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ABSTRACT

Vaginal tearing at childbirth is extremely common yet understudied despite the long-term serious con-
sequences on women’s health. The mechanisms of vaginal tearing remain unknown, and their knowl-
edge could lead to the development of transformative prevention and treatment techniques for maternal
injury. In this study, whole rat vaginas with pre-imposed elliptical tears oriented along the axial direc-
tion of the organs were pressurized using a custom-built inflation setup, producing large tear propaga-
tion. Large deformations of tears through propagation were analyzed, and nonlinear strains around tears
were calculated using the digital image correlation technique. Second harmonic generation microscopy
was used to examine collagen fiber organization in mechanically untested and tested vaginal specimens.
Tears became increasingly circular under pressure, propagating slowly up to the maximum pressure and
then more rapidly. Hoop strains were significantly larger than axial strains and displayed a region- and
orientation-dependent response with tear propagation. Imaging revealed initially disorganized collagen
fibers that aligned along the axial direction with increasing pressure. Fibers in the near-regions of tear
tips aligned toward the hoop direction, hampering tear propagation. Changes in tear geometry, regional
strains, and fiber orientation revealed the inherent toughening mechanisms of the vaginal tissue.

Statement of significance

Women'’s reproductive health has historically been understudied despite alarming maternal injury and
mortality rates in the world. Maternal injury and disability can be reduced by advancing our limited
understanding of the large deformations experienced by women'’s reproductive organs. This manuscript
presents, for the first time, the mechanics of tear propagation in vaginal tissue and changes to the under-
lying collagen microstructure near to and far from the tear. A novel inflation setup capable of maintaining
the in vivo tubular geometry of the vagina while propagating a pre-imposed tear was developed. Tough-
ening mechanisms of the vagina to propagation were examined through measurements of tear geometry,
strain distributions, and reorientation of collagen fibers. This research draws from current advances in the
engineering science and mechanics fields with the goal of improving maternal health care.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

plane [3,4]. These tears, commonly referred to as perineal tears,
lead to obstetric anal sphincter injuries and, ultimately, to the on-

Tearing of the vagina and surrounding structures is an all too
familiar traumatic event associated with childbirth. More than 80%
of women experience some degree of tissue laceration during their
first vaginal deliveries [1,2]. The majority of these tears occur in the
distal third of the vagina and they typically present in the sagittal
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set of fecal incontinence [5]. More recently, data from prospective
studies have captured the incidence of high vaginal tears. These
tears occur within the upper two-thirds of the vagina [6] and usu-
ally present along the length of the vagina [4,7]. As much as 17%
of women experience laceration of the vaginal tissue during deliv-
ery [8], and approximately 5% have vaginal tears without any per-
ineal tearing [9]. Tears to the lateral walls of the vagina are con-
sidered clinical markers for levator ani avulsion [8], an established
risk factor for pelvic organ prolapse [10]. The observed variation in
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tearing by anatomical regions has been correlated with obstetric
risk factors such as baby weight, operative delivery, and duration
of the second stage of labor [9], but the cause of the variation is
unknown, and it likely depends on the structure and mechanical
properties of the vagina.

The vagina is a fibromuscular tubular organ with decreasing
width and increasing thickness along its length from the proximal
end to the distal end [11-14]. Through its thickness, the vagina is
made of four main layers primarily composed of collagen, smooth
muscle, and some elastin [15]. Histomechanical studies examined
the regional variations and relationships between the microstruc-
ture and the uniaxial tensile response in the ewe vagina. It was
found that collagen content was greatest toward the proximal end
(near the cervix) relative to the distal end (near the introitus), cor-
responding to a stronger and stiffer tissue response at the proximal
end [13,16]. In another study by Ulrich et al. [17], the authors re-
vealed differences, although not significant, in collagen content and
tangent modulus between the ventral (side closest to the urethra)
and dorsal (side closest to the rectum) regions of the ovine vagina.
However, significant differences in permanent strain between the
ventral and dorsal ovine vaginas were observed.

While uniaxial tests provide basic mechanical properties such
as tissue strength and tangent modulus in one loading direction,
biaxial tests are physiologically more relevant and capture the
complex loading conditions experienced by the vagina in vivo.
By performing planar biaxial tests, Huntington et al. [18] and
McGuire et al. [19] investigated the nonlinear anisotropic nature
of the rat and swine vaginas, respectively. In their study, McGuire
et al. [19] also studied the influence of pre-imposed tears and re-
ported that, under sub-failure loads, the stress-stretch response of
vaginal tissue was insensitive to tears. Moreover, they found that
tears oriented in the hoop direction blunted significantly more
than tears oriented in the axial direction. Similar to the pla-
nar biaxial tests, inflation tests by Robison et al. [20] and Clark
et al. [14] on mice and McGuire et al. [21] on rats revealed the
nonlinear anisotropy of the vagina. By conducting inflation tests
up to rupture, McGuire et al. [21] discovered that tearing always
presented within the mid-region of the rat vagina along the ax-
ial direction, with the vagina experiencing significantly larger hoop
strains than axial strains.

Tearing of soft tissues has previously been examined via uniax-
ial notch tests [22-28] and biaxial notch tests [26,28,29]. Uniaxial
studies on tendons and ligaments [23,24] as well as skin [25] and
biaxial studies on amnion [26] and glisson’s capsule [28] reported
significant blunting of the notches without propagation of tears.
Similarly, a study on knee meniscus [27] reported that the effective
strength of the tissue was insensitive to the pre-imposed notch.
These results have been attributed to collagen fiber straighten-
ing, sliding, and reorientation that serve to create a barrier to tear
propagation in the near-field of notch tips. They have also been
confirmed by small-angle X-ray scattering [25] as well as second-
harmonic generation (SHG) imaging [26,28]. Significant strain con-
centrations at the notch tips have been reported together with the
large degree of blunting [22,24,27]. This not only agrees with the
large degree of blunting observed, but also suggests that significant
shear strains may serve to redistribute the loads around the notch
tip [24]. Interestingly, Haslach et al. [29] reported shear strain as
a major contribution for through-thickness crack propagation of
bovine aortas subjected to ring inflation tests.

