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ABSTRACT:
From a biomechanical perspective, female reproductive health is an understudied

area of research. There is an incomplete understanding of the complex function and
interaction between the cervix and uterus. This, in part, is due to the limited research into
multiaxial biomechanical functions and geometry of these organs. Knowledge of the
biomechanical function and interaction between these organs may elucidate etiologies of
conditions such as preterm birth. Therefore, the objective of this study was to quantify the
multiaxial biomechanical properties of the murine cervix and uterus using a biaxial testing
set-up. To accomplish this, an inflation-extension testing protocol (n=15) was leveraged to
quantify biaxial biomechanical properties while preserving native matrix interactions and
geometry. Ultrasound imaging and histology (n=10) were performed to evaluate regional
geometry and microstructure, respectively. Histological analysis identified a statistically
significant greater collagen content and significantly smaller smooth muscle content in the
cervix as compared to the uterus. No statistically significant differences in elastic fibers
were identified. Analysis of bilinear fits revealed a significantly stiffer response from the
circumferentially orientated ECM fibers compared to axially orientated fibers in both
organs. Bilinear fits and a two-fiber family constitutive model showed that the cervix was
significantly less distensible than the uterus. We submit that the regional biaxial
information reported in this study aids in establishing an appropriate reference
configuration for mathematical models of the uterine-cervical complex. Thus, may aid
future work to elucidate the biomechanical mechanisms leading to cervical or uterine

conditions.



INTRODUCTION

Recent work on the female pelvic floor emphasized the importance of quantifying
biaxial properties to improve basic understanding of physiological function and
pathologies of the female reproductive tract (Baah-Dwomoh et al. 2016, Myers et al. 2015,
Becker and De Vita 2015, Manoogian et al. 2008). For example, cervical insufficiency or
pelvic organ prolapse have an unknown etiologies, however, remodeling of microstructure
and a dynamic loading environment play a significant role (Leppert et al. 1987, Yoshida et
al. 2014a, Luo et al. 2015). Fluctuations in geometry and microstructural composition
dictate changes in biomechanical properties and organ function in response to physiologic
changes such as cyclical hormones, pregnancy, and post-partum recovery (Yoshida et al.
2014a, Akins et al. 2011, Ferland, Darios and Watts 2015).

Two organs of interest, the cervix and uterus, have complex functions, geometry,
and microstructure. Previous work quantified the microstructure and mechanical response
of the cervix and uterus in human (Danforth 1947, Rorie and Newton 1967, Leppert,
Cerreta and Mandl 1986, Conrad et al. 1966, Pearsall and Roberts 1978), rat (Harkness
and Moralee 1956, Harkness and Harkness 1959, Sharrow et al. 1989), and mouse (Leppi
1964, Loeb, Suntzeff and Burns 1938, Yoshida et al. 2014b). To date, cervical and uterine
biomechanical properties are primarily determined uniaxially (Harkness and Harkness
1961, Conrad et al. 1966, Pearsall and Roberts 1978, Myers et al. 2010, Yoshida et al.
2014a, Barnum et al. 2017). However, the cervix and uterus are loaded multiaxially within
the body, resulting in changes in luminal diameter and length with the menstrual cycle and

alterations in intra-abdominal pressure (Bulletti et al. 2000, Harkness and Harkness 1959).



Planar uniaxial or biaxial testing require sample preparation that alters the shape of
the tissue and does not preserve the matrix-cell interactions. Biaxial inflation-extension
protocols, contrastingly, preserve tissue geometry, ECM interactions, and permit
evaluation of tissue anisotropy within an estimated physiologic axial extension over a
physiologic range of pressures (Van Loon 1976, Gleason et al. 2004, Amin, Le and
Wagenseil 2012, Bersi et al. 2014). This technique, to date, has not been used for the
murine cervix or uterus.

A need remains to investigate the biomechanical properties of the organs to better
understand the axial-circumferential interactions within the organs and to investigate the
organs as a continuous structure. Maintaining the organs’ native geometry and matrix
interactions enables quantification of the gradient of mechanical properties through the
reproductive tract. Quantifying the geometry, microstructure, and biomechanics of each
organ is necessary to develop accurate models to determine the causes of reproductive
pathologies (Fernandez et al. 2016, Westervelt et al. 2017, Lepage et al. 2015). Therefore,
the objective of this study was to quantify the regional biaxial biomechanical properties,

geometry, and microstructure of the murine cervix and uterus.

