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Swine Vagina Under Planar
Biaxial Loads: An Investigation
of Large Deformations and Tears

Vaginal tears are very common and can lead to severe complications such as hemorrhag-
ing, fecal incontinence, urinary incontinence, and dyspareunia. Despite the implications
of vaginal tears on women’s health, there are currently no experimental studies on the
tear behavior of vaginal tissue. In this study, planar equi-biaxial tests on square speci-
mens of vaginal tissue, with sides oriented along the longitudinal direction (LD) and cir-
cumferential direction (CD), were conducted using swine as animal model. Three groups
of specimens were mechanically tested: the NT group (n=9), which had no pre-imposed
tear, the longitudinal tear (LT) group (n=9), and the circumferential tear (CT) group
(n=29), which had central pre-imposed elliptically shaped tears with major axes oriented
in the LD and the CD, respectively. Through video recording during testing, axial strains
were measured for the NT group using the digital image correlation (DIC) technique and
axial displacements of hook clamps were measured for the NT, LT, and CT groups in the
LD and CD. The swine vaginal tissue was found to be highly nonlinear and somewhat
anisotropic. Up to normalized axial hook displacements of 1.15, no tears were observed
to propagate, suggesting that the vagina has a high resistance to further tearing once a
tear has occurred. However, in response to biaxial loading, the size of the tears for the
CT group increased significantly more than the size of the tears for the LT group
(p=0.003). The microstructural organization of the vagina is likely the culprit for its
tear resistance and orientation-dependent tear behavior. Further knowledge on the
structure—function relationship of the vagina is needed to guide the development of new
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1 Introduction

Vaginal tears are wounds that occur in or around the vagina and
may drastically vary in severity from superficial cuts of the muco-
sal lining to tears propagating through the entire vaginal wall and
into the surrounding muscle and organs. These tears may result
from intercourse, traumatic injuries, or large hormonal changes
through aging and menopause [1-3]. However, the most common
cause of vaginal tearing is childbirth. The vagina must expand
from a diameter of ~2.5 cm to a diameter of ~9.5 cm to allow the
passage of a full term baby [4,5]. Up to 90% of women experience
tearing during vaginal delivery [6,7], and the reported number of
severe tears is increasing as the number of cesarean deliveries
decreases and as physicians and hospitals are improving aware-
ness and protocols for examining and reporting tears [8—10].
Because the vagina is highly vascular in nature and represents the
central support structure of the pelvic floor, tearing can result in
complications including traumatic postpartum hemorrhaging [11],
fecal or urinary incontinence [12,13], or dyspareunia [14]. These
conditions can persist for many years producing emotional and
psychological trauma in addition to physical pain [15,16].

Risk factors for tears during labor (e.g., episiotomies, birth
weight, birthing position, and duration of the delivery), as well as
possible techniques for mitigating these tears, have been investi-
gated extensively [17]. However, the observed correlations
between risk factors, tear occurrence, and management methods
remain empirical. The behavior of a tear is strongly dependent on
the microstructural and mechanical properties of the vagina and
surrounding pelvic floor tissues. Knowledge of these properties
will help determine the reasons for the observed correlations, and
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methods for preventing the severe complications of tearing. [DOI: 10.1115/1.4042437]

they will allow prediction of the occurrence and severity of tears,
the impact on the patients’ health, and the outcomes of prevention
and treatment methods.

The vagina is a fibromuscular multilayered organ that is
comprised of four layers: the epithelium, the lamina propria, the
muscularis, and the adventitia [18]. Several studies have been
published on the structure and composition of the vaginal tissue
[19-23] but, due to the differences in animal models, tissue col-
lection protocols, and experimental methods, the available histo-
logical results are difficult to compare and often contradictory
[24,25]. Regardless, the vaginal wall has been found to be primar-
ily made of collagen, smooth muscle, and elastin, with regional
differences in composition along the length of the vagina [22,23].
Smooth muscle cells are organized into two indistinguishable
layers and are oriented in the longitudinal direction (LD) and
circumferential direction (CD), but data on the organization of
collagen and elastin fibers remain limited [26].