With the exception of Haslach et al. [29], tearing in the above
cited studies was investigated using either strips or sheets of tis-
sues. The tear propagation in soft tissues with a more complex
geometry and loading condition has never been investigated. The
vagina has a tubular structure and can be viewed, to some extent,
as a thin-walled cylindrical pressured vessel, experiencing signif-
icantly different stresses/strains in the hoop and axial directions.
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Fig. 1. Schematic of the anatomical regions of the rat vagina.

Thus tears are expected to propagate differently in such a config-
uration. Moreover, very little is known about the role of collagen
fibers in vaginal tissue mechanics, so whether or not the tough-
ening mechanisms against tear propagation are governed by the
reorganization of collagen fibers remains unknown.

We hypothesize that the vaginal tissue, even with pre-imposed
tears, will undergo large deformations when subjected to intralu-
minal pressure. We further hypothesize that the strains would be
significantly different in the axial and hoop directions and highly
inhomogeneous around the pre-imposed tears. Finally, we hypoth-
esize that the collagen fibers within the vagina will re-organize to
prevent tear propagation. To test our hypotheses, we designed and
built an inflation testing setup that preserved the in vivo tubular
structure of the rat vagina. We subjected whole rat vaginas with
pre-imposed tears to intraluminal pressure and measured the re-
sulting strains around the tear as well as the geometrical changes
of the tear. Furthermore, we analyzed the local alterations in the
collagen fiber morphology of the rat vagina that were induced by
intraluminal pressure. Collectively, the findings of this study will
advance our understanding of tear propagation in the vaginal wall.

2. Experimental methods
2.1. Specimen preparation

The current study was conducted with the approval of the In-
stitutional Animal Care and Use Committee at Virginia Tech. Thir-
teen three-month-old, virgin female Sprague Dawley rats were sac-
rificed by decapitation, frozen at 20 °C and allowed to thaw at 4 °C
before entire vaginas were isolated. The tissue specimens (n = 13)
consisting of entire vaginas were hydrated with PBS, wrapped in
gauze and frozen at 20 °C until inflation testing or imaging via
multiphoton microscopy. Prior to inflation testing, a subset (n =
10) of the tissue specimens were thawed in PBS for 10 min and
placed on a 6-gauge stainless steel dispensing needle for han-
dling. While keeping the tissue specimens on the needles, cross-
sectional images of the anterior (closer to the cervix, Fig. 1) ends
were taken using a CMOS camera (DCC1645C, Thorlabs Inc., New-
ton, NJ) on a dissection microscope and measurements of the in-
ner radius, R, and thickness, T, were performed from these images
using Image] (NIH, Bethesda, MD). On average, the inner radius
was 2.58 +£0.03 mm and the thickness was 0.41 & 0.05 mm. Cross-
sectional images of the posterior (closer to the introitus, Fig. 1(a))
ends were not taken as these were generally thick containing bits
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Fig. 2. (a) Schematic of the custom-made inflation setup for studying the tear prop-
agation in rat vaginal tissue specimens. (b) Transverse cross-section of the latex
tube mounted on two opposite coaxial (18-gauge and 16-gauge) needles. (c) Trans-
verse cross-section of the vaginal tissue specimen mounted onto two opposite (6-
gauge) needles over the latex tube. (d) Vaginal tissue specimen mounted over the
latex tube and speckled for non-contact strain measurements. I: axial length of the
latex tube, L: axial length of the vaginal tissue specimen, d: axial distance between
the 6-gauge needles.

of extraneous tissue. An initial through-thickness tear along the ax-
ial direction was placed into the mid-region of the dorsal side of
the tissue specimens (Fig. 1(a)) by first piercing the tissue speci-
mens with an X-acto blade (#11, Elmer’s Products Inc., Westerville,
OH) then cutting using dissection microscissors (WPI Inc., Sara-
sota, FL). The size and orientation of the pre-imposed tear were
selected based on the results of our previous study, where the av-
erage length of the tear was approximately 3 mm and tearing al-
ways occurred along the axial direction [21]. Here, the average ini-
tial length of the tears was 3.1 +£0.2 mm.

2.2. Inflation setup

In order to study tear propagation of vaginal tissue specimens
under inflation, an inflation setup was custom-built. The custom-
made inflation setup for this study is schematically presented
in Fig. 2(a). Briefly, custom-made latex tubes (see Supplemen-
tary Methods for details) and tissue specimens with pre-imposed
tears were mounted vertically onto coaxial needles and submerged
within an acrylic tank filled with phosphate buffered saline (PBS,
pH 7.4, Dot Scientific, Burton, MI) as shown in Fig. 2(b)-(d). The
latex tubes were inflated via a computer-controlled syringe pump
(accuracy: +1%, New Era Pump Systems Inc., Farmingdale, NY) with
infusion of PBS through plastic tubing. Pressure within the latex
tubes was measured using a pressure transducer (max capacity:
345 kPa, accuracy: +0.03%, Omega Engineering, Norwalk, CT), in-
terfaced with a computer via a myDAQ device (accuracy: +0.5%
+ 20 mV, National Instruments, Austin, TX). The transducer was
aligned to the height of the latex tubes and tissue specimens to
minimize the pressure differential due to fluid height. The nee-
dles holding the vaginal tissue specimens were fixed preventing
axial extension, and they were arranged such that the top nee-
dle was connected to a load cell (accuracy: +0.15%, LSB200 5 Ib,
Futek, Irvine, CA) mounted onto a linear motorized stage (XSlide
XN10-0040-E04-71, Velmex Inc., Bloomfield, NY) while the bottom
needle was fixed to a raised platform within the tank. High reso-
lution images of the surface of the vaginal tissue specimens were
taken using two CMOS cameras (Basler ace acA2440-75 um, Basler,
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Inc., Exton, PA) equipped with c-mount lenses (Xenoplan 2.8/50,
Schneider Optics Inc., Hauppauge, NY). Non-contact strain mea-
surements were performed with a 3D-DIC system (Vic-3D 8, Cor-
related Solutions, Columbia, SC).