2. MATERIALS AND METHODS
2.1 Animal Care

The use of animals were conducted with the approval of the Institutional Animal
Care and Use Committee (IACUC) at Tulane University and Purdue University. A total of
n=16 (10 from Purdue University and 6 from Tulane University) virgin female C57BL/6J
mice at 4-6 months of age were utilized for the study (Jackson Laboratory, Bar Harbor,

ME). Mice were housed in a 12-hour light/dark cycle on a normal diet. Estrous cycle phase



was monitored and determined visually. All experiments were performed on female mice
at estrus (Byers et al. 2012).
2.2 Ultrasound imaging of in vivo geometry

Reproductive tracts from 10 female C57BL/6J mice between 4-6 months of age
were imaged using a Vevo2100 ultrasound system (FUJIFILM VisualSonics, Inc, Toronto,
ON, Canada) (Fig. 3). Utilizing a 22-55MHz transducer with a central frequency of 40MHz
(MS550D) and a linear step motor, 2D short axis B-mode slices were taken with a step size
of 0.19mm along the length of the reproductive system and compiled into 3D
representations (Fig. 4).

Measurements of thickness and diameter were taken at the base of the uterine horn
and the mid-cervix (Fig. 5A, 5B). Animals were euthanized at estrus via CO; inhalation,
frozen at -20°C, shipped to Tulane University, and stored at -20°C. Noting that prior
research determined there are no significant effects of a freeze-thaw cycle on the passive
mechanical behavior of the cervix (Yoshida et al. 2016).

2.3 Sample collection and preparation

Stain markings were placed every 3mm along the exposed reproductive tract with
India Ink (Dick Blick Art Materials, Galesburg, IL) (Robison et al. 2017). Markings were
placed immediately inferior to the ovary, centered on the cervix, and immediately superior
to the vaginal introitus. During excision, the reproductive organs retracted from their
original positions. For repeatability, singular cuts were made superior to the mark above
the central cervix mark and inferior to the mark below to the central mark for a known in
situ length of 6mm as an initial approximation of physiologic length (Fig. 1A) (Robison et

al. 2017).



Samples were bathed in Hank’s balanced saline solution (HBSS) at 4°C, excess
vaginal tissue removed from the exterior of the external os, and one uterine horn was
randomly selected for mechanical assessment while the secondary uterine horn was ligated
with 6-0 silk suture (Fig. 1B,C). Specimens were cannulated at the uterine horn and
external os within a myograph inflation-extension device (Danish MyoTechnologies,
Aarhus, Denmark; Fig. 1C) with 6-0 silk suture.

Cannulated specimens were stretched to an estimated unloaded length visually
determined as the length wherein the organ was not in compression or tension. A Nikon
Eclipse TS100 inverted microscope (Nikone, Melville, NY, U.S.A.) optically measured
unloaded ex situ diameters at the uterine and cervical regions and digital calipers measured
ex situ lengths. Samples were maintained at 37°C in HBSS.

2.4 Biomechanical testing

Utero-cervical complexes from Purdue (n=10) and Tulane (n=6) were utilized for
extension-inflation testing. Extension-inflation testing permits evaluation of changes in
organ diameter in response to variations in intraluminal pressure (pressure-inflation tests)
and a controlled length to simulate multiaxial loading within the body (Bulletti et al. 2000,
Harkness and Harkness 1959). Extension-inflation testing permits measuring changes in
axial force and organ diameter while increasing the organ’s length and maintaining a
constant intra-luminal pressure (force-elongation tests).

Prior studies show that the measurement of organ mechanical properties is more
consistent, repeatable, and mathematically interpretable following preconditioning (Fung,
Fronek and Patitucci 1979). Preconditioning provides organs with a “memory” of applied

loads and minimizes any permanent (plastic) deformations or loss of energy during



mechanical testing (Fung et al. 1979). The pressure-inflation preconditioning consisted of
five cycles performed over a physiologic range of pressures (P=0 to 200mmHg) (Fig. 2B)
(Lumsden and Baird 1985, Humphrey 2002, Milsom, Andersch and Sundell 1988). This
was followed by five cycles of force-elongation preconditioning at a constant pressure of
67mmHg (1/3 of maximum physiologic pressure) up to 10% above the unloaded length.

An estimated physiologic length was approximated utilizing the assumption that
minimal changes in force occur over a range of pressures at the in vivo length to conserve
energy (Van Loon 1976). The specimen was stretched above the unloaded length to the
known in situ length (6mm). The organs was subsequently stretched or compressed around
the estimated value until the force remained near constant over a range of pressures (Fig.
2).