Existing research has focused on characterizing the mechanical
properties of the vagina but has failed to quantify the behavior of
tears. The vast majority of the work in this area has been done via
uniaxial tensile tests as reviewed in detail elsewhere [27], but
some recent work has been carried out using more physiologically
relevant biaxial tests [28]. In general, the vaginal tissue has been
observed to exhibit a nonlinear anisotropic behavior with tissue
being stiffer more often in the LD compared to the CD. While
there are no mechanical studies that examine the tear behavior of
vaginal tissue, tearing in other soft biological tissues has been
investigated [29—34]. Uniaxial and biaxial tests have been per-
formed on specimens with a pre-imposed notch or tear in order to
analyze the tear propagation. During testing, as the specimens
were subjected to tension, the fibers reoriented toward the direc-
tion of loading and localized at the tip of the defects providing
local resistance to tearing [33,34]. The ability of fibers to reorient
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and reorganize is strongly linked to the mobility of water in soft
tissues and may give rise to the strong defect tolerance of soft tis-
sues [34].

This study aims to, for the first time, quantify the deformation
and tear behavior of the vagina under planar biaxial loading. His-
tological analysis of the swine vaginal tissue is conducted to con-
firm similarities in the anatomy and morphology of the vaginal
wall between swine and humans [35,36]. Using the digital image
correlation (DIC) technique [37], we measure the local large
strains experienced by the tissue along the two axial loading direc-
tions, the LD and CD. We also examine the effects of an ellipti-
cally shaped pre-imposed tear with major axes oriented along the
LD or CD on the remote stresses and describe the size changes of
the pre-imposed tear. The findings of this study on the deforma-
tions and tear behavior of the vagina have the potential to advance
women’s health by suggesting new analytically based approaches
for preventing and treating tears.

2 Methods

2.1 Specimen Preparation. This study was conducted with
the approval of the Institutional Animal Care and Use Committee
(IACUC) at Virginia Tech. Reproductive tracts from eleven adult
domestic swine (3—4 years old, ~450 Ibs.) were obtained from a
local slaughterhouse (Gunnoe Sausage Company, Goode, VA),
and the vaginal canals were isolated between the interdigitating
mucosal folds of the cervix (pulvini cervicales) and the introitus.
Ten vaginal walls were used for mechanical testing and one was
used for preliminary histological analysis. Vaginal wall tissue for
mechanical testing was cut longitudinally along the urethra,
hydrated with phosphate-buffered saline (PBS, pH 7.4, Fisher
Scientific, Hampton, NH), and stored at —20 °C until testing. For
histology, a total of 12 specimens were harvested and immediately
placed in a 10% buffered formalin solution. Specifically, four
specimens were obtained from the cranial region, four from the
middle region, and four from the caudal region of the vagina. In
each region, two specimens were oriented with the cross section
in the LD and two with the cross section in the CD (Fig. 1).

2.2 Histology. Swine specimens were gradually dehydrated
in a graded ethanol and xylol series, embedded in paraffin wax,

Rectum
Horns of
uterus

Introitus

Longitudinal
direction (LD)

Fig. 1 Diagram of the vaginal tract within the swine displaying
the three regions and two cross sections from which samples
were taken for histological analysis. Blue squares represent
specimens stained with MT stain and magenta squares repre-
sent specimens stained with VVG stain.