2.3. Tear propagation inflation protocol

For mounting, each tissue specimen was pulled over two O-
rings that were bonded with cyanoacrylate adhesive 2 mm away
from the ends of two opposite 6-gauge stainless steel dispensing
needles. The ends of the vaginal tissue specimen were secured to
the needles with nylon thread and taped with Teflon tape (Fig. 2(c)
and (d)). Following mounting, the axial length of the tissue speci-
men, L, was measured from the axial distance of its clamped ends
via calipers (accuracy: +0.1 mm, Mitutoyo Absolute Low Force
Calipers Series 573, Japan). On average, the axial length of the tis-
sue specimen was 14 + 1 mm. The tissue specimen was then dyed
with an aqueous methylene blue solution (1% w/v) and speckled
with an aerosol fast dry gloss white paint to create a high contrast
speckle pattern on its surface. The tissue specimen was continually
hydrated with PBS throughout the mounting process.

Latex tubes (n = 10) were custom-made, lubricated with white
lithium grease, mounted to the inflation setup, and subjected to
a first inflation cycle, as described in the Supplementary Informa-
tion. One of the two tissue-mounted needles was attached to the
load cell on an actuator located outside the tank to easily lower the
tissue-mounted needles into the tank and over the latex-mounted
needles. The other tissue-mounted needle was then secured to a
raised platform at the bottom of the tank (Fig. 2(a)). The tissue-
mounted needles were vertically oriented with the introitus side at
the bottom and the cervix side at the top so that the pre-imposed
tear in the dorsal side of the vagina was centered within the field
of view of the two CMOS cameras. The DIC system used for strain
measurement was calibrated prior to testing via imaging of a plas-
tic grid (10 x 14 mm? with 3 mm spacing) submerged within the
tank. Images were imported into Vic-3D version 8 software (Corre-
lated Solutions, Columbia, SC) and a 4th order variable ray origin
model was implemented to correct for the changes in refractive
indices due to imaging through media (PBS, acrylic, air). Images of
the tissue surfaces were captured at a rate of 10 fps during testing.

An axial pre-load of 0.04 N was placed on the tissue specimens
to remove any axial slack. The tissue specimen was then inflated
by infusing PBS into the latex tube at a rate of 0.47 mL/min until
it was completely torn. The volume of the PBS infused as well as
the corresponding internal pressure and axial load were recorded.
Once testing was complete, a subset of tissue specimens (n = 3)
were removed from the tank, carefully dismounted from the nee-
dles, hydrated with PBS, wrapped in gauze, and frozen at 20 °C
until ready for imaging.

2.4. SHG imaging

Second harmonic generation imaging was performed on two
groups, each with three vaginas. Three vaginas from one group, the
control group, were imaged but never subjected to inflation tests
(Fig. 3(a)), while three vaginas from another group, the inflation-
tested group, were imaged after inducing tear propagation via in-
flation tests as described above (Fig. 3(b)). Prior to imaging, all
six tissue specimens were thawed in PBS at room temperature for
10 min, cut along the axial length of the vagina at the urethra
(ventral side, Fig. 1), laid flat and bonded onto a Petri dish with
cyanoacrylate adhesive, exposing the squamous epithelial layer.
The dish was filled with PBS to maintain hydration throughout
imaging. Tissue specimens were placed on a motorized stage of a
Zeiss LSM 880 upright confocal microscope (Zeiss, Thornwood, NY).
Backward-SHG imaging was performed with a Ti:Sapphire laser
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Fig. 3. Schematic of the two groups of rats used in this study. (a) Three vaginas
from three rats were used only to collect SHG images. (b) Ten vaginas from ten rats
were used for inflation testing. Three of the ten vaginas were also used to collect
SHG images after inflation testing.

(Ultra 1, Coherent Inc., Santa Clara, CA). The laser produced linearly
polarized, 140-fs duration pulses, spectrally centered at 780 nm at
80-MHz repetition rate. The beam deflected into the back port of
the microscope and scanned across the tissue specimens by a gal-
vanometric x — y scanner. The beam then passed through a 690-
nm short-pass dichroic mirror and focused onto the tissue spec-
imens with a 40x, numerical aperture of 0.75, water-immersion
microscope objective. The average excitation power illuminating
the tissue specimen was kept to less than 30 mW, as measured
by a power meter (1936-C, Newport Corp., Irvine, CA), to prevent
any damage to the tissue specimens. The backscattered SHG signals
from the tissue specimens traveled through the objective and were
collected by a detector (BiG.2 module, Ziess, Thornwood, NY) after
going through the 690-nm short-pass dichroic mirror, a secondary
dichroic mirror, and finally a 390-nm bandpass filter (Semrock
FF01-390/18-25, IDEX Health & Science, LLC, Rochester, NY). This
process generated two-dimensional images (212.55 x 212.55 pm?2)
from which the collagen fiber organization, including the fiber ori-
entation, could be quantified.

Eighteen images (m = 18) were acquired for each vagina within
the control (untested) group (Fig. 3(a)) and thirteen images (m =
13) were acquired for each specimen within the inflation-tested
group, for a total of 93(= 18 x 3 + 13 x 3) images (Fig. 3(b)). Six
regions (anterior, middle, and posterior regions along the dor-
sal and ventral vaginal walls) were imaged in both the control
(untested) group and inflation-tested group to investigate the po-
tential region-dependent fiber response within the rat vagina as
demonstrated within previous histomechanical studies on vaginal
tissue [13,16,17]. For the control (untested) group, three images
were obtained from the anterior (near the cervix), middle, and
posterior (near the introitus) regions of both the dorsal (side near
the rectum) and ventral (side near the urethra) vagina. For the
inflation-tested group, three images were obtained for each of the
anterior, middle, and posterior regions of the ventral vagina. The
ventral side of the vagina was opposite to the dorsal side where
a pre-imposed tear was created. For this reason, the regions in the
ventral side were considered far from the tears. Finally, four images
of the dorsal vagina, where tears occurred, were obtained: one im-
age at each of the two tear tips located in the anterior and poste-
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rior regions of the vagina, and one image at each of the two sides
of the tear in the middle region of the vagina (Fig. 3).