Subsequently, the organs are subjected three cycles of increasing pressure (P=0-
200 mmHg) at static lengths £2% estimated physiologic lengths (Fig. 2) within a
physiologic range above and below the physiologic length determined previously.
Cyclically pressurizing the organs at set lengths permits quantification of the mechanical
response of the organ throughout a range of physiologic changes.

Force-elongation cycles are performed in which pressure (P = 10, 67, 133, and
200mmHg) is held constant and the length of the organs is cycled through the physiologic
range of organ lengths (2% estimated physiologic lengths). Assuming that organs have a
preferred length to conserve force over a range of pressures, the force-elongation protocol
confirms the estimated physiologic length at the intersection point of the force to axial
stretch ratio, A4, (Van Loon 1976, Amin et al. 2012).

2.5 Thickness and volume calculation



Following biomechanical testing, 0.5mm thick rings were isolated from the mid-
region of the cervix and uterus and imaged with a Moticam 580 HD Digital Camera and
Motic Images software (Motic® Richmond, British Columbia). For data analysis of 4
samples, an averaged data set of thickness values (626+22.9 um for the cervix and 690
+19.2 pm for the uterus) was utilized. A custom MATLAB code calculated unloaded wall
thickness from the ring images (Bersi et al. 2014, Ferruzzi, Bersi and Humphrey 2013).

Assuming a simplified geometry (hollow cylinder), the unloaded cervical and
uterine volumes (V) were determined using equation:

V=nL(R%-R?), ()
where L is the unloaded length and R» and R; are the undeformed outer and inner radii,

respectively.

2.6 Histology

Cervical and uterine rings 0.5mm thick (#=10) were isolated, fixed in 10% formalin
solution for 24 hours, embedded in paraffin wax, and cut into 4um serial sections. The
sections were then stained with Hart’s elastic stain, Picrosirius Red (PSR), and Masson’s
Trichrome (MT). Images were subsequently taken using an Olympus BX51 microscope,
an Olympus DP27 Digital Camera, and cellSens™ software (Olympus Corporation, Center
Valley, PA, U.S.A.) at 4x and 10x magnification.

All samples were analyzed at 4x magnification. A custom MATLAB code
determined ratios comparing large to small diameter collagen fibers assuming that red and
orange pixel area fractions associated to large diameter collagen fibers and yellow and

green pixel area fractions associated to small diameter collagen fibers (Bersi et al. 2012).



Color deconvolution, an open source plug-in for ImageJ software (National Institutes of
Health, Bethesda, MD, U.S.A.) (Ruifrok and Johnston 2001, Rasband 1997-2016), and an
open-source GNU image manipulation program (GIMP), were leveraged to determine
smooth muscle cell and collagen area fractions (Garipcan et al. 2011, Sparavigna 2014,
Capone et al. 2018). Within GIMP the outer and inner ring were selected to diminish
background noise. Using a histogram feature within the software, pixels over a range of
intensities were chosen to represent the ECM contents and divided out from the total pixels
for a calculation of area fraction. For quantifying elastic fiber area fractions, the GIMP
select by color tool was utilized to isolate elastic fibers from the section.
2.7 Data analysis

Although the cervix and uterus are thick-walled organs and 3D modeling is
necessary to completely describe the organ response, there is limited basic science
information on the heterogeneity of the organs’ walls. Thus, cervical and uterine geometry
was simplified to a thin-walled hollow cylinder assessed in 2D. Additionally, the cervix
and uterus were assumed to demonstrate a nonlinear and pseudoelastic biomechanical
behavior (Liao et al. 2014, Myers et al. 2010).

Using the initial point data from the -2% estimated physiologic length test as the
reference configuration, pressure-diameter data was used to calculate circumferential (oy)

and axial (0,) Cauchy stresses (Ferruzzi et al. 2013) at each location using equations:

Pa

o5 =2, 2)

and

o = Fr+ma?P
Z  mh(2a+h)’

3)



where P is intraluminal pressure, a is the deformed inner radius, h is the deformed
thickness, and F; is the force from the axial force transducer.
Pressure-diameter data was used to calculate the circumferential and axial stretch

ratios which were determined via (Ferruzzi et al. 2013):

Ao = Tmia/Rmia> “4)
and
A, =1/L, (5)

where 15,4 and R,,;4 represent the loaded and unloaded mid-wall radii and ! and L
represent the loaded and unloaded axial lengths, respectively.