041003-2 / Vol. 141, APRIL 2019

and cut into 4 um thin sections with a microtome. From each (cra-
nial, middle, or caudal) region, two cross section specimens, one
in the LD and the other in the CD, were stained with Masson’s tri-
chrome (MT) stain and two cross section specimens, one in
the LD and the other in the CD, were stained with Verhoeff-van
Gieson (VVG) stain (Fig. 1). The histological slides were exam-
ined under a light microscope (DMI6000B, Leica Microsystems,
Bannockburn, IL) equipped with a scanning stage (LMT260,
Leica Microsystems, Bannockburn, IL) at 10x magnification, and
images were collected using a digital microscope camera
(DMC4500, Leica Microsystems, Bannockburn, IL). Full speci-
men images were taken and then processed with an ImageJ plug-
in (NIH, Bethesda, MD) to detect different colors. Smooth muscle
and collagen contents were quantified from the MT-stained slides
while elastin content was quantified from the VVG-stained slides.
Briefly, blue for collagen and red for smooth muscle from the
MT-stained slides as well as black for elastin from the VVG-
stained slides were detected from each image, and the percent
areas of each color over the areas of the full specimen images
were calculated.

2.3 Testing Protocol. The vaginal tissue was thawed in PBS
at room temperature (20-25°C), cut into approximately
3.5 x 3.5cm? square specimens from the upper two-thirds of the
vaginal wall with the two sides oriented along the LD and CD,
and dyed blue with an aqueous methylene blue solution (1% w/v)
for optical contrast. Three groups were tested in this study: a no
tear (NT) group (n=9), a longitudinal tear (LT) group (n=9),
and a circumferential tear (CT) group (n=9) for a total of n =27
specimens. Each specimen’s thickness was measured with digital
calipers (accuracy *0.05mm, Mitutoyo Absolute Low Force
Calipers Series 573, Japan) under a 50 g compressive load and
then clamped with four custom-made hooks. The average thick-
ness of specimens in each group is reported in Table 1. For the
specimens in the LT and CT groups, surgical scissors were used
to cut an approximately central tear oriented with its major axis in
the LD and CD, respectively. The average length of the tears for
the two groups is also reported in Table 1. Specimens were speck-
led with an aerosol fast dry gloss white paint (McMaster-Carr,
Elmhurst, IL) to create a speckle pattern for noncontact strain
measurement methods [38]. Throughout the preparation process,
the specimens were hydrated with PBS.

High-resolution (1600 x 1200 pixels) images of the specimens
were taken during testing at one frame per second (fps) via two
CCD cameras (Prosilica GX 1660, Allied Vision Technologies,
Exton, PA) equipped with macro lenses (AT-X 100mm F2.8
AT-X M100 Pro D Macro Lens, Tokina, Tokyo, Japan). Noncon-
tact strain measurements were performed with a 3D-DIC system
(Vic-3D 7, Correlated Solutions, Columbia, SC) by closely fol-
lowing the system testing guide and manual provided. The system
was calibrated prior to every test by taking images of a
12 x 9mm? plastic grid with 4 mm spacing. All specimens were
immersed within an acrylic glass bath (Perspex, UK) filled with
PBS at room temperature (approximately 21°C) and mounted
onto an Instron planar biaxial machine with 50N load cells

Table 1 Measurements of specimen thickness, distances
between hooks, lengths of the major and minor axes of the tear,
areas of the tear in the undeformed configuration as defined in
Fig. 2. Data are reported as mean =+ standard deviation.

NT (n=9) LT (n=9) CT (n=9)
Thickness, mm 3.32+032 3.26 +0.72 2.95 +0.60
H; p, mm 29.28 +3.95 28.06 *2.29 27.46 +2.19
Hep, mm 29.14 +2.36 31.04 +2.96 33.47 +3.87
2A, mm — 14.93 * 1.44 16.73 2.7
2B, mm — 5.70 = 1.83 537 +0.84
A, mm> — 62.56 +18.92 69.06 + 19.54
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(accuracy =0.05 N, Instron, High Wycombe, UK). The specimens
were mounted with the epithelial layer exposed to the cameras.
The bath was covered with an acrylic glass cover that created a
flat planar surface with the PBS to ensure the fluid would not
interfere with DIC measurements. Specimens were preconditioned
by applying equibiaxial loads from 0.2 N to 1N at a displacement
rate of O0.1mm/s for ten cycles. They were unloaded and
allowed to recover for 600s (= 10min), and then equibiaxially
preloaded to 0.2N. They were then pulled at a displacement rate
of 0.1 mm/s.