2.5. Data analysis

2.5.1. Tear propagation inflation test data

For each inflation test, the pressure and axial load contributions
of the latex tube were estimated, as described in the Supplemen-
tary Information, and subtracted from the measured total pressure
and axial load of the coaxial latex/tissue tube to compute the pres-
sure and axial load of the vaginal tissue specimen.

Normalized tissue volume (NTV) was calculated as
where V, was the initial volume that was enclosed by the latex
tube, computed using the inner radius, r, and axial length, I, of the
latex tube (Supplementary Table 2), and the volume occupied by
the sections of the 6-gauge needles that held the tissue specimen,
Vpgs was the volume of PBS that was infused into the setup, and
V; was the initial volume that was enclosed by the tissue speci-
men computed from the inner radius, R, and axial length, L, of the
vagina. During each inflation test of the tissue specimen, the only
volume that changed was Vpgs.

Local normal Lagrangian strains in the hoop and axial directions
were obtained from the dorsal side of the vagina where the tears
were located. The average values of these local strains were calcu-
lated over several smaller regions of interest around the tear, re-
sulting in a single average normal Lagrangian strain in the hoop
direction and a single average normal Lagrangian strain in the axial
direction within each region of interest for each recorded frame of
testing. Five regions of interest within each tissue specimen were
analyzed in total: a small circular region at each tip of the tear, a
small circular region on either side of the mid-region of the tear,
and a quadrilateral region enclosing (but not including) the tear.

Measurements of the tear geometry and propagation for each
tissue specimen were performed within Image] (NIH, Bethesda,
MD). Specifically, using the fit ellipse tool, measurements of the
lengths of the major and minor axes, area, and circularity of the
tears were calculated up to the point of initial tear propagation,
TP,itiai- The rates of increase for the major and minor axes were
computed by dividing the increase in length over the increase in
NTV. Moreover, the tear propagation toward the introitus, da;, and
the tear propagation toward the cervix, da., were measured as the
axial distance between the tear tips at TP, and new tear tips
that were created with inflation. The rates of propagation were cal-
culated up to the maximum pressure, Ppnax, and beyond Ppax by di-
viding the change in tear propagation toward the introitus and the
cervix by the change in normalized pressure

Vo+Vpps
V ,

" P

2.5.2. SHG imaging

The orientation of collagen fibers within each of the collected
93 images were quantified by means of spatial Fourier analysis
within a custom Matlab script [30-32]. Briefly, each image was
subdivided into a 51 x 51 grid (~ 4 x 4 wm?2) with the size of the
subdivisions determined by the collagen fiber size. A collagen fiber
orientation value was computed for each grid, resulting in 2601
orientation values for each image. Using circular statistics, aver-
age orientations and circular variances were calculated for each
anatomical region: dorsal anterior, middle, and posterior as well
as ventral anterior, middle, and posterior regions for the control
(untested) group and dorsal (near tear) anterior, middle, and pos-
terior as well as ventral (away from tear) anterior, middle, and pos-
terior regions for the inflation-tested group (Fig. 3).

2.6. Statistical analysis

All statistical data analysis was performed in a statistical soft-
ware package (SPSS Statistics Subscription; IBM Corp., Armonk,
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Fig. 4. (a) Pressure and (b) axial load versus normalized tissue volume (NTV) collected up to maximum pressure, Pn,x— during inflation tests of rat vaginal tissue specimens
(n = 10). Pressure and axial load versus NTV data from the same specimen are represented using the same color.

NY). The average hoop and axial strains were compared across five
regions of interest at NTVs of 1, 1.5, 2, and 2.5 with a three-way
repeated measures ANOVA. For this statistical analysis, there were
3 factors (NTV, direction, and region) with 4 levels for the NTV (1,
1.5, 2, and 2.5), 2 levels for the direction (hoop and axial direc-
tions) and 5 levels for the region (two regions at the two tips of
the tear, two regions in the mid-region of the tear, and one quadri-
lateral region enclosing but not including the tear). The hoop and
axial strains were further compared across five regions at TPy;iq
and Ppax Vvia a three-way repeated measures ANOVA. For this anal-
ysis, there were 3 factors (time point during testing, direction, and
region) with 2 levels for the time point during testing (TP, and
Pmax), 2 levels for the direction (hoop and axial directions), and 5
levels for the region (two regions at the two tips of the tear, two
regions in the mid-region of the tear, and one quadrilateral region
enclosing the tear). No outliers were present for any factor and
level combination of the two above factorial designs as determined
by studentized residuals (residuals within +3). Deviations from
normality were present as determined by the Shapiro-Wilk’s test
of normality. A series of power transformations based on the Box-
Cox transformation were used to attempt to correct the data. How-
ever, no optimal power transform ensured normality. The ANOVA
procedures were carried out regardless with the original data as
the ANOVA is fairly robust to deviations from normality. Any vi-
olations of sphericity were addressed by the Greenhouse-Geisser
correction. Significant interactions were followed up by examining
simple main effects via one-way repeated measures ANOVAs. Pair-
wise comparisons with a Bonferroni correction followed significant
simple main effects where the Bonferroni correction was applied
by multiplying the uncorrected p-value from the statistical test by
the number of comparisons rather than dividing the «-level. The
rate of length increase for the major and the minor axes of the pre-
imposed tear per unit NTV as well as the magnitude and rate of
tear propagation toward the cervix and introitus per unit NTV were
compared using paired t-tests. The assumptions for the paired t-
test (no outliers and normality of the differences) were satisfied.
All data reported are mean =+ standard deviation (std. dev.) unless
otherwise stated and statistical significance was set to p < 0.05.