Bilinear curve fits, an application of linear interpolation, were applied along the
two major components of the stress-stretch curve: the toe-region (the lower non-linear
region) and the linear region of the stress-stretch data to quantify moduli for each pressure-
diameter test (Supplemental 1) (Lake et al. 2009, Robison et al. 2017).

2.8 Constitutive modeling

A pilot study determined an appropriate microstructurally-motivated functional
form of a stored energy function (SEF) for the cervix and uterus. The 2D two-fiber family
model with a neo-Hookean term (2D 2FF+NH) was employed. The 3D three-fiber family
model, previously used to describe human cervical material properties (Liao et al. 2014),
was not used as it was over-parameterized for the murine data (Yin, Chew and Zeger 1986).
Yin et al. described over-parameterization as the calculated determinant of the correlation
matrix, R<10*. Data from the 2% below estimated physiologic stretch were excluded from
data analysis as the axial force measured indicated imminent bending or buckling of the

organs as described previously (Collins et al. 2012).
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The SEF, W, of the 2D 2FF+NH microstructural model utilizes an isotropic term
assumed to represent the elastin-dominated ground matrix with a neo-Hookean behavior
and an anisotropic collagen-dominated term representing two diagonal fiber directions,
measured relative to the axial direction and symmetric about the long axis with an assumed

Fung-type exponential (Holzapfel, Gasser and Ogden 2000):

WM = £ = 3) + S exp (cf (D) - 1)) ©
where ¢ and c; are material parameters that have units of kPa and ¢, is a dimensionless
material parameter, C = FT - F is the right Cauchy-Green tensor, M¥ = [0, sin a¥, cos a]
is the fiber orientation unit vector where aX was set at a¥ = +a, for diagonal, symmetric
alignment, I, is the first invariant of the right Cauchy Green tensor, I = trC = A5 + A2 +
A%, where A, = 1/291,, and 1% = M¥ - CM¥ is the fourth invariant which defines the
stretch experienced by the k'™ fiber family. Theoretical Cauchy stresses were determined
from (Humphrey 2002):

t=—p1+§F-Z—"CV-FT, (7
where p is the Lagrange multiplier, F is the deformation tensor, and | = detF.

Equation 7 and non-linear regression were utilized via MATLAB to minimize error
between the theoretical and experimental data, determine best-fit parameters, and ensure

unique parameters for the 2D 2FF+NH model using the following objective function

(Ferruzzi et al. 2013):

2 2
Pfh._P Fth_F
e=yN, [(— e"”) +<—_ 2P, (8)
P, . F, .
exp i exp i
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where Fyj, and F,,,, are theoretical and experimental forces, P, and P,,,, are the theoretical
and experimental intraluminal pressures, Fexp is the mean experimental pressure, and F_'exp
is the mean experimental force (Ferruzzi et al. 2013).
2.9 Statistical analysis

All data within the study are presented as mean+tstandard error of the mean (SEM).
One sample was removed due to a disruption in tracking the outer diameter resulting in a
total of 15 samples compared for mechanical testing. Biomechanical parameters from
bilinear curve fits were analyzed using a two-way repeated measures ANOVA (location,
axial coupling), followed by paired Student’s t-tests with Bonferroni corrections when
appropriate (p<0.05). A paired t-test was used to compare the material parameters,
geometries, and area fractions of ECM constituents at the cervix and uterine horn. A
Pearson’s correlation analysis was performed directly comparing histological area
fractions and material parameters from the same sample for both organs.
3. RESULTS
3.1 Bilinear Fits

All parameters for the bilinear fit response are reported in Table 1. The two-way
repeated measures ANOVA for Agvs oy revealed a significantly larger toe-region
(»<0.005) and linear-region (p<0.001) moduli for the cervix, as compared to the uterus
(Table 1, Fig. 6). The uterus demonstrated increased circumferential stretch (p<0.001) at
the transition point between the toe- and linear-regions, as compared to the cervix (Table
1, Fig. 6). For Ag vs g,, the circumferential stretch at the transition point increased

significantly (p<0.001) for the uterus compared to the cervix.
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The cervix, however, exhibited significantly higher toe (»<0.01) and linear-region
(»<0.001) elastic moduli compared to the uterus (Table 1). Comparisons of gy against and
o, at the same Agindicated a significantly larger (»p<0.001) stress value and greater
(»<0.001) toe- and linear-regions elastic moduli within the circumferential direction within
the cervix. The uterus demonstrated a significantly larger circumferential stress (p<0.05),
toe-region modulus (p<0.005), and greater linear-region modulus (p<0.001) in the
circumferential direction (Table 1, Fig. 6).

