground matrix and with the collagen fibers. Dy (0 < Dy < 1 - 1) are
the continuous damage variables affecting each isochoric contribution of the strain energy.
The index m, f refer respectively to the ground matrix and collagen fibers contributions or
material parameters. The specific contributions can be defined as:

2 —_—
Yol = K(JTI - ln(J)) @)
Y = Cio(I) - 3) ©)
g, K - 2
= 2_k2{eXp[(I4 - 1) ] - 1] 4

@:SC = 27 * a(év fa) ®)

a=1 % =m,f

where J= det F is a measure of the volume variation, being F the deformation gradient. C
= FTF is the right Cauchy-Green deformation tensor and C = J~2/3C is the isochoric right
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Cauchy-Green deformation tensor, associated with the volume preserving deformation of
the material. T) = (C) is the first invariant of the of the isochoric Cauchy-Green tensor and

I4 = 412 = mg - C mg is a pseudo-invariant arising directly from the anisotropy that is equal to
the square of the stretch A¢ in the fiber direction mg. yx, are scalar-valued functions that
may be seen as a dissipative potential and T, are tensorial variables, akin C, and characterize

the viscoelastic isochoric response of the material. a = 1,2, ... m represents the number of
viscoelastic processes, denoted by the number of parallel elements in the Maxwell model.
Each Maxwell element can be represented by a spring in series with a dashpot. The spring
represents the solid behavior and is characterized by a free energy parameter Bxq s=m f’
and the dashpot characterizes the viscous behavior and is function of a relaxation time

Txa %=mf |he material parameters of this constitutive model are: C1q_for the ground
matrix contribution, k; and. K for the fiber contribution, a = 1,2, ... m, B, sx=m f and
T¢a x=m f’ for the viscous contribution and x, which is the bulk modulus, for the volumetric
contribution. Since we wanted to guarantee incompressibility, we defined the bulk modulus
to a very high value, x =100000, which was sufficient to guarantee that /=1 and ¥

= 0. More details concerning the transversely isotropic material model and the generalized
Maxwell model for viscoelasticity can be found elsewhere 20-22,

The novelty of this constitutive model is the continuous damage model, which was
developed using the concept of accumulated equivalent strain 27, as defined by Pefia,

et al 2009 42, This allows for a continuous damage accumulation within the whole strain
history of the deformation process 42. It can be represented as:

gace _ A‘lw@(C)/g,Jm ®)

Which gives a simple equation of evolution:

M

d=7 _ |d¥(C)
d | dt

The damage propagation and accumulation was defined using a modification of Lemaitre
and Plumtree nonlinear cumulative expression 39, in which the ratio between the number of
cycles and the number of cycles to fatigue failure was replaced with the ratio between the
accumulated equivalent strain and its maximum value. We also added a parameter, Dyax.
which allows one to control the weight of the damage variable. This parameter was added
mostly due to numerical problems that often arise when performing a complex simulation
with a damage material model. If the damage variable evolves to be equal to 1 in all the
isochoric strain energy contributions, even if only in one finite element, the simulation stops
since there is no stiffness in that finite element. This indicates that there is a tear in that
region, but it can bring the simulation to an abrupt and early halt. To overcome this problem,
we can now define the maximum amount of damage with the Dy, parameter. Even if

we are expecting a complete tear, we can set it to be almost equal to 1 and complete the
simulation. In our case, we decided to be more conservative and set the maximum damage of
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the ground matrix to 0.9, since no complete tear was observed in the specimens (see section
3).

1/C,

®

=acc

=acc
=tk )
—max

D, = Dmax « 1_(1_

% =m,f

The maximum value of the accumulated equivalent strain 22¢,, the exponent C and the
weight parameter Dpax (0 < Diax < 1) are the damage model material parameters.

