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Abstract
Higher reproductive age is associated with increased risk of gestational diabetes, preeclampsia, and severe

vaginal tearing during delivery. Further, menopause is associated with vaginal stiffening. However, the
mechanical properties of the vagina during reproductive aging before the onset of menopause are unknown.
Therefore, the first objective of this study was to quantify the biaxial mechanical properties of the
nulliparous murine vagina with reproductive aging. Menopause is further associated with a decrease in
elastic fiber content, which may contribute to the vaginal stiffening. Hence, our second objective was to
determine the effect of elastic fiber disruption on the biaxial vaginal mechanical properties. To accomplish
this, vaginal samples from CD-1 mice aged 2-14 months underwent extension-inflation testing protocols
(n=64 total; n=16/age group). Then, half of the samples were randomly allocated to undergo elastic fiber
fragmentation via elastase digestion (n=32 total; 8/age group) to evaluate the role of elastic fibers. The
material stiffness increased with reproductive age in both the circumferential and axial directions within
the control and elastase-treated vaginas. The vagina demonstrated anisotropic mechanical behavior, and
anisotropy increased with age. In summary, vaginal remodeling with reproductive age included increased
direction-dependent material stiffness, which further increased following elastic fiber disruption. Further
work is needed to quantify vaginal remodeling during pregnancy and postpartum with reproductive aging
to better understand how age-related vaginal remodeling may contribute to increased risk of vaginal

tearing.



1. INTRODUCTION

Nine times more women are delaying child bearing to after 35 years old compared to 4 decades ago [1].
Increased reproductive age is associated with increased risk of gestational diabetes, high blood pressure,
preeclampsia, delivering pre-term, and greater risk of obstetric injury such as severe vaginal tearing (2"
degree tearing during childbirth) [2-5]. Further, increased age is associated with various pathologies such
as sexual dysfunction and vaginal atrophy [6, 7]. While the etiology of the increased risk for obstetric
trauma or pathology development is not well-defined, remodeling of the extracellular matrix (ECM) with
age may contribute [8]. The vagina is a fibromuscular hollow organ that is composed of smooth muscle
cells, fibroblasts, collagen, elastic fibers, and nonfibrous extracellular components such as
glycosaminoglycans. With the onset of menopause in the human reproductive tissues, collagen content
increases while elastic fibers undergo fragmentation [7, 9]. Furthermore, the ewe vagina is materially stiffer
with menopause when compared to pregnant samples [10]. While this material stiffening is likely due to
microstructural and compositional changes, such as decreased skeletal muscle and fragmentation of elastic
fibers, baseline microstructural comparisons in the nonpregnant premenopausal groups are unknown. Prior
works compared mechanical changes between pre- and postmenopausal samples, however, progressive
remodeling of mechanical function during the reproductive years remains unknown [10-12]. While mice
do not sustain birth injuries, studies in rodents may provide further insights into the possible structural and
biomechanical processes during reproductive aging due to well documented relationships of human and
mouse aging, predictive estrous cycles, and various genetic modifications [13-16]. At 8-10 months of age,
mice undergo prolonged labor that closely mimics that observed in human women [17]. Hence, murine
models are valuable tools to better understand cellular and molecular processes that contribute to
reproductive aging and increased reproductive complications [16, 18, 19]. While preliminary analysis of
the uterus and cervix was reported [17], vaginal remodeling during reproductive aging has not been

evaluated to the authors’ knowledge.



The vagina must be able to withstand various intra-abdominal pressures due to childbearing, walking,
lifting, and defecating, all of which induce loads in multiple directions [20]. However, to date, vaginal
mechanical function is predominately evaluated in a single direction [21-23]. While uniaxial protocols
provide valuable information, uniaxial testing cannot account for the multiaxial physiologic loads. Towards
this end, the rat vagina demonstrated higher stress values and lower stretches in the circumferential direction
compared to the axial in both active and passive conditions [24]. Direction-dependent changes in vaginal
mechanical properties with reproductive aging, however, are unknown. To better inform clinical practices
and potentially understand disease progression, the direction-dependent nature of soft tissues must be
carefully considered. Furthermore, elastic fibers permit soft tissues to stretch and recoil following
mechanical loading [25, 26]. Therefore, elastic fibers may contribute to vaginal remodeling during
pregnancy and progressive aging [8, 27, 28]. Previously, disruption of elastic fibers with elastase increased
the outer diameter, decreased the compliance, and increased circumferential stress of the 4-6 months
C57BL/6 murine vagina [29]. Furthermore, the C57BL/6 murine vagina has a higher area fraction of elastic
fibers in the axial direction compared to the circumferential [30]. However, it is not known if elastic fiber

composition, and thus the biaxial mechanical contribution of elastic fibers, changes with reproductive

aging.

Therefore, the first objective of this study was to quantify the biaxial mechanical properties of the murine
vagina with reproductive aging. We hypothesized that vaginal material stiffness increases with reproductive
age. Further, we hypothesized that the circumferential direction would be stiffer than the axial direction
across all ages. Our second objective was to determine the effect of elastic fiber disruption on the biaxial
mechanical properties of the murine vagina. This was accomplished by treating the vagina with elastase,
which is an enzyme that degrades elastin [29, 31]. We hypothesized that elastic fiber disruption would
increase vaginal material stiffness within each age group. Additionally, we hypothesized that elastase will
have a larger effect in the circumferential direction [29]. Furthermore, aging is a dynamic process that is

associated with various independent characteristics, such as body mass [32, 33]. Regression models are a



useful tool to determine potential correlations of complex biological processes. Therefore, multiple
regression analyses were employed to evaluate potential correlations, independent predictor variables, and
potential confounding effects that may occur with reproductive aging. Ultimately, this study offers a first
step in better understanding vaginal remodeling with reproductive age and following elastic fiber
disruption. Further, this study comprises an initial approach towards understanding correlations and

predictor variables during vaginal remodeling in multiple directions.