3.2 Material Parameters

The constitutive model described the biomechanical response of the cervix
(RMSE=0.30+0.03) and uterus (RMSE=0.284+0.02) reasonably well (Fig. 7, Table 2, 3)
(Holzapfel et al. 2000). The neo-Hookean parameter c, the c; stress-like parameter, and the
¢, parameter were significantly larger (p<0.05) for the cervix compared to the uterus (Table
2, 3). Fiber angles between the two locations were significantly different (p<0.001), with
the cervix and uterus having average fiber angles of 51.5£2.00° and 45.9+1.91°,
respectively (Table 2, 3).

3.3 Structure

Paired t-tests performed between the cervical and uterine ultrasound measurements
of the in vivo thickness and diameter resulted in a significant increase (p<0.05) in both
geometric parameters at the cervix (Fig. 5). Histology demonstrated a significant (»<0.005)
increase in collagen content for the cervix (75.6+4.49%) in comparison to the uterus
(69.6+5.23%) (Fig. 8). PSR analysis revealed a significantly (»<0.001) greater amount of
large diameter collagen fibers in comparison to the amount of small diameter fibers at both

locations. Further, analysis detected a greater content of larger diameter fibers within the
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cervix with an average diameter ratio of 7.47+2.94% compared to 6.12+1.17% in the
uterus. The area fraction of the smooth muscle within the uterus was significantly greater
(»<0.001) (uterus: 18.4£1.55% vs. cervix: 15.7£3.90%), however, elastic fiber was not
significantly different (uterus: 3.63+1.16% vs. cervix: 3.32+0.57%) (Fig. 8). The Pearson’s
correlation identified no correlation between the collagen content within the cervix and
uterus and the material parameters ¢; and c,.

4. DISCUSSION

In this study, the biaxial material parameters of the cervix and uterus were
quantified while preserving native organ structure and matrix interactions (Ferruzzi et al.
2013, Gleason et al. 2004, Amin et al. 2012). The constitutive model used herein identified
significantly larger c; and ¢, parameters in the cervix compared to the uterus. Additionally,
the bilinear fits performed on the stress-stretch curves demonstrated larger linear modulus
in both the axial and circumferential directions at the cervix compared to the uterus (Fig.
6). A higher collagen content was identified in the cervix suggesting that the higher
collagen content contributes to the decreased distensibility noted in the cervix.

Further, differences in collagen fiber diameter, type I:III composition, organization,
and undulation may contribute to the observed regional differences in mechanical
properties along the reproductive tract (Capone et al. 2018). Towards this end, a
significantly greater amount of large diameter collagen fibrils identified in the cervix may
also contribute to the increased collagen model parameters and decreased distensibility. A
greater circumferential bias in the collagen fiber alignment in the cervix compared to the
uterus, indicated by the larger fiber angle parameter,a, confirms increased resistance to

load in the circumferential direction compared to the axial direction.
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Clinically, greater resistance to circumferential loading of the cervix and reduced
axial resistance correspond with shortening of the cervix in cases of cervical insufficiency
(Leppert et al. 1987, Myers et al. 2010). Interestingly, a uniaxial study found a stiffer
longitudinal direction within the vagina as compared to the circumferential direction within
the cervix and uterus (Pena et al. 2011). However, the uniaxial experiments were performed
at greater loads and the organs may have a different response at high loads (Robison et al.
2017).

Collagen cross-links may also contribute to differences in stiffness between the
cervix and uterus (Yoshida et al. 2014a). Increased cross-link density and maturity are
associated with increasing organ stiffness, therefore, may contribute to greater stiffness
identified in the cervix compared to the uterus (Marturano et al. 2013, Eleswarapu et al.
2011, Yoshida et al. 2014a). Transition stretch was significantly larger in the uterus in both
the circumferential and axial directions (Fig. 6, p<0.05) which may be related to collagen
undulation. Prior work showed that collagen undulation in tendons was associated with the
toe-region of the stress-stretch curve (Viidik and Ekholm 1968, Viidik 1972, Miller et al.
2012). Therefore, increased transition stretch for the uterus may be due to higher undulation
of collagen fibers in the uterus as compared to the cervix. However, differences in collagen
undulation between the cervix and uterus in the mouse are currently unknown.