One interesting aspect about this law of evolution is that despite its simplicity, we can
consider a linear or nonlinear evolution just by controlling the parameter C. If C<1 the
evolution is nonlinear and faster in the earlier deformation stages, for C=1 the evolution
is linear, and for C>1 it is again nonlinear but slower in the initial deformation stages and
faster closer to the tearing point. For this reason, it is a versatile damage law that can be
applied to different materials.

The criteria for damage evolution can be represented as:

Lh 29 5 0
~acc dt
= = ©)
0, 5“<0

To calibrate the constitutive material parameters (with exception of Dyax 5¢), @ micro-genetic
algorithm was developed using MATLAB® integrated with Python and ABAQUS® finite
element software. Succinctly, the micro-genetic algorithm generates randomly a micro
population of nine elements. Afterwards, the fitness of each element is analyzed, and the
fittest element is carried on to the next generation. The remaining elements go through

a tournament selection strategy in which the winner elements become parents to the next
generation. To develop the next generation, these parents suffer a crossover to create the
elements of the next generation. After this, the convergence of the population is checked
and if there is no diversity, the micro-population is restarted randomly, with exception of the
fittest element, which is always carried to the next generation. In this work, the elements

of the population were the constitutive model parameters and the fitness of each element
was evaluated using a least squares evaluation function, Fe, between the experimental data
and the solution from the numerical software ABAQUS®, in which our material model was
implemented via user-defined subroutine UMAT:

(10)
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n is the number of considered experimental points and P and P;F are respectively the

engineering stresses in the direction of the applied stretch from the experimental data and
from the numerical simulation in ABAQUS®.

The simulation was performed to replicate the experimental protocol of the fatigue
experimental tests, including the 60 cycles and 3212 experimental points. The geometrical
model used to calibrate the parameters is presented in Figure 5 and it is a simplification
of our average specimen. Only 1/8 of the specimen was modelled since we applied
symmetry boundary conditions. The mesh consists in 224 eight-node brick elements
(C3D8). The bottom elements were clamped to simulate the grip in the experimental test.
The fibers were assumed to have a principal direction, which was defined in the direction
of the applied stretch. The variable used to compare with the experimental data was the
engineering stress in the direction of the applied load. We decided to use an averaged
response of all the finite elements in the geometrical model, since our experimental data
corresponds also to an averaged response of the complete specimen. Since we calibrated
the material parameters from all the contributions (hyperelastic, viscoelastic and damage)
simultaneously, the constitutive model is able to capture the overall behavior, thereby
overcoming the inconsistency that might occur with the Generalized Maxwell model for
viscoelasticity 44.

To evaluate the fitting, we calculated the coefficient of determination and the absolute error
mean. The coefficient of determination can be obtained as:

S
2 res
R*=1-

Stot

(11)

2. . .
where Spes = Zn l(Pie - P}P) is the sum of the squares of the residuals with the
1=

. 2. .
experimental data values and Sio; = X7 = I(Pie - Pf) is the total sum of squares, with the

mean of the experimental data P_f, and nis the number of data points.

The absolute error mean can be defined as:

(12)

where Z?: 1|Pe P;P‘ is the sum of the absolute differences between the experimental data

i —

and the numerical values and 77is the number of data points.

The coefficient of determination is widely used, and varies between 0 and 1, being 1 the
optimal value. The mean absolute error allows to quantitatively analyze the differences and,
when compared with the resolution of the experimental measurements, can also be a tool to
test the fitting. In our work, since we are analyzing engineering stresses, the resolution can
be obtained dividing the force resolution by the area resolution. According to the ADMET
specifications, the force resolution is 0.001N, and due to the digital caliper used in the
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area measurements, area resolution is 0.01mm2. As such, the resolution of the engineering
stresses is 0.1 MPa.

After calibrating the constitutive model parameters, we decided to use the finite element
model to better understand the response of our specimen and its material properties. As
presented in sections 3.2 and 3.3, the specimen has a visco-hyperelastic behavior and shows
signs of material damage. As such, applying the same simulation used for calibrating the
material parameters, we compare the response considering the complete constitutive model,
with a response including only a viscoelastic behavior and including only the continuous
damage model. This helps one understand the effect of each contribution.