2. METHODS

2.1 Pressure catheterization

N=9 female nulliparous CD-1 mice (2-14 months) were used to measure intravaginal pressure with a
balloon catheter (Fig 1C). Pressure measurements were taken at 2 months of age and repeated at 3-week
increments until 14 months of age. All pressure measurements were taken at estrus. Mice were anesthetized
with 4% isoflurane in 100% oxygen to measure intravaginal pressure [30]. A 3 mm balloon was fabricated
with polyvinyl chloride and secured with 6-0 silk sutures around a 1.25 mm aluminum tube. A 3-way stop
cock connected the balloon catheter to a disposable pressure transducer (InnoLogic #GP 91051) and 3 mL
syringe filled with autoclaved deionized water. The pressure transducer was integrated to a laptop that
recorded the pressure readings (PowerLab and LabChart8, ADInstruments, Colorado Springs, CO, USA).
To facilitate the pressure measurements, 1.5 mL of water was then pushed into the balloon via the syringe
to obtain the baseline pressure measurement. A pressure of the inflated balloon in ambient air was recorded.
The balloon was inserted into the vaginal canal and the resultant pressure was noted. The vaginal pressure
was measured as the change in in pressure between ambient conditions and the pressure of the balloon once
in contact with the vaginal wall. For each experiment, the pressure measurements were performed 3 times

on each animal and averaged for one data point [30].

2.2 Animal Care



An n of 64 (2-3 months n=16; 4-6 months n=16; 7-9 months n=16; 10-14 months n=16) nulliparous female
CD-1 mice at estrus were housed in a 12-hour light/dark cycle and fed a normal chow diet with Tulane
University Institutional Animal Care and Use Committee (IACUC) approval (Fig 1). Mice aged 2-14
months represented the human age equivalents to 18-62 years of age as reported previously [15]. Estrous
cycle phase was determined visually by lifting the tail and determining the width of the vaginal opening, as
described by Byers et al., 2012 [34]. Prior to the mechanical testing, each mouse was weighed on a digital

scale and then euthanized.

2.3 Dissection

70% ethanol was applied to the abdomen and wicked the fur down. Dissection scissors were used to cut the
underlying skin and muscle layer vertically from pubis to sternum. Lateral cuts under the ribs and above
the pubis created an “I-cut” and exposed the abdomen. Using blunt forceps, intestines were carefully moved
towards the sternum to better visualize the reproductive system. Visceral fat around the uterine horns was
cut away using micro-scissors. The pubic symphysis was then cut with curved dissection scissors and the
fascial tethering was removed from the anterior vagina and urethra. To remove the urethra from the vaginal
wall, the bladder was held in tension with blunt forceps and micro-scissors gently removed the urethra. The
uterine horns were then cut 3 mm away from the uterine body and held in tension to better visualize the
connections between the vaginal wall and rectum. Curved dissection scissors were used to cut around the
external vaginal opening. The vagina was then removed from the body and placed in a dish filled with 4°C
Hank’s Balanced Saline Solution (HBSS). A singular cut was made between the cervix and vagina to excise

the vagina from the cervix and uterine horns.

2.4 Sample Preparation and Cannulation
Following dissection, each end of the excised vagina was cannulated onto a 3.75 mm (outer diameter)
cannula situated within a custom biaxial extension-inflation pressure myograph (Danish MyoTechnologies,

Aarhus, Denmark) [30, 35-38]. Two silk 6-0 sutures were tied to both ends of the cannulated vagina and



secured with blunt forceps. The cervical end of the vagina was cannulated onto the fluid flow inlet and the
external opening side onto the outlet to mimic the natural flow of menstruation or childbirth. Samples were

maintained in a bath of HBSS kept at 4°C during cannulation [39, 40].

2.5 Biomechanical Testing

Biaxial extension-inflation testing assessed the biaxial mechanical properties while maintaining the native
cell-matrix interactions and preserving the tubular geometry (Fig 1). To induce passive conditions, the
testing media was replaced with a Krebs solution without calcium. Smooth muscle tone was removed by
adding 2 mM of a calcium-chelating agent, egtazic acid (EGTA), to the organ bath. The organ was then
incubated for 30 minutes [35]. The unloaded pressure was identified as the pressure at which the largest
change in outer diameter occurred. The vagina was then set to the estimated physiologic length and
unloaded pressure. At a rate of 10 um/s, the axial length was decreased until there was a minimal change
in axial force. This observed length was defined as the unloaded length and the axial force was zeroed [30,
36]. The physiologic length was identified where the transducer-measured forces held constant over a range
of increasing physiologic pressures and recorded during the experiment. Initial pressure-diameter
preconditioning minimized hysteresis with cyclic pressurization from 0 mmHg to the mean measured in
vivo pressure over 5 cycles at 1.5 mmHg/s [41, 42]. Further, axial preconditioning was performed via force-
length testing wherein the vagina was axially extended from -2% to +2% of the physiologic length at a
constant pressure (%5 of the maximum pressure (6 mmHg)) [26,32]. Five cycles of pressurization (0-15
mmHg) at the physiologic length, followed by axial extension (10um/s) from 2% below to 2% above the
physiologic length at a constant pressure preconditioned the vagina [36]. The tissue equilibrated for 10
minutes at the physiologic length, followed by re-establishment of the unloaded configuration [35]. The
vagina was subjected to cyclic pressure-diameter over a range of physiologic pressures (0-18 mmHg) at the
physiologic length and about -2% and +2% of the length [36]. Force length testing confirmed the vagina

was tested at the physiologic length. A linear micrometer extended the vagina axially from -2% of the



physiologic length to +2% at four constant pressures: a tare pressure (3 mmHg), 3 of the maximum pressure

(6 mmHg), % of the maximum pressure (12 mmHg), and the maximum pressure (18 mmHg) [30, 41, 42].