The collected data were analyzed until either the specimens
were observed to tear at the hooks or the pre-imposed tears began
to propagate. This assessment was qualitative and performed by
reviewing the recorded image sequences of each test at every
15th frame (every 15s). Due to the speckle patterns placed on
the specimens, tears at the hooks were easily observed. Once the
movement of the speckles in the vicinity of any hook was
observed to abruptly change directions, the test was deemed com-
promised and data analysis was terminated. Moreover, because
the surfaces of the specimens were dyed, propagation of the pre-
imposed tear was detected as nondyed surfaces became exposed.

2.4 Data and Statistical Analysis. Percent composition for
collagen, smooth muscle, and elastin was each averaged for all
specimens (n = 12) from the single vaginal tract, for each region
(n=4 for the cranial region, n =4 for the middle region, or n =4
for the caudal region), and for each cross-sectional direction
(n =6 for the longitudinal cross section and n =6 for the circum-
ferential cross section). The data were analyzed in this fashion to
provide the overall percent composition of the swine vaginal wall,
while also examining potential differences by region and
direction.

Normalized hook displacement (NHD), defined as the ratio of
the average hook distance in the deformed configuration to the
average hook distance in the undeformed configuration in the LD
or CD, was calculated to compare the specimens across the NT,
LT, and CT groups. More specifically, the distances between pairs
of hooks, four pairs per direction, were measured using ImageJ
and averaged to compute an average hook distance in the LD and
CD for both the undeformed and deformed configurations (Fig. 2).
The average distances in the undeformed configuration are
reported in Table 1. The measurements of the NHD were per-
formed every 15 s of the recorded video for each test.

The average hook distance in the undeformed configuration
was also multiplied by specimen initial thickness to calculate the
specimen cross-sectional area in the LD or CD. Nominal normal

(b)

I’]LD
—t
21> | 7]
—_—
2a
hep

Undeformed Configuration

Deformed Configuration

Fig. 2 Schematic of the specimen in the (a) undeformed con-
figuration and (b) deformed configuration. H,p, Hcp, h.p, and
hcp represent the distances between hooks in the LD and CD
as indicated by the subscripts. 2A and 2a represent the lengths
of the major axis of the tear, 2B and 2b represent the lengths of
the minor axis of the tear, and A4 and a represent the areas of
the elliptically shaped tear.
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stresses in the LD and CD were calculated by dividing the axial
loads by the corresponding cross-sectional areas. This stress quan-
tity will be referred to simply as “stress” hereafter. Using the DIC
method, axial local Lagrangian strains in the LD and CD were cal-
culated over a central square region for every specimen in the NT
group. The axial local Lagrangian strains were then averaged,
resulting in a single average axial Lagrangian strain in the LD and
the CD for every second during the test. This average axial
Lagrangian strain will be referred to simply as “strain” along the
LD or CD hereafter. Local Lagrangian strain was not calculated
for the LT or CT group as the strain data in the smaller regions of
tissue around the tear and hooks were highly influenced by the
boundary conditions. Average stress—strain data for the NT group
and average stress-NHD data for each of the three groups were
calculated by averaging the stresses at equal strain or NHD,
respectively, from every specimen within each group.

Deformation of the elliptically shaped central tear for the LT
and CT groups was determined in ImageJ by measuring the
lengths of the major and minor axes and the area of the ellipse at
every 15th frame of the recorded video for each test. The area was
measured by tracing the boundary of the tear, the lengths of the
major and minor axes were measured by drawing two lines across
the longest and widest points of the outlined tear. The length of
the major axis displacement, a, the length of the minor axis
displacement, b, and area of the ellipse, a, in the deformed config-
uration were divided by the corresponding quantities, A, B, and A4
in the undeformed configuration reported in Table 1.