3. Results

The longitudinal length (approximate distance between pubic symphysis and coccyx) and
cross-sectional width (approximate distance between the obturators) were measured in all
pelvises to be 11.85+1.86mm and 10.13+3.14mm, respectively. The weight and age of the
sheep was provided in the 8 pelvises (16 specimen) used for the relaxation and fatigue tests
and were 83.31£8.2Kg and 1 year 10 months£7 months, respectively.

The mean width of all the specimens at the MTJ was 14.89+2.63mm, the thickness was
3.07+£0.57mm and the initial grip-to-grip distance 25.72+6.24mm.

3.1 Ultimate tensile tests

The average results of the force-displacement curve are illustrated in Figure 6a. Using the
averaged response, the ultimate tensile displacement was 17.1+2.4mm and the ultimate
tensile force 79.8+8.8N. Normalizing, the ultimate tensile stretch was 1.97+0.45 and the
ultimate tensile engineering stress 2.1+0.2 MPa.

3.2 Relaxation tests

In the relaxation tests, the specimens were stretched 6 mm (35% failure displacement)

and the displacement was maintained during 1,000 s. The normalized engineering stress-
time curve of the experiments and its averaged response is illustrated in Figure 6b. The
normalized engineering stress is the current stress divided by the peak stress. At the end of
the 1,000s there was an 81+3.8% stress relaxation.

3.3 Fatigue tests

The fatigue tests consisted in 60 cycles of stretching the specimen until 10.3mm (60%
failure displacement) and return the position until 7.7mm (45% failure displacement). The
averaged response of the engineering stress-stretch curve and the engineering stress-time
curve is illustrated in Figure 6¢-d. Due to the amount of data in these graphics, we
decided to present only the mean response. All the specimens presented visible permanent
deformation after the fatigue tests, yet no macroscopic failure was visible.

The strain distribution in one example specimen, obtained from the digital image correlation,
is illustrated in Figure 7. It shows the evolution of the strain field during the fatigue
test. Each picture captures the specimen during a loading peak cycle, specifically during
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the 15t 20t 40t and 60t peak cycle. The video with the strain distribution throughout
the simulation is presented as supplementary material. The averaged measured permanent
deformation was 7.37+2.20mm, which in terms of stretch corresponds to 1.49+0.15.

3.4 Histologic assessment

Figure 8 illustrates muscle-tendon sections from both control and tested specimens. All

the pictures were obtained from the muscle portion approximately 5-15mm from the MTJ.
Compared to the untested controls, it is possible to see significant fiber disruption and
increase in the interstitial spaces in the specimens stretch at 60% failure displacement for 60
cycles. Figure 8f and g) illustrate individual fiber disruption occurring adjacent to apparently
normal muscle fibers. Figure 8d and h) show kinked and distorted muscle fibers, which we
take as one sign of cumulative damage.

Figure 9 shows sections from muscle-tendon specimens at the MTJ. Figure 9a-b show
muscle fibers attaching to the collagen fibers from the tendon. Although the two sections are
from tested specimens, both collagen and muscle fibers show a normal appearance. Figure
9c-d show an area of just collagen fibers, being d) a control specimen. Although collagen
fibers seem to be more crimped in the untested specimen, there are no evident signs of
damage in the collagen tissue.

Finally, Figure 10 shows structures from tendon-bone specimens. No signs of damage are
visible in the muscle fibers (Figure 10a) in the collagen fibers (Figure 10c) or in the
tendon-bone junction (Figure 10g).