2.6 Tissue Allocation and Treatment

Prior to mechanical testing, a random number generator randomly allocated vaginal samples to either
clastase treatment or control conditions. In the event of elastase treatment, the vagina was treated
intraluminally with 15 U enzymatic elastase digestion for 45 minutes [29]. Protocols for pressure diameter
testing and force length were repeated. Pressure diameter and force length testing were then conducted

using EGTA treatment as described above [29].

2.7 Ultrasound

Vaginal wall thickness was measured using ultrasound images taken at the unloaded configuration for the
control and elastase conditions using the Vevo2100 ultrasound system (FUJIFILM VisualSonics Inc.,
Toronto, ON, Canada) with a 40MHz center frequency transducer (LZ550) [43]. Short-axis B-mode
ultrasound images were obtained at the proximal region of the vagina, as this is the portion optically tracked
during pressure diameter testing. ImageJ (NIH, Bethesda, MD) determined the thickness of the vaginal wall

by tracing the inner and outer wall with 25 transmural lines [43].

2.8 Data Analysis

For the data analysis and adaptation of the equations presented herein, the vagina is assumed to be
cylindrical in shape [29]. The unloaded volume (V) was determined using the unloaded outer radius (R,),
unloaded thickness (H), and the unloaded length (L) under both the control and elastase conditions

(equation 1).

V =n(R3—- (R, — H)?)L (Equation 1)



Assuming the vagina is an incompressible soft tissue, the deformed inner radius (r;) was determined by

equation 2 with the regional length (1) and measured deformed outer radius (r,).

I [ (Equation 2)

Tl
The wall-averaged circumferential (0g) and axial (0,) Cauchy stresses (equation 3 and 4, respectively)
were determined using previously described variables as well as the intraluminal pressure (P) and

transducer measured force (Fy) [44, 45].

Pr; :
Og = Equation 3
0 — (Equation 3)
Ft+rrPri2 X
o, = ——L Equation 4
VA n(rg _Tiz) ( q )

The circumferential stretch ratio was determined as the deformed vaginal wall radius in relation to the
unloaded configuration (equation 5). The axial stretch was defined as the axial length as compared to the

unloaded axial length (equation 6).

(ri+710)/2 )
A = —— Equation 5
0 (Ri—Ro)/2 (Eq )
l
A, = i (Equation 6)

Circumferential and axial material stiffness were calculated around the estimated physiologic length and
pressure as determined by balloon catheterization. In the circumferential and axial direction, the material
stiffness was calculated by using the MATLAB polyfit linear function to describe the region from the
lower physiologic pressure (LPB) and upper physiologic pressure boundary (UPB), which corresponds to
+/- 1 standard deviation of the physiologic pressure (Fig 1D) [45, 46].

2.8 Statistics

Statistics were performed by hypothesis using R software (version 3.6.2). To ensure normality, Shapiro-
Wilks tests were completed for each data set. A 1-way ANOVA (age) evaluated potential differences in the

vaginal pressure across the increasing age groups. An additional 1-way ANOVA (age) identified



differences in the body mass of the mice with reproductive aging. When appropriate, Tukey’s post hoc
Honest Significant Differences (HSD) tests followed the 1-way ANOVA. Further, a 1-way ANOVA (age)
evaluated differences in the physiologic length of the vagina under testing conditions. For the first
hypothesis, a 2-way ANOVA (age, direction) evaluated potential direction-dependent differences in
material stiffness as a function of reproductive age. Additionally, anisotropy was further investigated by
determining the ratio of the circumferential material stiffness and the axial material stiffness. The ratio of
the direction-dependent material stiffness was analyzed utilizing a 1-way ANOVA (age). To evaluate the
role of elastic fibers, a 2-way ANOVA (elastase, direction) was used. When appropriate, Tukey’s post hoc
HSD tests were performed. When significant interactions between variables were identified, simple plots
were constructed to determine main effects, as determined by non-zero slopes, and the presence of complex
interactions, or variable lines that intersect [32, 47]. Furthermore, we sought to determine potential
correlations and confounding effects that often accompany age such as increased in body mass [32, 48]. To
understand such potential relationships, and to adjust for postulated direction dependence, regression
analysis was performed for the vaginal material stiffness in the circumferential and axial directions. Pearson
correlations within each direction further evaluated potential relationships between body mass, reproductive
age, and vaginal material stiffness. Multiple linear regression models were performed to determine
independent predictors of material stiffness. Regression models were assessed by p-values and predictive
capability by standardized Beta (B) coefficients. Statistical significance level was set at p<0.05, and a

statistical trend at p<0.10. Results are presented as mean +/- standard error of the mean (SEM).

3. RESULTS

3.1 Intravaginal Pressure, Physiologic Length, and Body Mass

For the datasets described herein, the Shapiro-Wilks test suggested that the error of the data was normally
distributed (p>0.05). Based on prior literature [20, 48], it was postulated that with reproductive aging,
biological variables such as vaginal pressure and weight (body mass) would increase. A 1-way ANOVA

(age) identified a statistical trend with increasing vaginal pressure with reproductive age (p=0.06 (Fig 2A)).