Interestingly, an increase in the ¢ parameter in the cervix indicates a less distensible
material. This term is assumed to represent the isotropic ground matrix. As expected from
studies of the elastin content in the non-pregnant uterus and cervix in mouse (Shimizu and

Hokano 1988), rat (Harkness and Moralee 1956, Sharrow et al. 1989), and human models
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(Morrione and Seifter 1962, Rorie and Newton 1967), elastin content was not significantly
different between locations.

This implies that other components of the ECM, such as proteoglycans or
glycosaminoglycans (GAG), may also contribute to the differences in the ground matrix
response. GAG content within the uterus is greater in comparison to the cervix in rats (Yao
et al. 2014, Fernandez 2013, Simdes et al. 2012). Variability within the ¢ parameter for the
cervix may be related to the ground matrix constituents (Table 3). Decreased
microstructural content of the ground matrix within the cervix may alter the accuracy of
describing the non-linear response as the neo-Hookean term in research on the vein and
carotid artery did not describe the forces within the low strain regime accurately (Sokolis
etal. 2011, Sokolis 2013).

Previous studies employed mechanical testing and constitutive modeling on the
cervix with varying results (Liao et al. 2014, Myers et al. 2015, Yoshida et al. 2016). Liao
et al., described mechanical responses in the human cervix utilizing the three fiber family
(3FF) model with a neo-Hookean component (Liao et al. 2014). Our present study utilized
a neo-Hookean term to describe the elastic fiber isotropic matrix term, however, the 3FF
model for the murine cervix was over-parameterized (Yin et al. 1986). Past studies
investigated the uniaxial cervical response through pregnancy utilizing a fibrous composite
model for murine and human organs (Myers et al. 2015, Yoshida et al. 2016). Differences
between model results may be linked to comparing uniaxial experiments in previous
studies to the biaxial experiments performed within this study. Applying the material

properties and the 2FF+NH model to a finite element model may provide insights into the
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interface of the cervix and uterus leading to improved understanding of pathologies such
as cervical insufficiency (Fernandez et al. 2016, Westervelt et al. 2017).
4.1 Limitations

Differences in mechanical properties within the estrous cycle were not considered
for this study. A small pilot study (n=6) comparing mechanical properties in estrus and
diestrus mice revealed no significant differences in transition stretch (p>0.05), transition
stress (p>0.05), toe-modulus (p>0.05), and linear-modulus (»p>0.05) for the cervix and
uterus, respectively, which is consistent with results from the rat vagina (Moalli et al.
2005). Several studies chose a single point in the estrous cycle for consistency and as a
representative of the non-pregnant cervix (Yoshida et al. 2014b, Alperin et al. 2010).
Thickness values for 4 samples were a calculated average from the cervix and uterus. The
use of an averaged value for the four samples may cause minute changes in the calculation
of mechanical properties, however, prior research used averaged thickness values within
calculations (Lee et al. 2013).

While 2D frameworks are valuable tools for modeling experimental data
(Humphrey 2002, Gleason et al. 2008, Ferruzzi et al. 2013), they remain approximations
and make assumptions such as homogenous residual stress through the wall and a thin-
walled geometry. More work is needed to characterize physiologic relevant pressures, the
multiaxial loading on the uterocervical complex, and investigate the collagen undulation
and orientation of the murine reproductive system to improve accuracy of computational
models.

4.2 Conclusions
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In summary, the biaxial mechanical properties of the non-pregnant murine cervix
and uterus were determined with inflation-extension biaxial testing. The cervix was
significantly stiffer than the uterus in the axial and circumferential directions. Furthermore,
in vivo ultrasound measured significant differences in geometry and histological analysis
identified microstructural differences with location. Increased stiffness and a larger
cervical outer diameter may inform future research modeling the uterocervical complex.
The techniques developed herein may be beneficial for future studies examining the
changing structure and region-dependent mechanical environment of the female urogenital

system such as finite element models for modeling (patho)physiologic processes.

Table 1: Bilinear Fit Parameters

o9 VS Ay Stretch [-] Stress Toe-Modulus Linear-
[kPa] [kPa] Modulus [kPa]
Uterus 1.39+0.05 6.41+0.51 27.3+2.61 2.82E2+18.9
Cervix 1.16+0.02 8.55+1.05 1.28E2+35.0 7.77E2+99.0
p-Value p<0.001 p>0.05 p<0.005 p<0.001
o,USs Ay
Uterus 1.38+0.04 5.2940.59 18.3£1.71 94.8+7.43
Cervix 1.15+0.02 5.11+£0.57 65.8+£17.7 2.79E2+39.6
p-Value »<0.001 p>0.05 p<0.01 »<0.001
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Table 2: 2D 2FF+NH SEF Material Parameters of Uterus