All statistical analysis was performed using a statistical soft-
ware package (SPSS 25.0; IBM Corp, Armonk, NY). First, the
percent composition of collagen, smooth muscle, and elastin in
each region and cross-sectional direction was compared with
one-way ANOVAs, or Welch ANOVAs when the homogeneity of
variances was violated. Second, a paired t-test was conducted to
compare the stresses of the NT group in the LD and CD at 15%
strain as this was the largest strain achieved across all specimens
in the group. None of the assumptions for this test were violated.
Third, the stresses in the LD and CD for all three groups were
compared at the NHD of 1.05, 1.10, and 1.15 with a two-way
mixed ANOVA. None of the assumptions for this analysis were
violated. Fourth, a/A and b/B in the LD and CD for the LT and
CT groups were compared at an NHD of 1.2, the largest NHD
achieved for all specimens in the two groups, with a two-way
mixed ANOVA. The data for this analysis contained no outliers
and were normally distributed, but the homogeneity of variances
(p <0.0005) and homogeneity of covariances (p < 0.0005) were
violated. The ANOVA revealed a significant interaction between
the factors, so simple main effects were examined via Welch
ANOVAs and one-way repeated measures ANOVAs with a
Greenhouse-Geisser correction when appropriate. Last, a paired
t-test was conducted to compare a/A between LT and CT groups
at an average NHD of 1.2. None of the assumptions for this test
were violated. Statistical significance was set to p < 0.05.

3 Results

The average percent composition of smooth muscle, collagen,
and elastin across the specimens analyzed from histology is pro-
vided in Fig. 3. The swine vaginal wall was found to consist of
31.3£249% smooth muscle, 58.9*56% collagen, and
1.1 £ 1.5% elastin. No significant differences in percent composi-
tion were observed among the cranial, middle, and caudal regions
for smooth muscle (p=0.05), collagen (p=0.449), or elastin
(p=0.155). There were also no observed significant differences
in percent composition between cross sections in the LD and CD
for smooth muscle (p=0.888), collagen (p=0.331), or elastin
(p=0.458).

Stress—strain curves for the NT group are presented in Fig. 4.
All curves were nonlinear and displayed the characteristic toe
region of soft tissues. The magnitude of stress or strain up until
the specimen was compromised at the hooks was quite variable.
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Stresses ranged from 90 to 270 kPa and strains ranged from 15%
to 55%. The responses in the LD spanned the entire range of
stresses while the responses in the CD spanned the entire range of
strains. Comparing the LD to the CD, six specimens appeared
stiffer in the LD and three appeared stiffer in the CD. The stiffest
response of a specimen occurred in the LD while the most compli-
ant response of a specimen occurred in the CD.

The average stress—strain curves in the LD and CD for the NT
group up to 15% strain are presented in Fig. 5. The curves were
somewhat nonlinear with very similar behavior up to 10% strain.
At higher strains, the curves started to diverge such that the stress
at 15% strain was larger in the LD (90 = 38 kPa) compared to
the CD (74 £ 30kPa), but this was not a statistically significant
difference (p =0.273).

Maps of the axial Lagrangian strain in the LD and CD for a rep-
resentative specimen in the NT group at four time points during
testing are reported in Fig. 6. The average strain was larger in the
LD than the CD at each time point after the start of the test, but
the largest magnitude of strain was only approximately 30% in the
LD while approximately 45% in the CD. For the LD, strain
increased everywhere within the analyzed region of interest. The
strain map in the CD, however, showed horizontal band-like
regions across the central portion of the specimen that became
more pronounced with the progression of the test. These band-like
regions defined alternating regions of high and low strains. Six of
the tested specimens displayed this behavior. Interestingly, all six
specimens had one or more bands of nearly zero or negative strain
in the CD for the duration of the test. Figure 6 displayed strains in
the CD of nearly —10% and 45% simultaneously at the last time
point within the analyzed region of interest for this specimen.