Further, a 1-way ANOVA (age) identified that body mass was a significant factor with reproductive aging
(p<0.001). Tukey’s post hoc HSD test identified a significantly greater body mass in the 4-6 months
(p=0.01), 7-9 months (p<0.001), and 10-14 months (p<0.001) mice as compared to the 2-3 months.
Additionally, the physiologic length of the vagina did not statistically differ with age in either the control
or elastase treatment group (p=0.47; p=0.39, respectively). Though to note, the average physiologic length
in the control conditions were as follows for the 2-3 months, 4-6 months, 7-9 months, and 10-14 months:
5914+ 0.72 mm, 5.82 4+ 0.98 mm, 6.63 + 0.69 mm, and 5.54 + 0.67 mm. Additionally, the physiologic
length for the elastase conditions were recorded as the following (average + standard deviation): 6.19 +
0.82 mm, 6.28 + 0.89 mm, 6.15 + 1.4 mm, and 5.39 + 0.94 mm. Further, the weight in the 7-9 months
(p=0.02) and 10-14 months was significantly greater than the 4-6 months mice. Additionally, the 10-14

months mice had a significantly larger mass than that of the 7-9 months mice (p=0.03) (Fig 2B).

3.2 Objective 1: Direction-Dependent Changes with Reproductive Age

A 2-way ANOVA (age, direction) identified significant differences in the material stiffness with respect to
reproductive age (p<0.001) and direction (p<0.001). The interaction between age and direction was also
statistically significant (p=0.004). Post-hoc tests were not performed due to the significant interaction
between age and direction. With increased reproductive age, the material stiffness increased in both the
circumferential and axial directions (Fig 3A). To investigate the nature of the significant interaction, a
simple interaction plot was generated to interpret the relationship between age and directional material
stiffness. The increased distance between the circumferential and axial values of material stiffness with
progressive aging (Fig 3B), suggest that anisotropy increased with reproductive aging. Additionally, the
ratio of the direction-dependent material stiffness values (a measure of anisotropy) as a function of

increasing reproductive age was identified as a statistical trend (p=0.09).

3.3 Objective 2: Direction-Dependent Changes Following Elastic Fiber Disruption



To investigate how elastic fiber disruption contributed to direction-dependent material stiffness, a 2-way
ANOVA (elastase, direction) was used within each age group. For the 2-3 months, elastase (p<0.001),
direction (p<0.001), as well as the interaction (p=0.001) were significant (Fig 4A). For the 4-6 months,
elastase (p<0.001) and direction (p<0.001) were significant, however, the interaction term was not
statistically significant, but demonstrated a statistical trend (p=0.08) (Fig 4B). The 7-9 months had main
effects for elastase (p=0.011) and direction (p<0.001), with no significant interaction (p=0.128) (Fig 4D).
In the 10-14 months age group, elastase (p=0.04) and direction (p<0.001) were significant with no

significant interaction (p=0.40) (Fig 4E).

Due to significant interactions in the 2-3 months and 4-6 months, a simple interaction plot was constructed
that observed main effects in both the circumferential and axial direction, as indicated by the non-zero slope
from control to elastase material stiffness (Fig 4C). No complex interactions were observed within the
simple plot (Fig 4C). Elastase treatment increased the material stiffness in the circumferential and axial
direction (Fig 4C). Further, the circumferential material stiffness was greater than that of the axial material
stiffness (Fig 4C). For the 7-9 months and 10-14 months groups, which did not have significant interactions,
Tukey’s post hoc HSD tests were conducted. Post-hoc tests in the 7-9 months group observed that under
control conditions, the circumferential material stiffness was significantly greater than the axial direction
(p=0.005). Additionally, under elastase conditions, the circumferential material stiffness was significantly
greater than that of the axial material stiffness (p<0.001). Additional t-tests in the 7-9 months group did not
demonstrate significant differences in the circumferential control vs circumferential elastase (p=0.155) or
in the axial control vs axial elastase (p=0.77) (Fig 4D). Similarly for the 10-14 months, under control
conditions, the circumferential material stiffness was significantly greater than the axial direction
(p<0.001). With elastase treatment, the circumferential material stiffness was significantly greater than the
axial material stiffness (p<<0.001). Additionally, the circumferential elastase vs the circumferential control
was identified as a significant trend (p=0.064). Further post hoc analysis did not demonstrate significant

differences in the axial control vs axial elastase (p=0.672) (Fig 4D).



3.4 Multiple Regression

Regression analyses were completed to account for potential confounding factors that are associated with
reproductive aging, such as increasing body mass while adjusting for the hypothesized direction-dependent
material stiffness. First, Pearson (r) correlations investigated potential univariate associations between
reproductive age, body mass, and material stiffness in each direction (Table 1). For the control
circumferential material stiffness, reproductive age (r=0.86; p=0.008) and body mass (r=0.73; p=0.02) were
strongly correlated. For the axial control material stiffness, strong positive correlations were identified
between the reproductive age (r=0.83; p<0.001) and body mass (0.77; p=0.01). Additionally, the
circumferential elastase material stiffness was strongly associated with reproductive age (r=0.74; p<0.001)
and body mass (r=0.57; p=0.005). Further correlations between the elastase treated samples in the axial

material stiffness with reproductive age (r=0.76; p=0.02) and body mass (r=0.79; p=0.004) were identified.