Uterus c[-] ¢; [kPa] -1 ol RMSE
Sample 1 1.07E-11 4.20 2.64 48.96 0.34
Sample 2 9.52E-12 7.18 6.73 51.01 0.13
Sample 3 7.53E-11 11.29 5.36 41.83 0.21
Sample 4 5.30E-11 18.92 0.03 44 .34 0.39
Sample 5 5.93E-10 9.91 1.31 49.52 0.41
Sample 6 1.90E-11 13.86 0.97 34.68 0.30
Sample 7 7.50E-11 2.45 4.99 55.08 0.33
Sample 8 7.74E-13 0.61 3.48 28.83 0.21
Sample 9 9.02E-11 18.33 7.66 52.67 0.20
Sample 10 2.23E-11 10.89 3.68 47.85 0.28
Sample 11 2.34E-11 14.07 1.57 44 .64 0.26
Sample 12 1.39E-10 7.84 5.22 47.99 0.25
Sample 13 1.46E-10 9.98 0.51 52.92 0.45
Sample 14 2.24E-14 3.61 1.34 37.80 0.23
Sample 15 9.70E-12 7.47 2.90 50.65 0.27
MeantSEM 8.45E-11+3.84E-11 9.37+1.41 3.23+0.61 45.92+1.91 0.28+£0.02
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Cervix
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10
Sample 11
Sample 12
Sample 13
Sample 14
Sample 15

Mean+SEM

Table 3: 2D 2FF+NH SEF Material Parameters of Cervix

c|[—

[S—

3.00E-10

23.40

39.30

8.78

2.72E-14

14.50

7.03E-14

1.93E-11

2.97

1.52E-10

7.44E-12

3.18E-12

6.55E-11

2.16E-10

26.58

7.70+£3.24

¢y [kPa] cz [—]
77.30 29.10
176.50 139.30
19.10 15.80
75.20 30.00
41.40 10.70
3.66 119.70
79.20 19.80
6.38 3.04
43.90 10.90
14.20 11.90
3.49 4.59
28.70 2.36
33.04 7.78
17.05 1.44
0.02 26.17

41.28+11.95 28.84+10.87

o [°]
58.00
63.00
60.20
54.70
54.20
38.50
57.50
42.30
54.60
51.10
43.60
49.70
57.59
48.36
38.94

51.50+2.00

RMSE

0.42

0.36

0.39

0.06

0.31

0.32

0.28

0.25

0.10

0.25

0.11

0.35

0.41

0.39

0.51

0.30+0.03

20



A B :
Ovaries
{ Vaginal \\ Vaginal

. a Fornix q Fornix
Uterine \ ,
Horns L - o :-' Y
Pl S J N:External Os
e L P . heS N L
Cervix
* Ligated Horn Cannula
.- N e
Vagina . ' @”
- Outlet | Inlet for HBSS

CER UTE
Diameter tracking locations

Figure 1: (A) Schematic of the murine female reproductive system with black dots
representing the marks made to measure the length of the reproductive tract and dashed
lines representing the locations of the singular cuts. (B) Graphic of the utero-cervical
complex in preparation for cannulation. The randomly chosen, contralateral uterine horn is
ligated and the tissue within dotted outline represents the excess vaginal tissue to be
removed to expose the external os. (C) A schematic testing setup of the custom myograph
inflation-extension device (Danish MyoTechnologies, Aarhus, Denmark) with utero-
cervical complex cannulated in a view from the side. The cervix (CER) and uterine (UTE)
body are positioned within the system so that the inlet is connected to the uterine horn and
the outlet to the vaginal cervix to mimic the flow from the uterus into the cervix during

menstruation or birth.
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Figure 2: (A) Schematic of the testing protocol demonstrating the changes in pressure and
force over time for the different segments of the protocol. The protocol is divided as
follows: (I) five cycles of pressure-inflation preconditioning at the unloaded length over
the range of physiologic pressures; (II) five force-elongation preconditioning cycles at a
constant 1/3 of maximum pressure over a range of stretches up to 10% above the unloaded
length; (III) shows three cycles of pressure-inflation at 2% below the estimated
physiological (EP) length (a), at the EP length (b), and 2% above the EP length (c); (IV)
force-elongation tests with changing stretches from 2% below to 2% above the EP length
at constant pressures of 10mmHg (d), 67mmHg (e), 133mmHg (f), and 200mmHg (g). (B)
To confirm estimated physiologic (EP) axial stretch, pressure-inflation test data was plotted
with axial force against increasing pressure (P=0-200mmHg) from a representative sample
at three different stretches (2% below estimated physiologic, estimated physiologic, and