3.5 Calibration of constitutive parameters

Using the micro-genetic algorithm, we calibrated the constitutive parameters to capture

the visco-hyperelastic behavior, including the fatigue damage that we obtained from the
experimental tests. Figure 11a and b compares the calibrated constitutive model from section
2.7 with the fatigue experimental data. We were more interested in capturing the stress
decrease due to the viscoelastic behavior and due to the fatigue continuous damage, as such,
we were more focused in capturing correctly the peak values in each loading cycle. Looking
at all the data points in Figure 11a the coefficient of correlation is 0.891, not as good as
when we focus only on the peak points (Figure 11b) which is 0.912. Moreover, the mean
absolute error considering all the 3,212 data points was 0.051 MPa, while considering only
the peak points it was 0.027 MPa. Since both absolute errors are lower than the precision

of the stress calculation, which is 0.1 MPa (see section 2), we believe our correlation is
sufficient to capture the behavior of the material. The calibrated material parameters are
presented in Table 2.

3.6 Numerical analysis and interpretation of the specimen behavior

In this section we used the geometrical and material model described in section 2.7 to

better interpret the experimental results from the fatigue tests and the overall mechanical
behavior of the specimen. We performed a simulation of the fatigue tests using the complete
constitutive model with the calibrated parameters described in Table 2, but also for a
material that is only visco-hyperelastic, without damage, and one that is only hyperelastic
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including damage. The purpose was to analyze separately the effects of viscoelasticity and
the effects of material damage on the response of the biological materials.

Figure 11c shows the normalized engineering stress-time response for the three materials.
The stress was normalized dividing by the peak value of each curve, which allows for a
better comparison of the results. We can see that viscoelasticity is responsible for most of
the energy dissipation in the first loading cycles. However, after approximately 10 loading
cycles it reaches an almost equilibrium state, and the stress softening occurs mostly due

to the continuous damage model. Combining both models, we have the solution that most
approaches our experimental data. This confirms that our specimen has a characteristic
behavior of a visco-hyperelastic material and that the 60 cycles at 60% failure displacement
were sufficient to cause material damage.

4. Discussion

We believe that this is the first study investigating the biomechanical properties of the
origin of the most caudal pelvic floor muscle, the ovine ishiococcygeous muscle, which
serves as a homolog to the origin of the pubovisceral muscle in humans 6. The primary
finding of this research is that the origin of the ishiococcygeous muscle can accumulate low
cycle fatigue damage under sub-maximal repetitive loading. This was observable not only
in the stress-time curves but also in the microscopic analysis performed afterwards. The
significance of the most caudal pelvic floor muscle is that in both the sheep and human, this
muscle is the muscle that has to stretch the most in order to allow the fetal head to pass out
of the birth canal, and it is the most likely to suffer a stretch-related injury.

As expected, the material behavior of the specimen was nonlinear and hyperelastic. This can
be seen by the force-displacement curve from the ultimate tensile tests since the specimen
was highly deformable and the relation between force and displacement was nonlinear
(Figure 6a). We did not find data in the literature for the failure properties of the origin of the
pubovisceral muscle in humans or animal models. However, there is ex-vivo data on human
vaginal tissue, that has been reported to fail at a stress of 2.1-3.5 MPa and a stretch of
1.30-1.33 15:36 and also on human pelvic ligaments, with the uterosacral ligament reportedly
failing at a stress of 6.3 MPa and a stretch of 1.59 37 and the round ligaments at a stress of
4.3 MPa and a stretch of 1.77 37. There is also one study that reports ex-vivo failure of a
segment of human levator ani at a stress of approximately 0.24 MPa and a stretch of 1.37

40 Although these are different structures, it gives a baseline for the order of magnitude of
the failure parameters of biological tissues in the pelvic region. We obtained a failure stress
of 2.2 MPa and a failure stretch of 1.97, which is of the same order of magnitude of values
found in the literature for tissues in the pelvic region providing some face validity.

The relaxation test allowed us to see that the origin of the ishiococcygeous muscle is
highly viscoelastic since there is a significant stress relaxation when maintaining the same
displacement for 1000 s. In fact, we obtained an 81% decrease of the stresses after the
1000 s (Figure 6b). Viscoelasticity is extremely important for biological tissues, but most
especially for tissues in the female pelvis, since it allows tissues to withstand larger
deformations with less damage 1. This is particularly important during childbirth since it
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is the relaxation of the vagina and other pelvic floor tissues over time that allow further
dilatation as labor progresses 24.