Next, multiple linear regression analysis was employed to determine independent predictors of material
stiffness in both directions [32]. Models evaluated reproductive age, elastase treatment, and body mass as
potential independent predictors for material stiffness in each direction (Table 2). The residuals of the
models did not depart from normality (p>0.05). Within the circumferential direction (Table 2), the model
fit the data moderately well (R>=0.74). Reproductive age (p<0.001), elastase treatment (p<0.001), and body
mass (p=0.02) were significant independent predictors of circumferential material stiffness. With the
model, variables with the highest beta values (B) indicate the strongest predictive term. Of the variables
chosen, reproductive age was the strongest predictor of circumferential material stiffness (B=0.54;
p<0.001). Body mass also positively predicted the circumferential material stiffness, though to a lesser
degree than age (B=0.27; p=0.02). Further, the regression model identified elastase as a negative predictor
(B=-0.48; p<0.001). For the regression analyses, elastase treatment was randomly given a -1 value and
control treatment was given a +1 value. This inverse relationship indicates where elastase treatment resulted

in an increased material stiffness. The model fit the axial direction data moderately well (R?=0.68) (Table



2). Each independent predictor was statistically significant: reproductive age (p=0.02), elastase treatment
(p<0.001), and body mass (p=0.03). Elastase treatment was the strongest predictor, as determined by the
B values (B=-0.48; p<0.001). Body mass was an additional strong positive predictor of axial material

stiffness (B=0.42; p=0.003) as well as reproductive age (B=0.3; p=0.02).

To determine the presence of interactions among the independent predictor variables (age, elastase, body
mass), each model previously constructed was adjusted for either elastase treatment or reproductive age.
This was completed in both the circumferential and axial direction (Table 3). Model 1 included both
reproductive age and elastase as well as the interaction effect of age*elastase. In the circumferential
direction, both reproductive age (p<0.001) and elastase treatment (p<0.001) were determined to be
significant. The interaction term was not significant in Model 1. For the axial direction, Model 1 fit the
data moderately well (R?> =0.62). Further, reproductive age (p<0.001) and elastase (p<0.001) were
significant independent predictors. The interaction for Model 1 was not significant in the axial direction.
Model 2 included reproductive age, body mass, as well as the interaction term of age*body mass. For the
circumferential direction, reproductive age (p=0.007) and body mass (p=0.07) were significant, and the
interaction term was not (p=0.12). Model 2 fit the axial direction well, though to a lesser degree (R?>=0.55).
In the axial direction, age (p=0.006), body mass (p=0.004), and the interaction term (p=0.04) were

significant predictors of the axial material stiffness.

4. DISCUSSION

This investigation determined how direction-dependent vaginal mechanical properties change during
reproductive aging. Data supported our hypothesis that material stiffness increased with reproductive age
in both the circumferential and axial directions (Fig 3). The observed material stiffening with reproductive
age may be due to changes in the microstructural composition or organization of the vagina. Burnett et al.
categorized human cadaveric pelvic floor samples from younger (less than 52) or older (greater than 52)

women and observed that pelvic floor muscles underwent age-related stiffening due to an accumulation of



collagen and advanced glycation end products in the extracellular matrix [49]. A study by Amargant et al.
observed that mice aged 14-17 months had stiffer ovaries compared mice aged 1-3 months and that the
ovarian stiffness was dependent on collagen content [50]. While the processes are not fully understood,
this age-related fibrosis was conserved when investigating the human ovary [51, 52]. To date, changes in
extracellular matrix content and organization, such as collagen fiber content, accumulation of collagen
crosslinks, and collagen subtype ratios, with vaginal reproductive aging remains unknown. Further work
would be greatly impacted by investigating the processes that cause the material stiffening as this would

aid in understanding potential etiologies of increased obstetric injury with increasing reproductive age.

Furthermore, the observed material stiffness with reproductive aging may, in part, be influenced by changes
in repetitive mechanical loading, such as intra-abdominal pressures or weight gain. Body mass significantly
increased with reproductive age and was significantly correlated with material stiffness in both the
circumferential and axial directions (Table 1). Body mass may be correlated with material stiffness due to
the increased load on the vagina over time as women with a higher body mass index exhibit materially
stiffer vaginas [48]. Similar to lifting heavy objects, the increased load due to body mass may induce elastic
fiber fragmentation or damage to other extracellular matrix components, potentially contributing to
increased material stiffness. Furthermore, body mass demonstrated a greater predictive capability in the
axial direction, which may suggest that the load from the increased mass was distributed more along the
axial direction than the circumferential or that more remodeling occurred in this direction. However, further
analysis is needed to support or refute these hypotheses to better understand potential links between
reproductive aging, loading, stiffness, and matrix composition. For example, future work utilizing animal
models would benefit from controlled weight experiments to decouple potential roles in body mass and
reproductive age in vaginal remodeling. While increased age is a primary risk factor for increased intra-
abdominal pressure in human women and may also contribute to vaginal remodeling, the in vivo vaginal
pressure in this study did not significantly differ with age [5, 53]. Previously, age was associated with

increased intra-abdominal pressure but the study design did not control for factors such as menopausal



status, obesity, or gravidity, all of which may also influence the intra-abdominal pressure [53]. While it is
possible for increased repetitive mechanical loads due to body mass and intra-abdominal pressure to
influence material stiffness of the tissues, further studies are needed to clearly define the role of each factor

while adjusting for other potentially confounding variables.

While quantification of microstructure was outside of the scope of the current study, vaginal mechanical
response following disruption of elastic fibers was investigated. Interestingly, post-hoc analyses in the 7-9
months and 10-14 months did not demonstrate significant differences between the control and elastase
treatment groups (Fig 4). However, the simple plot showed elastase had a significant effect in the 2-3
months and 4-6 months age groups. Taken together, these findings suggested that younger mice may either
have a higher content of elastic fibers or higher fraction of intact, mechanically functional elastic fibers
than the older counterparts (Fig 4C-E). In the human vagina, menopause is associated with fragmented
elastic fibers [54, 55]. Thus, as mice age towards the human equivalent of menopause (10-14 months),
elastic fibers may be fragmented or damaged from repetitive loading [7, 56, 57]. Since the vagina is an
estrogen-dependent organ, it is highly probable that changes in steroid hormones may augment production
and removal of collagen and elastic fibers [49, 58-60]. C57BL/6 mice at 11-12 months had reduced
progesterone levels, decreased ovarian and uterine function, and decreased viable oocytes and implantation
sites during early pregnancy compared to 3-7 month old mice [61]. Further work is needed to better
understand potential biochemical changes with reproductive aging in non-pregnant and pregnant mice to
identify prospective correlations with extracellular matrix composition and mechanical function. However,
Tsukahara et al. demonstrated that skin from ovariectomized mice display elastic fiber fragmentation and
decreased elasticity compared to mice with normal estrogen levels [62]. This further supports the need to

better understand interactions between steroid hormones and elastic fiber content.