3. Results
3.1. Nonlinear and inhomogeneous finite strain response to inflation

Inflation of vaginal tissue specimens to complete failure pro-
gressed through three phases: initial pressurization and stretching,
slow tear propagation up to Ppax, and rapid tear propagation to
complete failure. Vaginal tissue pressure and axial load data ver-
sus NTV data up to Ppax are shown in Fig. 4(a) and (b). The pres-
sure and axial load responses were both nonlinear, but the pres-
sure responses were more consistent across tissue specimens rel-
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Table 1

Mean (+std. dev.) of measured quantities at the initial tear prop-
agation, TPyiq, and maximum pressure, Pnax, during inflation
tests of rat vaginal tissue specimens (n = 10). Hoop and axial
strains were computed from the region enclosing but not includ-

ing the tear.

Measured quantity TPoitial Prmax
Pressure (kPa) 40+ 10 50+8
Axial load (N) 1.2+05 1.4+05
Volume infused (mL) 0.7+0.1 0.8+£0.1
Normalized tissue volume (NTV) 2.7+0.3 3.1+£03
Hoop strain 0.7+0.2 0.8+0.3
Axial strain 0.08+0.07 0.1+0.1

ative to the axial load responses. The average maximum pressure
was 50 £8 kPa and the corresponding average axial load at Ppax
was 1.4+0.5 N (Table 1).

Average hoop and axial strains at NTVs of 1, 1.5, 2, and 2.5 mea-
sured from five regions around the tear of tissue specimens are re-
ported in Fig. 5(a) and (b). These NTVs were selected for compar-
ison as all vaginas tested reached a NTV of 2.5, prior to TP,q.-
TP,itia Dresented, on average, at a NTV of 2.7+0.3 (Table 1).
Across all regions and levels of NTV, hoop strains were significantly
larger than axial strains with a maximum p-value of 0.003 occur-
ring between hoop and axial strains above the tear at a NTV of
1. As expected both hoop and axial strains increased for each re-
gion with increasing NTV (Fig. 5(a) and (b)). When hoop strains
were compared between regions, no significant differences were
observed at any level of NTV (Fig. 5(a)). Comparing axial strains be-
tween regions, a few significant differences were observed at each
level of NTV as shown in Fig. 5(b). The increase in hoop strain from
one NTV level to the next NTV level for each region was statisti-
cally significant (Fig. 6), with the exception of the hoop strain in
the region right of the tear from 2 to 2.5 (p = 0.056) (Fig. 6(d)). No
significant differences in axial strain were observed with increas-
ing NTV for the regions above (closer to the cervix), below (closer
to the introitus), or fully enclosing the tear (Fig. 6(a), (b) and (e)).
In contrast, significant differences in axial strain were observed for
the regions left and right of the tear where axial strains signifi-
cantly increased with increasing NTV (Fig. 6(c) and (d)). Specifi-
cally, axial strains left of the tear at NTVs of 1.5, 2, and 2.5 were
significantly larger than the axial strain at a NTV of 1 (p = 0.014,
p=0.023, and p = 0.027, respectively), while axial strains right of
the tear significantly increased between every level of NTV.

Average hoop and axial strain data for the five aforemen-
tioned regions at TP,y and Pmax are shown in Fig. 5(c) and (d).
Hoop strains at regions above, below, and enclosing but not in-
cluding the tear significantly increased from TP,y t0 Pmax (p =
0.003, p=0.004, and p = 0.011, respectively). The hoop strains
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left and right sides of the mid-region of the tear, respectively, and grey denotes a quadrilateral region enclosing (but not including) the tear. (a) Mean (&std. dev.) Lagrangian
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Fig. 6. Statistical comparison of hoop strains (dashed lines) and axial strains (con-
tinuous lines) between normalized tissue volumes (NTVs) of 1, 1.5, 2, and 2.5 for
(a) and (b) small circular regions at tips of the tear closer to the cervix and in-
troitus, respectively, (c) and (d) small circular regions on left and right sides of
the mid-region of the tear, respectively, and (e) quadrilateral regions enclosing (but
not including) the tear. (f) Regions around the tear, where (hoop and axial) strains
were compared between NTVs, are displayed in orange, red, blue, purple, and grey.
*p < 0.05, *p < 0.01, **p < 0.001. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

left and right of the tear decreased from TP,y to Pmax, but this
was not a significant decrease (p =0.418 and p = 0.151, respec-
tively). Comparing the hoop strains by region for TPy, no sig-
nificant differences were observed, but for Ppax, a significant dif-
ference between the region right of the tear and the region en-
closing the tear was observed (p = 0.046). Axial strains for the re-
gions above, left of, right of, and enclosing the tear all increased
from TPy to Pmax with significant differences arising for the
regions left of, right of, and enclosing the tear (p=0.009, p=
0.027, and p =0.023, respectively). At TPy, the axial strains
for the regions left of, right of, and enclosing the tear were sig-
nificantly larger than the axial strains above the tear (p = 0.002,
p=0.003, and p = 0.018, respectively), while no significant dif-
ferences in axial strain were observed between regions at Ppax.
Across all regions for both TPy and Pnax, the hoop strains
were significantly larger than the axial strains with a maximum
p-value of 0.012 between hoop and axial strains right of the tear
at Phax.

3.2. Tear geometry and propagation response to inflation

The changes in shape of axially oriented, pre-imposed tears
with increases in NTV during inflation are displayed in Fig. 7.
These data were collected up to the point of TPyy. The ini-
tial shape of the tears generally resembled narrow ellipses with
the major and minor axes oriented along the axial and hoop di-
rections, respectively. The average initial length of the major axis
was 3.1+0.2 mm, the average initial length of the minor axis
was 0.6 + 0.3 mm, and the average initial area was 1.4 + 0.7 mm?.
As can be observed in Fig. 7(a) and (b), the length of the minor
axis increased at a faster rate than the length of the major axis
resulting in a decreased eccentricity of the tears. This can also
be noted in Fig. 7(c) and (d) where the tear area and circularity
(= 4m area/perimeter?) of the tears increased with increasing NTV.
On average, the rate of length increase for the major and minor
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axes were 0.2+0.1 mm and 0.6 £ 0.1 mm per unit NTV, respec-
tively. The difference between these rates was statistically signifi-
cant (p < 0.0005). In effect, the tips of the tears became round as
the circularity, on average, changed from 0.3 +0.1 to 0.70 4 0.06.
At TP,iq» the average length of the major axis was 3.6 + 0.3 mm,
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the average length of the minor axis was 2.0+ 0.2 mm, and the
average area of the tear was 5.6 + 0.8 mm?2.