2% above estimated physiologic length).
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Figure 3: (A) Setup of animal and transducer for reproductive imaging of female C57BL/6
mice using a high frequency ultrasound system. (B) During imaging, vaporized isoflurane
gas was administered and both the EKG signal and respiratory rate were monitored. (C)
An anesthetized mouse placed on the stage in a supine position with the transducer
positioned in the short axis orientation to acquire 3D images of the reproductive tract. Heart
rate and EKG were monitored through electrodes on the stage beneath the animal’s paws.
Additionally, respiratory rate was acquired through low frequency changes in the EKG
signal. The ultrasound system acquired 3D scans of the reproductive tract via a linear step
motor with a step size of 0.19mm via serial short axis B-mode images averaging

approximately 36 slices per reconstruction.
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Figure 4: Ultrasound images compiled into 3D segmentations of the reproductive tract
exploring the regions of interest (ROI). (A) Coronal view of the murine reproductive tract
that extends into the uterine horns and the external os which is located at a transitional
region between the cervix and vagina. Length of the ROI was measured from the split of
the uterine horns to the edge of vaginal/cervical border region based on gross anatomical
descriptions from past work in rodent models c.f. (Leppi 1964). (B) Sagittal view along the
length of the murine reproductive system depicting the cervical/vaginal border region
transitioning into the right uterine horn. (C) Axial view of murine cervix showing a cross-
section at the region above the opening into the vaginal canal. (D) Compiled 3D view along

the length of the murine cervix and lower uterine segment.
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Figure 5: (A), (B) Representative measurements of outer horizontal diameter (OD),
anterior thickness (AT), and posterior thickness (PT) taken in the region of the cervix (A)
and the uterus (B), where the canal for both uterine horns acts as a location marker for
geometric analysis. (C) In vivo outer horizontal diameter for the cervix was significantly
larger (p<<0.01**) than the uterus in which cervical diameter was 3.594+0.12mm and uterine
diameter 1.95+0.06mm (D) Calculated in vivo wall thickness, from averaged anterior and
posterior measurements at both locations, was significantly larger within the cervix at

0.63+0.04mm compared to 0.544+0.05mm in the uterus (p<<0.05%*).
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Figure 6: (A) Outer diameter changes with increasing pressure in the cervix (*) and uterus

(*) during the pressure-diameter tests. Data shown as mean+SEM (n=12). Representative

circumferential (B) and axial (C) Cauchy stress-stretch curves for the cervix (¢) and uterus

(+) demonstrate the cervix is significantly (»p<0.001) less distensible than the uterus with

reported circumferential transition stretches of 1.15+0.02 and 1.39+0.05, respectively.

Furthermore both organs are stiffer in the circumferential direction compared to the axial

with significantly greater circumferential toe- and linear-moduli (Table 1).
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Figure 7: Pressure-diameter tests for cervix (*) and the uterus (+) with model fits (-)
(mean+SEM) for the 2D two-fiber family with a neo-Hookean term (2D 2FF+NH) model
Cauchy circumferential stress (A) and Cauchy axial stress (B). The neo-Hookean term
representing the isotropic ground matrix was significantly larger (p<0.05) in the cervix.
Further, both the c¢; stress-like parameter (p<0.01) and the c, parameter (p<0.05)
representing the symmetric diagonal collagen fibers was significantly higher than the

uterus, suggesting that the cervix is less distensible.
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Figure 8: Picrosirius red (PSR) (A, D), Masson’s trichrome (MT) (B, E), and Hart’s Elastic
stain (C, F) images taken at 10x magnification of the cervix (top row) and uterus (bottom
row) with labeling for the layers of each organ. The cervix collagen fiber ratio of large
diameter to small diameter was approximately 10:1 (A), collagen and smooth muscle
content was 75.6+4.49% and 15.7+£3.90%, respectively (B), and elastic fiber content was
3.3240.57% (C). The uterus presented a collagen fiber ratio of approximately 7:1 (D) and
collagen (E), smooth muscle (E), and elastic fiber (F) area fractions of 69.6£5.23%,
18.4+1.55%, and 3.63+1.16%, respectively. A significantly greater collagen content
(»<0.005) and significantly decreased SMC content (p<0.001) was identified for the cervix
compared to the uterus. No significant differences were identified for elastic fiber content

between organs.
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