The vagina exhibited increasingly anisotropic behavior throughout reproductive aging, as indicated by the

increased distance between the circumferential and axial material stiffness curves (Fig 3). Similarly, the 2-



3 months nulliparous rat vagina demonstrated greater stress values calculated in the circumferential
direction compared to the axial direction. The authors suggested that the anisotropic behavior was likely
due to collagen and smooth muscle fiber organization, as well direction specific innervations of the vaginal
wall [24]. Additionally, elastic fibers may constrain collagen undulation in addition to providing tissue
resilience and recoil. Thus, anisotropic organization of elastic fibers may also contribute to direction-
dependent mechanical properties in the vaginal wall. Towards this end, direction-dependent changes were
observed following elastic fiber disruption, as indicated by the slope difference in the circumferential and
axial directions (Fig 3C). Circumferential material stiffness was larger than the axial for both the 7-9 months
and 10-14 months age groups (Fig 3C). Clark et al. reported that the elastic fiber area fraction in C57BL/6
mice was greater in the axial direction than the circumferential direction and that collagen fibers were more
highly aligned towards the circumferential axis [30]. Thus, the disruption of elastic fibers may result in a
decrease in collagen fiber undulation, thereby increasing the circumferential material stiffness [38, 40, 63].
Additionally, Akintunde et al. observed elastase treatment in 4-6 months C57BL/6 mice increased structural
stiffness in only the circumferential direction as well as decreased vaginal compliance [29]. Further, these
direction dependent changes in material stiffness motivated quantifying anisotropy as the ratio of
circumferential to axial material stiffness, which was identified as a statistical trend herein. This trend may
have implications for the direction-dependent vaginal microstructure and remodeling rates of the
microstructural components in each direction. Taken together, these data demonstrate the need for
comprehensive investigations on the microstructure and composition across the entire vagina to draw
further direction dependent conclusions. While the study herein provided a preliminary understanding of
the direction-dependent properties, future studies may further apply this knowledge to better understand
progression of diseases such as sexual dysfunction or vaginal atrophy and better inform biomaterial

therapeutics [7, 54].

The study is not without limitations. The elastase concentration and incubation time were selected

following a pilot study that delineated the optimal treatment conditions, which decreased the mechanical



properties while consistently providing repeatable testing conditions. The pilot study work was previously
utilized by Akintunde et al., where histological analysis demonstrated significantly less elastin area
fractions, though some elastin remained in the tissue. Given the purpose of this study was to investigate
the effects of elastic fiber fragmentation, the same concentration and exposure time provided a reasonable
first step in understanding the role of elastic fibers in vaginal mechanics. Further, a large body of work
suggests that the mechanical properties and microstructural composition of the vagina change with
pregnancy and hormones [49, 58, 64]. Additionally, it is acknowledged that reproductive aging is
associated with difficulty in becoming pregnant, increased rates of complications during pregnancy, and
maladaptive postpartum healing [2-5, 55]. The biomechanical origin of these age-related complications is
of high interest to the field and served as motivation of this study. However, to fully understand the
etiology of these complications, baseline characterization of the nonpregnant samples with aging was
needed. Additionally, the work herein measured the passive mechanical properties of the murine
vagina, or the properties that do not include contractility from smooth muscle cells. While this offers a
first step in understanding vaginal mechanics with increasing reproductive age, it does not fully capture
the in vivo properties of the vagina. Future work is needed consider the smooth muscle contractility of

the vaginal wall and how these properties change with increasing reproductive age.

Furthermore, while the mouse does offer several advantages as an animal model, there are limitations
regarding the translation to human studies. One of which is mice do not naturally sustain injuries during
birth. While the biomechanics of pregnancy and postpartum healing were not considered in the scope of
this work, future studies should carefully consider size variations of the birth canal and how that
influences the mechanical properties of the vagina. Additionally, the mouse is a quadruped animal as
opposed to humans, which are bipedal. This distinction does present possible variations in the function
of some connective tissues in the reproductive system; namely the levator ani in bipedal animals functions
to provide vaginal support whereas in quadrupeds the levator ani functions in the movement of the tail

[60]. While the levator ani offers a clear distinction between the two groups, there are a large number of



similarities between the structure and function of the vaginal connective tissues between the rodent and
human, which makes the rodent an acceptable model for reproductive studies. Finally, an assumption of
incompressibility of the vaginal tissue was made to calculate thickness and subsequently used in the volume
and radius equations to calculate the directional stress and stretch. This assumption was previously
employed in prior biomechanical work in the murine vagina [29, 30, 36, 65, 66]. Using ultrasound analysis,
Clark et al. observed the volume of the C57BL6 x 129SvEv murine vagina did not change with
physiologically-relevant loads (0-15 mmHg), suggesting that the assumption is reasonable for the CD-1
murine vagina [65]. Future work to validate this assumption may be possible in the future as mechanical
testing systems become more integrated with real-time imaging systems. As the testing system currently
stands, reasonably assuming incompressibility offers a preliminary outlook to how the vaginal mechanics

change with increased reproductive age and fragmented elastic fibers.