Once

a tear in the vagina was observed to propagate, the in-

crease in length of the tear was measured up to and beyond Ppax.
Propagation consistently occurred along the axial direction at both
the upper (toward the cervix) and lower (toward the introitus) tips
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Fig. 9. Representative SHG images of the collagen fibers within six different regions from (a)-(f) the control (untested) rat vaginal tissue specimens and (g)-(1) the inflation-
tested rat vaginal tissue specimens. Data were collected as shown in Fig. 3(a) and (b), respectively.

of the pre-imposed tears. Initially, the tear propagation was found
to proceed slowly with increasing NTV (Fig. 8(a)-(c)). A more rapid
propagation of the tear was observed after achieving Ppax, at an av-
erage NTV of 3.1 £ 0.3 (Table 1). Fig. 8(a) displays the propagation
of tears toward the cervix (dac), Fig. 8(b) displays the propagation
of tears toward the introitus (da;), and Fig. 8(c) displays the total
propagation of the tears (dac + da;) versus NTV. On average, da; at
Pnax was 0.6 £0.4 mm while da. at Ppax was 0.4 4+ 0.2 mm. This
difference was not statistically significant (p = 0.130). In addition,
pressure data for each vaginal tissue specimen, normalized by Pnax,
versus the total propagation of the tear is presented in Fig. 8(d).
On average, tear propagation was observed to begin at 70 4 10% of
Pmax, indicating localized damage prior to large tear propagation.
At Pnax, the tears propagated on average 1.0 + 0.5 mm in the axial
direction (Fig. 8(d)). The rate of tear propagation up to Ppax was on
average 34+ 1 mm per unit normalized pressure while the rate of
tear propagation beyond Ppax was on average 9 +5 mm per unit
normalized pressure. This difference in rates was statistically sig-
nificant (p < 0.005).

3.3. Collagen fiber morphology before and after tear propagation
inflation tests

The collagen fiber organization of rat vaginal tissue was ex-
amined at several different anatomical locations within the tissue
specimens from the control (untested) group (n = 3) (Fig. 9(a)-(f))
and within tissue specimens from the inflation-tested group (n =
3) (Fig. 9(g)-(1)). Collagen fibers within control (untested) speci-
mens were observed to be undulated and disorganized. Following
inflation testing, collagen fibers were markedly straightened and
aligned toward the axial direction within the ventral posterior re-
gion (Fig. 9(i)). The collagen fibers in the mid and anterior ventral
regions maintained some undulation and disorganization, but there
was a noticeable general reorientation of collagen fibers in the ax-
ial direction (Fig. 9(g) and (h)). Collagen fibers in the dorsal region
(Fig. 9(j)-(1)) reoriented tangentially to the surface of the axially
oriented tear. In the anterior and posterior regions, where the tips
of the tears were located, collagen fibers formed a crossing pattern
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(Fig. 9(j)-(1), and in the mid region they aligned parallel to the tear
(Fig. 9(k)).

Average orientations and circular variances of collagen fibers
from control (untested) and inflation-tested tissue specimens are
reported in Fig. 10(a)-(f) and (g)-(l), respectively, where 90° rep-
resents the axial direction. For untested specimens, data from the
anterior and mid regions of the ventral and dorsal walls of the
vagina showed collagen fiber alignment predominately between
45° and +45° (Fig. 10(a), (b) and (d), (e)). Specifically, the dorsal
walls appeared to have two main preferred fiber directions within
this range (Fig. 10(d) and (e)) whereas the ventral wall had a single
preferred direction (Fig. 10(a) and (b)). The posterior regions of the
ventral and dorsal walls showed collagen fibers aligned about sin-
gle preferred directions of approximately 117° and 70°, respectively
(Fig. 10(c) and (f)).

Noticeable differences in the fiber orientation of inflation-tested
tissue specimens relative to control (untested) tissue specimens
were observed within every region (Fig. 10). For the inflation-
tested specimens, within the anterior ventral region (far from the
tear), the collagen fibers were primarily aligned along two pre-
ferred orientations around +60° (Fig. 10(g)). In the mid and pos-
terior regions, the collagen fibers exhibited axially preferred orien-
tations of 80° and 96°, respectively (Fig. 10(h) and (i)). In the ante-
rior and posterior dorsal (near the tear) regions, the collagen fibers
had average orientations of 3° and 30°, respectively (Fig. 10(j)-(I)).
The fibers in these regions were generally oriented in the hoop di-
rection, perpendicular to the direction of tear propagation. In the
mid dorsal (near the tear) region, the average orientation of colla-
gen fibers was 100° and the fibers were generally oriented in the
axial direction (Fig. 10(k)).

4. Discussion

While a few investigators have studied the tear propagation
of soft collagenous tissues [22-29], this is the first experimental
study to characterize the tear propagation in vaginal tissue under
a biaxial state of stress. Unlike our previous planar biaxial tests
[19], these new tests were conducted so as to preserve the in vivo
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tubular geometry of the vagina. Toward this end, we custom-made
an inflation setup to pressurize axially fixed rat vaginas with pre-
imposed, axially oriented tears of ~ 3 mm in length via latex tubes.
The maximum pressure sustained by the rat vagina before large
tear propagation was approximately 50 kPa, less than half the pres-
sure required to generate tearing [21]. Throughout inflation test-
ing, the strain field was measured using the DIC technique, and
the hoop strains were always found to be significantly larger than
the axial strains. The tears, which had an initial elliptical shape,
became more circular under pressure, had no significant difference
in propagation toward the introitus versus the cervix at maximum
pressure and propagated rapidly once the maximum pressure was
achieved.