The mechanical effect captured from the fatigue tests confirms both the nonlinear
hyperelastic and viscoelastic behavior. During the first cycle there is a significant hysteresis,
which indicates a substantial energy dissipation. Over time the effects of hysteresis diminish,
but not to an equilibrium state. This equilibrium state means that over time a steady state
would be reached in the response of the tissue, typically in 10-20 cycles, if there was no
damage to the material 1:38. However, it can be seen in the stress-stretch curve and in the
stress-time curve that our material does not reach a steady state in the 60 cycles (Figure

6¢ and d). This indicates that there is continuous energy dissipation for which material
damage is responsible. Besides the indication of damage due to the energy dissipation seen
in the stretch-time curves, we also observed macroscopically that the specimen exhibited
permanent deformation after the fatigue tests. However, no macroscopic tears were visible
during and after the test. So what might be responsible?

The histological analysis took our findings to another level. It confirmed the presence of
damage at the microscopic scale and showed the weakest regions of the bone-tendon-muscle
unit that constitutes the origin of the ishiococcygeous muscle. The main findings were
individual muscle fiber rupture and kinked muscle fibers that occurred in the muscle in an
approximately 5-15 mm region of the MTJ (Figure 9). Importantly, neither the MTJ nor

the tendon-bone sections showed any apparent sign of damage (Figure 10). Moreover, we
could not identify obvious signs of damage in the collagen fibers, although compared with
the untested controls, fatigued specimens did seem to have less crimped collagen fibers
(Figure 9c and d, Figure 10c and d). This is consistent with the results from the strain
distribution obtained through the speckle pattern (Figure 7) that shows engineering strains
of approximately 0.85 in the muscle and musculotendinous region, but only 0.15-0.45 in
the tendon and tendon-bone region for the same globally applied stretch. So, we rejected
our working hypothesis and instead accepted one of the alternatives hypotheses, namely that
the accumulation of damage occurred at a different site than the tendon-bone junction. In
particular, we verified accumulation of damage in the muscle fibers near the MTJ.

To have a better understanding of the characteristic behavior of our specimen, we developed
and implemented a visco-hyperelastic material model including continuous damage. Using
the finite element software ABAQUS® and the user-defined subroutine UMAT, we were
able to simulate the fatigue test mimicking our experimental protocol. We included the
material having a visco-hyperelastic behavior because of the experimental fatigue curves
that we obtained. We were able to confirm that behavior by performing the same simulation
considering only an hyperelastic material with continuous damage and a visco-hyperelastic
material without damage. We saw that the viscoelasticity is responsible for the major
energy loss in the first 3—4 cycles (Figure 11c). This is a defense mechanism of soft
biological tissues, since for the same applied stretch, the stresses decrease, allowing tissues
to withstand larger deformations with less damage. On the other hand, the continuous
stress softening that is observed throughout the remaining loading cycles does not occur
due to viscoelasticity. Comparing the purely visco-hyperelastic material with the visco-
hyperelastic material including continuous damage, we can see that after 34 cycles the
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stresses continue to significantly decrease for the material where damage is considered. For
the visco-hyperelastic material without damage, there are only minor decreases, because
the material reaches an equilibrium. However, this stress softening that is associated with
continuous damage is not a defense mechanism as it occurs with viscoelasticity. On the
contrary, it occurs because the repetitive loading causes material damage accumulation
capable of affecting the microscopic-scale mechanical properties of the material. In other
words, it weakens the material, making it more prone to tear due to a load that in an
undamaged state would not be enough to cause failure.