S. CONCLUSIONS:

In summary, vaginal material stiffness increased with reproductive age and disruption of elastic fibers.
Disruption of elastic fibers with reproductive aging may contribute to increased material stiffness, offering
a potential structural hypothesis for the increased rate of vaginal injuries in older mothers. Further work is
needed to better understand direction-dependent changes in vaginal composition and microstructure with

reproductive aging in nonpregnant and pregnant mice.
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Table Caption List
Table 1: Univariate associations within the circumferential and axial directions. Age and body mass were
significantly correlated with the circumferential and axial material stiffness. Each set of variables maintained

significance under the elastase treatment conditions.

Table 2: Independent predictors of material stiffness for the circumferential and axial direction. The model fitted
each direction reasonably well, with a modestly higher R2 value in the circumferential direction (R?>=0.74 vs
R2?=0.68). Age, elastase treatment, and body mass were significant factors for both directions. The predictive
capability of each variable was assessed by the standardized beta (B) values. Age was the variable with the
highest predictive capacity for the circumferential direction, however, elastase treatment demonstrated the

highest predictive capability for the axial direction.

Table 3: Independent predictors of material stiffness for the circumferential and axial direction with interactions.
To adjust for body mass and elastase treatment, two models were constructed for regression analysis. Model 1
consisted of age, clastase treatment, and the interaction factor. Model 1 fitted each direction moderately well,
with a modestly higher R? value (R?>=0.72 vs R? =0.62). Within Model 1, the variable with the highest predictive
capability was elastase (B=-0.48). Within the axial direction, elastase treatment also had the highest predictive
capability (B=-0.16). The interaction factor was not significant in either direction. Model 2 consisted of age,
body mass, and their interaction factor. Model 2 fitted each direction moderately well with a higher R? value in

the circumferential direction (R?>=0.62 vs R? =0.55). Body mass was no longer a significant predictor variable



for the circumferential direction. Meanwhile age maintained to be the highest predictor variable for both
directions (B=0.83 for both directions). The interaction factor was significant in the axial direction, potentially
suggesting that effect of body mass changes with age or that the effect of body mass becomes more significant

with age.

Figure Caption List

Figure 1: A total of 64 female CD-1 mice at estrus aged 2-3 (n=16), 4-6 (n=16), 7-9 (n=16), and 10-14 (n=16)
months were used (A; human year age correlations) [16]. Two experimental extension-inflation protocols were
employed: the control passive characterization and 15 U elastase digestion that fragments the elastic fibers
followed by passivation (B). Prior to mechanical testing a total of 9 mice/ age group underwent pressure
catheterization to determine the in vivo vaginal pressure (C). This pressure measurement was then used to

determine the circumferential and axial material stiffness (in vivo pressure +/- 1 standard deviation) (D).

Figure 2: A total of 64 female CD-1 mice at estrus aged 2-3 (n=16), 4-6 (n=16), 7-9 (n=16), and 10-14 (n=16)
months were used (A; human year age correlations) [16]. Two experimental extension-inflation protocols were
employed: the control passive characterization and 15 U elastase digestion that fragments the elastic fibers
followed by passivation (B). Prior to mechanical testing a total of 9 mice/ age group underwent pressure
catheterization to determine the in vivo vaginal pressure (C). This pressure measurement was then used to
determine the circumferential and axial material stiffness (in vivo pressure +/- 1 standard deviation) (D).

Statistical significance of p<0.05 was represented by *, p<0.01 **, and p<0.001 ***,

Figure 3: A 2-way ANOVA (age, direction) identified significant differences in the material stiffness with age
(p<0.001), direction (p<0.001), and the interaction between age and direction (p=0.004). The material stiffness
increased with reproductive age in the circumferential (black) and axial direction (navy) (A). The
circumferential material stiffness was greater than that of the axial direction within each age group. Further,
anisotropy increased with reproductive age as indicated by the increased difference in the circumferential (black)

and axial (blue) relations to material stiffness (B).



Figure 4: Circumferential and axial material stiffness from the intact control (circumferential — black; axial —
navy) and post-elastase treated (circumferential — grey; axial — light blue) vaginas are shown at 2-3 months
(circles; A), 4-6 months (triangles; B), 7-9 months (square; D), and 10-14 months (diamonds; E). While post hoc
tests were not appropriate in the 2-3 (p=0.001) and 4-6 months (p=0.09) due to significant and trending
interactions, relationships between elastase treatment and direction were investigated via simple plot
visualization (C). For the 2-3 months and 4-6 months age groups, elastase and direction are main effects in
determining the material stiffness of the murine vagina, as evidenced by the non-zero slopes. No complex
interactions observed. The circumferential direction (black) is materially stiffer than the axial (blue), in both the
control and elastase condition (C). Post hoc t-tests were performed in the 7-9 months group and demonstrated
significant differences in the circumferential control vs axial control (p=0.009 as well as the circumferential
elastase and axial elastase (p<<0.001). Additional post hoc analyses were performed for the 10-14 months and
similarly observed differences in the circumferential control vs axial control (p<0.001) as well as the
circumferential elastase and axial elastase (p<<0.001). Further, the 10-14 months circumferential elastase was
greater than the circumferential control material stiffness and was identified as a significant trend (p=0.064).