In addition to inflation testing, we performed SHG microscopy
to reveal, for the first time, the collagen fiber organization in the
rat vagina and the alterations that were induced by inflation. The
collagen fiber orientation varied by anatomical regions, with the
collagen fibers reorienting and becoming straight due to infla-
tion. The collagen fibers created an inherent protective mechanism
slowing the progression of tearing in the vaginal tissue. Consistent
with other tear propagation studies [19,25,26,28,33], vaginal tears
blunted prior to the onset of propagation.

The pressure data recorded during inflation testing were re-
markably consistent across vaginal tissue specimens whereas the
axial load data were found to exhibit some variability (Fig. 4(a)
and (b)). This variability may be the result of some inevitable mis-
match between the axial length of the latex tubes and the tissue
specimens, as well as some friction at the latex/tissue interface.
White lithium grease was employed to minimize contact friction,
but the proximity to a perfect slip condition is unknown. Variabil-
ity in the axial load data could also be due to the difference be-
tween the axial length of the tissue specimens relative to the in
vivo axial length of the vagina. As previously demonstrated for ar-
teries [34,35] and, more recently, for the murine vagina [20], in-
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flation at a fixed axial length greater than the in vivo axial length
resulted in an increase in axial tension, while inflation at a fixed
axial length smaller than the in vivo axial length led to a decrease
in axial tension. The in vivo axial length of the tissue specimens
was not recorded in this study and its influence on the ex vivo me-
chanical response of the vagina should be further investigated.

The DIC method is a powerful optical technique that has en-
abled us to capture the highly inhomogenous strain field in the
vagina. Taking full advantage of this technique, comparisons of
strain fields across several regions around the pre-imposed tears
were made (Fig. 5). Similar to our previous study [21], hoop strains
were always significantly larger than axial strains throughout in-
flation testing, as would be expected for the specimen, which was
fixed in axial length. Furthermore, hoop strains were not signifi-
cantly different by region but significantly increased with inflation,
suggesting that the radial expansion of the vaginal tissue was re-
gion independent (Fig. 5(a)). On the contrary, the axial strains var-
ied across regions and did not always increase significantly with
inflation (Fig. 5(b)). At the maximum pressure, a significant in-
crease in hoop and axial strains were observed when compared to
the strains at the initial tear propagation (Fig. 5(c) and (d)), as one
might have expected. However, the hoop strains significantly in-
creased above and below the tear (Fig. 5(c)) while the axial strains
significantly increased left and right of the tear (Fig. 5(d)). This dis-
tribution of strain around the axially oriented tear as the tear prop-
agated was consistent with the alignment of collagen fibers around
the tear after inflation testing (Fig. 9(j)-(1)).

Measurements of minor and major axes, area, and circularity
of the tear during inflation detailed the increase in size of the
tear as the vagina was pressurized but also the progressive round-
ing of the initially elliptically shaped tear (Fig. 7). These findings
are, however, only for tears that form in the mid dorsal region of
the vagina. Comparable tear propagation up to maximum pressure
was observed in the posterior and anterior regions of the vagina,
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suggesting that the blunting mechanisms were similar in these
regions (Fig. 8(a) and (b)). Thus, we speculate that vaginal tears
that occur closer to the introitus and cervix may propagate simi-
larly. Tear propagation prior to the maximum pressure was small
and occurred at a slower rate relative to tear propagation beyond
the maximum pressure for tears with major axis oriented along
the axial direction (Fig. 8(d)). It is possible that these propagation
rates increase for tears with major axis oriented along the hoop
direction since such tears deform significantly more [19]. However,
propagation of such tears could be also redirected from the hoop
direction to the axial direction as the axially oriented fibers in the
vagina may act as barriers. This redirection would again take more
energy and could decrease the rate of propagation of such tears
significantly.

Considering the strain results along with the SHG imaging and
analysis (Fig. 9), the strain inhomogeneity can partly be attributed
to the local variations in collagen fiber microstructure, where the
initially disorganized and wavy collagen fibers primarily reoriented
toward the axial direction to provide axial stiffness and hoop com-
pliance. The reorientation of fibers toward the axial direction under
a state of biaxial stress, despite significantly larger hoop strains,
may signal a preferential alignment linked to the physiology of
the vagina. A primary function of the vagina is to expand, and the
alignment of fibers in the axial direction would serve to allow such
radial expansion. Moreover, the dispersion of collagen fibers about
the hoop direction toward the cervix, in the anterior region, may
be necessary for maintaining connection to the cervix. One must
be mindful of the conclusions that could be drawn here as imag-
ing was not performed during testing but after testing and, while
regional dependent changes in the collagen microstructure were
observed before and after inflation, specific correlations between
the fiber organization and local strains are unknown. Moreover, the
rate at which collagen fibers were recruited, straightened, and re-
oriented was not captured, and it could be region dependent and
further explain the inhomogenous strain field of the vaginal tis-
sue. Finally, limitations of the commercial system used for SHG, as
detailed later, require that the interpretation of fiber orientations
and distributions be considered in a more qualitative rather than
quantitative manner (e.g., the difference in average orientations of
70° and 110° between two distributions is not necessarily mean-
ingful but rather should be interpreted as distributions with aver-
age orientations in the general axial, 90°, direction). Because tears
in the vagina always formed in the axial direction in our previ-
ous study [21], we decided to pre-impose tears in such direction
to analyze their behavior under inflation. However, the tear behav-
ior in the radial direction should also be investigated since we of-
ten observed layer de-lamination with tears that initiate in the in-
tima layer [21]. Ring vaginal tissue specimens could be tested using
our custom-built testing apparatus in order to analyze the through-
thickness tear behavior in the radial-circumferential plane, as done
by Haslach et al. [29] for bovine aortas. By integrating the results
of different tests, one would be able to better classify the type of
fracture mode (mode I, mode II, and/or mode III) of the vaginal
tissue.