Numerous studies have been focused on the effects of cyclic loading in collagen fibers and
collagen fibrils, reporting signs of accumulated damage as kinked patterns in the collagen
fibers and fiber disruption 216:46.51.52 According to Fung, D.T er al. 16, initial fatigue
loading lengthens the collagen fibers from a crimped to an uncrimped state. Continued
loading causes stretching of a local population of collagen fibers into their plastic range of
deformation, causing the formation of kinked deformation patterns. Further loading leads
to rupture of the plastically deformed collagen fibers. However, only the tendon or other
collagenous structures were being tested in those studies. Here, we included the complete
muscle origin and show that the weakest region in the passive ishiococcygeous muscle is
the muscle near the MTJ. The collagen fibers showed significant less deformation and after
the 60 loading cycles they only appear to be less crimped than the untested controls. This
is consistent with the initial fatigue loading phase postulated by Fung, D.T et a/. 16. One
interesting fact is that cyclic loading seems to affect the muscle fibers in a similar way than
the collagen fibers, since we could see in the histological analysis that the muscle fibers are
deformed into their plastic range, which caused kinked muscle fibers and fiber disruption.

The present study has several limitations. First, our specimens came from non-pregnant
sheep and since it is expected that pregnant pelvic tissues are more compliant 43, the amount
of damage may have been overestimated in this study if one is considering the second

stage of labor. Secondly, this was an /in vitro study of passive inert muscle and the muscle-
tendon-bone unit may behave differently /n vivo, especially given that active contractions
can occur. With active contractions the muscle and collagen fiber stress would be expected
to increase 7, so considering this aspect, our present observations of the extent of damage
accumulation may be conservative. Thirdly, we froze the specimens once, which might have
had some influence on the tissues 19, although we bore that in mind when studying the
histological sections. Fourthly, we saw with the speckle pattern that the strain distribution

is not the same throughout the specimen, so interpretation of the engineering stress-strain
curves needs to take that into account. In effect, they represent an averaged overall behavior
of the bone-tendon-muscle unit. Fifthly, the digital image correlation software did not

work over the duration of the experiment for all the specimens, so we did not obtain the
strain field throughout the fatigue experiment in the 13 tested specimens. We believe this
happened since we have a high deformation and a long experiment, which caused the
software to lose correlation of the speckle points as the experiment progressed in some of
the specimens. In the future we plan to test beforehand better ways to apply the speckle
pattern in order to overcome this problem. Lastly, from a structural point of view the part of
the ishciococcygeal muscle that is the closest homolog to the human pubovisceral muscle is
the part that inserts onto the sheep lateral vagina, in a similar manner that the pubovisceral
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muscle inserts onto the human perineal body and lateral vagina. Hence it might be fruitful
in the future to focus on the mechanical behavior of this subdivision of the muscle (i.e., the
medial- most of the two ‘TM’ specimens visible on the right side of Figure 4).

Nevertheless, we believe this study is the first to characterize biomechanically the origin of
the ishiococcygeous muscle, a homologous structure to the origin of the pubovisceral muscle
in humans. It showed that the complete bone-tendon-muscle origin exhibits a nonlinear

and highly viscoelastic behavior, even in a non-pregnant state. The weakest region is the
muscle near the MTJ, which is the material that has the highest deformation for the same
applied stretch. When cyclically stretched at a sub-maximal displacement, it is capable of
accumulating damage at a microscopic level, which weakens the material. The evidence

of damage accumulation included kinked muscle fibers and muscle fiber disruption in the
areas with higher deformation, namely in the muscle near the MTJ. We also developed a
material constitutive model, applicable in ABAQUS® finite element software, that was able
to capture the stress softening due to viscoelasticity and the continuous damage. This can
be useful for testing more complex loading scenarios that occur during the second stage of
labor.