Statistical significance of p<0.05 was represented by *, p<0.01 **, and p<0.001 ***,
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Figure 1: A total of 64 female CD-1 mice at estrus aged 2-3 (n=16), 4-6 (n=16), 7-9 (n=16), and 10-14 (n=16)
months were used (A; human year age correlations) [16]. Two experimental extension-inflation protocols were
employed: the control passive characterization and 15 U elastase digestion that fragments the elastic fibers
followed by passivation (B). Prior to mechanical testing a total of 9 mice/ age group underwent pressure
catheterization to determine the in vivo vaginal pressure (C). This pressure measurement was then used to

determine the circumferential and axial material stiffness (in vivo pressure +/- 1 standard deviation) (D).
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Figure 2: A 1-way ANOVA (age) evaluated the statistical differences in intravaginal pressure quantified in
anesthetized mice. No significant differences were noted with reproductive age (p=0.06) (A). Body mass,
measured prior to mechanical testing, significantly increased with reproductive age (p<0.001). Post hoc Tukey’s
HSD test identified significant differences in the 2-3 months as compared to the 4-6 months (p=0.01), 7-9 months
(p<0.001), and 10-14 months (p<0.001). Additionally, the 7-9 months (p=0.02) and 10-14 months (p<0.001) had
significantly greater weight than the 4-6 months. Finally, the 10-14 months weight was significantly greater than

the 7- 9 months (p=0.03) (B). Statistical significance of p<0.05 was represented by *, p<0.01 **, and p<0.001
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Figure 3: A 2-way ANOVA (age, direction) identified significant differences in the material stiffness with age
(p<0.001), direction (p<0.001), and the interaction between age and direction (p=0.004). The material stiffness
increased with reproductive age in the circumferential (black) and axial direction (navy) (A). The
circumferential material stiffness was greater than that of the axial direction within each age group. Further,
anisotropy increased with reproductive age as indicated by the increased difference in the circumferential (black)

and axial (blue) relations to material stiftness (B).
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Figure 4: Circumferential and axial material stiffness from the intact control (circumferential — black; axial —
navy) and post-clastase treated (circumferential — grey; axial — light blue) vaginas are shown at 2-3 months
(circles; A), 4-6 months (triangles; B), 7-9 months (square; D), and 10-14 months (diamonds; E). While post hoc
tests were not appropriate in the 2-3 (p=0.001) and 4-6 months (p=0.07) due to significant and trending
interactions, relationships between elastase treatment and direction were investigated via simple plot
visualization (C). For the 2-3 months and 4-6 months age groups, elastase and direction are main effects in
determining the material stiffness of the murine vagina, as evidenced by the non-zero slopes. No complex
interactions observed. The circumferential direction (black) is materially stiffer than the axial (blue), in both the
control and elastase condition (C). Post hoc t-tests were performed in the 7-9 months group and demonstrated
significant differences in the circumferential control vs axial control (p=0.009) as well as the circumferential
elastase and axial elastase (p<<0.001). Additional post hoc analyses were performed for the 10-14 months and
similarly observed differences in the circumferential control vs axial control (p<0.001) as well as the
circumferential elastase and axial elastase (p<<0.001). Statistical significance of p<0.05 was represented by *,

p<0.01 **, and p<0.001 ***,



Pearson r Correlations with Material Stiffness

Circumferential Axial
Age Body Mass Age Body Mass
Control r=0.86 p=0.008 | r=0.73 p=0.02 | r=0.83 p<0.001 | r=0.77 p=0.01
Elastase r=0.74 p<0.001 | r=0.57 p=0.005 | r=0.76 p=0.02 |r=0.79 p=0.004
Table 1: Univariate associations within the circumferential and axial directions. Age and body mass

were significantly correlated with the circumferential and axial material stiffness. Each set of

variables maintained significance under the elastase treatment conditions.



Independent predictors of Material Stiffness

Circumferential R2=0.74

Standardized B p value

Coefficients
Age 0.54 p<0.001
Elastase -0.38 p<0.001
Body Mass 0.27 p=0.02

Axial R2=0.68
Standardized B p value
Coefficients
0.3 p=0.02
-0.48 p<0.001
0.42 p=0.03

Table 2: Independent predictors of material stiffness for the circumferential and axial direction. The model

fitted each direction reasonably well, with a modestly higher R2 value in the circumferential direction

(R?=0.74 vs R?>=0.68). Age, elastase treatment, and body mass were significant factors for both directions.

The predictive capability of each variable was assessed by the standardized beta (B) values. Age was the

variable with the highest predictive capacity for the circumferential direction, however, elastase treatment

demonstrated the highest predictive capability for the axial direction.



Independent Predictors of Material Stiffness
With interactions

Circumferential Axial
Model 1R2:0.72 Model2R?:0.61 | Model 1 R?:0.62 Model 2 R?: 0.55
Standardized B p-value Standardized B p-value
Coefficients Coefficients
Model 1 Age 0.7 p<0.001 0.1 p<0.001
Elastase -0.48 p<0.001 -0.16 p<0.001
Age*Elastase 0.08 P=0.28 0.01 p=0.18
Model 2 Age 0.83 p=0.003 0.83 p=0.006
Body Mass 0.19 p=0.07 0.75 p=0.004
Age*Body Mass 0.001 p=0.12 0.001 p=0.04

Table 3: Independent predictors of material stiffness for the circumferential and axial direction with
interactions. To adjust for body mass and elastase treatment, two models were constructed for regression
analysis. Model 1 consisted of age, elastase treatment, and the interaction factor. Model 1 fitted each
direction moderately well, with a modestly higher R? value (R?>=0.72 vs R? =0.62). Within Model 1, the
variable with the highest predictive capability was elastase (B=-0.48). Within the axial direction, elastase
treatment also had the highest predictive capability (B=-0.16). The interaction factor was not significant
in either direction. Model 2 consisted of age, body mass, and their interaction factor. Model 2 fitted each
direction moderately well with a higher R? value in the circumferential direction (R?=0.62 vs R? =0.55).
Body mass was no longer a significant predictor variable for the circumferential direction. Meanwhile age
maintained to be the highest predictor variable for both directions (B=0.83 for both directions). The
interaction factor was significant in the axial direction, potentially suggesting that effect of body mass

changes with age or that the effect of body mass becomes more significant with age.