Although our ex vivo inflation tests characterize the mechani-
cal response of vaginal tissue better than uniaxial and planar bi-
axial tests, they do not account for the in vivo physiological load-
ing conditions of the vagina. For example, in our study the vaginal
tissue was isolated from the surrounding muscle and connective
tissues that are likely to play important roles in the propagation
of vaginal tears. Our tests were performed on passivated vaginal
specimens, without considering the contractions that are caused
by the muscularis layer of the vagina [36]. This layer is composed
of smooth muscle cells that induce contractions of the vagina in
both the axial and hoop directions as shown in our recent study
[18]. Such contractions could significantly influence the tear propa-
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gation mechanisms of the vagina in vivo. Finally, the vaginal speci-
mens were subjected to multiple freeze-thaw cycles and this prac-
tice may have altered the tear propagation mechanism. However,
we speculate that the changes induced by the freeze-thaw cycles
were minimal based on published studies on the effect of freezing
on the mechanical properties of the ewe vagina and, more recently,
on rat tail tendon fascicles [37,38].

SHG microscopy represents the gold standard method for imag-
ing collagen fibers within vaginal tissue. Our results have shown,
for the first time, the collagen fiber architecture of the rat vagina
within the ventral and dorsal regions, anterior, mid, and posterior
regions, as well as regions far from and near to the tear. How-
ever, all the images were always collected at one in-depth through-
thickness location. Because the vagina is composed of four lay-
ers and our study suggested that de-lamination may be one of
the mechanisms of tear propagation, SHG images should be col-
lected across several in-depth through-thickness locations in the
various layers. We attempted this but it resulted to be quite chal-
lenging and time consuming leading to swelling of the vaginal tis-
sue during imaging. The swelling altered the focal plane of the
light beam within the tissue during image acquisition and pre-
vented the use of through-thickness, three-dimensional fiber anal-
ysis. Moreover, we used a commercial system for our SHG mi-
croscopy, which generated linear polarization and only allowed for
backward SHG signal acquisition. The use of linear polarization,
rather than the preferred circular polarization, may have skewed
our results. Similarly, the collagen fibers may have appeared punc-
tate in images derived from back-scattered SHG signal, in con-
trast to their forward-scattered counterpart [39]. More research is
required to understand the differences between the forward and
backward SHG images of collagen fibers, especially given the po-
tential clinical impact of backward SHG imaging for vaginal tear
detection.

Rats have long served as the primary animal models for studies
on the mechanical properties of the vagina due to their close his-
tological similarity to humans. The layered structure of the vagina
is, for example, common to rats and humans. Still we do not know
whether the collagen fiber organization in the different layers and
anatomical regions of the vaginal wall is comparable across the
two species. We have shown in this study that such organization
governs the mechanical and tearing behavior of the rat vaginal tis-
sue. For this reason, the relevance and applicability of our me-
chanical and micro-structural results to humans will be better in-
vestigated once new data on human vaginal tissue are collected.
Nonetheless, this study filled out major gaps in our knowledge
about the microstructure and mechanics of the vagina and pro-
vided new ideas on the experimental methods that can be used to
enhance the relevance of animal models to women’s reproductive
health.

Bipedalism and encephalization have made parturition in hu-
mans much more complicated than parturition in any other liv-
ing species: bigger babies with larger brains need to move through
vaginas in narrower pelves [40]. Thus, there are no other species
that experience maternal trauma and tearing like women do. Al-
though the vaginal tissue changes significantly with pregnancy and
parturition to accommodate the passage of a full-term baby, the
vaginal tissue remodeling in humans has yet to be characterized.
In rats, the vaginal tissue becomes more complaint [41,42] and the
elastic fibers become wavier [42] during pregnancy and parturi-
tion, so tears in pregnant vaginal tissue may propagate following
a different mechanism that the one presented here for virgin rats.
For this reason, future experiments using the experimental meth-
ods presented in this manuscript should investigate the tear prop-
agation mechanism at various gestation time points in the rat to
reveal the effect of pregnancy and parturition on tear propagation.
This is especially important since tears in the human vagina pri-
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marily present during vaginal delivery, though they also happen
during sexual activity [43].

The long-term goal of this research is to develop quantitative
and objective methods for predicting and evaluating vaginal tears.
Accurate prediction of tear formation could not only reduce ma-
ternal trauma but also decrease unnecessary caesarean deliver-
ies. Indeed, the current risk-factors (primiparity, forceps or vac-
uum delivery, birth weight greater than 4 kg, episiotomy, shoul-
der dystocia) are alone insufficient to predict maternal trauma and
lead to the recommendation of caesarean deliveries, with increased
risk of maternal death [44]. Early evaluation of large vaginal tears
could serve to suggest immediate follow-up care and prevent fu-
ture pelvic floor dysfunctions. Large vaginal tears during childbirth
are clinical markers for trauma to the major supportive muscle of
the pelvic floor, the levator ani [8]. Trauma to this important mus-
cle is very common during vaginal delivery. However, it is often
occult and very difficult to diagnose immediately after childbirth,
leading to female pelvic organ prolapse in later life.

5. Conclusions

This experimental work provided the first characterization of
the tear propagation properties of the vaginal tissue under a biax-
ial state of stress using the rat as animal model. An inflation setup
that enabled the inflation of entire vaginas with pre-existing tears
was custom-built and used in conjunction with the DIC method
to capture the strain field around the tears. The pressure and ax-
ial load versus NTV responses of vaginal tissue was nonlinear, and
the vaginal tissue exhibited heterogeneity in the strain field around
a tear. Tears propagated along the axial direction of the vagina,
slowly prior to the maximum pressure and more rapidly once the
maximum pressure was achieved. SHG imaging revealed the wavy
and disorganized morphology of the collagen fibers within the
control (untested) tissue. Following inflation testing, collagen fibers
were straightened, more uniformly aligned, and reoriented near to
and far from the tears. Overall, the distribution of strain and ori-
entation of collagen fibers around the tears indicated toughening
of the vagina. These findings provide a more refined understand-
ing of the mechanisms of vaginal tearing and have the potential
to improve prevention and treatment strategies for maternal birth
trauma.
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