We believe that this work can guide future studies on the origin of the pubovisceral muscle.
Future work should be focused on verifying our findings in pregnant tissues and in human
specimens, if possible. This is an important topic since the origin of the pubovisceral muscle
is commonly torn, sometimes completely so, during a difficult vaginal delivery; it is never
repaired because the surgical risk outweighs any benefit. Understanding the behavior of

the weakest region of the bone-tendon-muscle unit is important in helping to improve the
management of injury afterwards. But even more important is the urgent need to prevent
the injury in the first place. If our results are corroborated by others, understanding that

the muscle can accumulate damage with repetitive large loading cycles, which can weaken
the region and make it prone to tear, could lead to a change and standardization in the
management of labor. Currently, there are different pushing techniques that lead to different
pushing patterns that cause different numbers of pubovisceral muscle loading cycles during
the second stage of labor 31,

This is the first study to show the possibility of fatigue damage accumulating at the origin
of the last pelvic floor muscle engaged by the fetal head during delivery, namely the
ishiococcygeous muscle in sheep, which corresponds to the pubovisceral muscle in humans,
the muscle that undergoes the greatest stretch at the end of the second stage of delivery.
Although further studies are needed, we hope that our findings trigger additional research in
this area that can ultimately lead to designing an improved management of labor, with better
outcomes for the mother.

5. Conclusions

Our findings showed that the origin of the ishiococcygeous muscle from mature sheep, a
muscle that is homologous to the pubovisceral muscle in humans, can accumulate damage
at the microscopic level due to a sub-maximal repetitive loading of only 60 cycles at

60% failure displacement. This damage accumulation was seen in the muscle from 5 to
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15 mm from the MTJ. Evidence of damage was the presence of kinked muscle fibers,
indicating permanent deformation, and individual muscle fiber rupture. Although there was
not sufficient data to confirm this, it is possible that the first stage of fatigue is the permanent
deformation of muscle fibers, which cause the fiber kinking. With the continuity of the
loading cycles those kinked fibers eventually tear. Besides the microscopic evidence of
damage, the 60 cycles at 60% failure displacement were sufficient to affect the mechanical
properties of the specimen, as seen by the continued energy dissipation in the stress-time
curve.

This work showed that the weakest region in the bone-tendon-muscle unit of the ovine
ishiococcygeous muscle origin to be the muscle near the MTJ, and that muscle can
accumulate damage due to a repetitive sub-maximal loading that negatively affects its
mechanical properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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W\ Ischio

COCCYgeous
e Origin

Superior view of the ovine pelvic floor. a) schematic representation showing the origin and
insertion of the ishiococcygeous muscle, adapted from Basset. E.G 6. b) posterolateral image
showing the origin of the left ishiococcygeous muscle (pubic bone already trimmed at the
proximal end) and the muscle fanning out and inserting onto to vaginal wall, anal canal, and

coccygeal bone of tail.
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Figure2 -

An anterolateral view of the ischiococcygeus muscle specimen after dissection: a) prior to
preparation the medial surface of the (left) pubic bone can be seen at top with the bony
origin (white collagenous tissue) of the muscle visible to the left of the small rectangular-
shaped piece of clear skin tape (which itself lies over where the obturator foramen would
normally be, the ischiococcygeus tendon with undisturbed margins, the MTJ and muscle
proper below; b) after preparation consisting of adhering the ripstop nylon to both side of
the muscle to within 15 mm of the MTJ. The jaws of the digital caliper serve as a 20 mm
scale.

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2022 April 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Vila Pouca et al.

Page 23

Figure3-
Specimen inserted in the setup, hydrated with PBS, and ready for testing.
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Figure4 -

Illﬂstration showing how ischiococcygeal muscle specimens were divided (dashed lines
with scissor logo) for histological evaluation: Tendon-Bone (TB) and Tendon-Muscle (TM)
sections. Tendon-Bone samples were sliced with the microtome in the y-z plane. Tendon-
Muscle samples were divided in two, according to the figure, and one section was sliced in
the y-x plane while the second was sliced in the y-z plane.
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Figure5-
Finite Element model for the simulation of the experimental fatigue tests integrated in the

micro-genetic algorithm for the calibration of the constitutive model parameters. The finite
element model consists in a simplification of 1/8 of the averaged specimen. Representation
of the boundary conditions and direction of the applied stretch. a) initial configuration b)
deformed configuration at the peak displacement.
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Figure6 -
Force-displacement curves from the ultimate tensile tests (dashed lines). a) Averaged

response: mean + SD (standard deviation) (solid line). b) Averaged response of the
relaxation tests: normalized engineering stress (current stress/peak stress) of all the
experiments (dashed lines). Averaged response: mean + SD (solid line). c-d) Averaged
response of the fatigue tests c) engineering stress-grip to grip stretch d) engineering stress-
time.
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Figure7 -
Evolution of the engineering strain eyy distribution throughout the fatigue test in specimen

6R.
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Figure 8-
Histological appearance of muscle-tendon sections with Masson’s Trichrome stain.

Comparison between untested controls (a-b) and fatigued specimens (c-h) (60 cycles
between 60% and 45% of failure displacement). Fatigued specimens show kinked muscle
fibers, individual fibers disruption and increase in interstitial spaces. a) Specimen 4L —
control ( ~5-10mm of MTJ, x10) b) Specimen 4L — control ( ~10-15mm of MTJ, x10) c)
Specimen 5R ( ~10-15mm of MTJ, x10) d) Specimen 10L ( ~10-15mm of MTJ, x 10) €)
Specimen 10R ( ~10-15mm of MTJ, x10). f) Specimen 5L ( ~10-15mm of MTJ, x10) g)
Specimen 10L ( ~10-15mm of MTJ, x20) h) Specimen 10L ( ~5-10mm of MT]J, x20).
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Figure9-

Hi%tological appearance of muscle-tendon sections at the MTJ with Masson’s Trichrome
stain. Collagen and muscle fibers with normal appearance in the MTJ and in the collagen
fibers. a) Specimen 9L (x4). b) Specimen 10L (x20). c) Specimen 10R (x20). d) Specimen
4L - control (x10).
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Figure 10 -
Histological appearance of tendon-bone sections with Masson’s Trichrome stain with

normal appearance comparing untested controls and fatigued specimens (60 cycles between
60% and 45% of failure displacement) shows a normal appearance. a) Specimen 5L (x20)
b) Specimen 3R- control (x10) c) Specimen 5R (x20) d) Specimen 4L — control (x20) €)
Specimen 5R (x20) f) Specimen 3R — control (x40).
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a-b) Calibration of constitutive model parameters for the averaged response of the fatigue
tests. a) comparison and coefficient of correlation with all the 3212 data points. b)
comparison and coefficient of correlation for the peak points. ¢) normalized engineering
stress-time response of the experimental fatigue test simulation for different materials. Pink
curve represents a visco-hyperelastic material including continuous damage, yellow curve
represents a visco-hyperelastic material and blue curve an hyperelastic material including
continuous damage.
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Table 1 -

Summary of the testing protocols.

Procedure 1: Uniaxial Tensile Tests (N=3)
= Uniaxial Tension in the y-direction up to failure: displacement control, rate 0.1mm/s

Procedure 2: Relaxation and Fatigue Tests (N=13)

= Stress relaxation in the y-direction at 35% failure displacement: rate 10mm/s stretch, 1000s holding

= Rest 20 min in the initial position

= Preload 0.7N

= Uniaxial tension in the y-direction up to 60% failure displacement, unload to 45% failure displacement: displacement control, 60 cycles, rate
0.1mm/s
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Table 2 -

Constitutive model parameters obtain from the micro-genetic algorithm optimization.

Hyperelastic Parameters  Viscoelastic Parameters  Continuous Damage Parameters

Cy0=0.14 MPa Bm =5.08 (-) Dimaxm = 0.9 (<)
k; = 0.05 MPa =3359s —=acc
1 Tt B4¢C m =4.07 MPa
kp=0.23 () Bm2=0.79(-) Crn=1.65(-)
Tmp=44.14s Dmaxf=1.0(-)

—dacc
B9¢¢ ¢ =2.25MPa
Ce=027(-)
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