(a)

epithelium
%

epithelium

adventitia adventitia

Content (%)

0 T
Smooth  Collagen  Elastin
Muscle

Fig. 3 Histology of full thickness vaginal cross section: (a) MT-
stained slide and (b) VVG-stained slide. (¢) Percent content of
smooth muscle, collagen, and elastin reported as mean + stan-
dard deviation (n=12).
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Stress versus NHD curves for the LT and CT groups are shown
below in Figs. 7 and 8, respectively. Similar to the NT
stress—strain curves, these curves were nonlinear with the charac-
teristic toe region at low NHDs. Stresses and NHDs at hook
failure ranged from 100 to 300kPa and 1.18 to 1.3, respectively,
for the LT group and from 100 to 310kPa and 1.19 to 1.26,
respectively, for the CT group. In the LT group, six specimens
appeared stiffer in the LD and one specimen appeared stiffer in
the CD. In the CT group, four specimens appeared stiffer in the
LD and one specimen appeared stiffer in the CD.

The average stress versus NHD for the NT, LT, and CT groups
was compared (Fig. 9). No statistically significant differences
were observed for NHDs of 1.05 (p=0.443), 1.10 (p =0.924),
and 1.15 (p =0.513). There were also no statistically significant
differences in stress between directions for the CT group or the
LT group at NHDs of 1.05 (p=0.274 and p=0.927, respec-
tively), 1.1 (p=0.817 and p=0.368, respectively), or 1.15
(p =0.485 and p = 0.135, respectively). However, there were stat-
istically significant differences in stress between directions for the
NT group such that stress in the LD was significantly larger than
in the CD at NHDs of 1.05 (16 *=8kPa versus 12 * 4kPa,
p=0.049), 1.10 (45 = 19kPa versus 32 = 8 kPa, p =0.045), and
1.15 (90 = 39kPa versus 61 = 14kPa, p=0.041). Table 2 sum-
marizes the data presented in Figs. 7-9. Additionally, the average
strain was compared to the NHD for the NT group in the LD and
CD at NHD values of 1.05, 1.10, and 1.15. This comparison is
presented in Table 3.

As the specimen was equibiaxially stretched, the major and
minor axes of the elliptically shaped tear were deformed. The

30
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Fig. 4 Stress-strain data in the LD (solid lines) and CD
(dashed lines) for specimens in the NT group (n=9)

14
121 LD teo
0
=)
10

Stress (kPa)
[e)]

4 + + i ! '
2 8 ¢ {‘

a f
0p—R
0.00 0.02 0.04 0.06 0.08 0.10
Strain

0.12 0.14 0.16

Fig. 5 Mean (= standard deviation) stress—strain data in the
LD (solid lines and circles) and CD (dashed lines and triangles)
for specimens in the NT group (n=9)
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Fig. 6 Axial Lagrangian strain maps in the (a) LD and (b) CD of
a single specimen at four values of NHD

extent of the deformation relative to the NHD for the LT and CT
groups is reported in Fig. 10. As shown in Fig. 10(a), for the LT
group, there was a fairly consistent trend between a/A and NHD,
with a/A increasing as NHD increased. However, the relationship
between b/B and NHD varied greatly. It was interesting that, for
some specimens, b/B increased then decreased with NHD, or, in
one case, decreased for the duration of the test. The averages for
a/A and NHD in the LD and b/B and NHD in the CD were calcu-
lated. Average values of a/A had similar magnitudes to average
values of b/B as the average NHD increased such that there was
no statistically significant difference in the average a/A and b/B
at an average NHD of 1.2 (1.21 =0.05 versus 1.18 =0.22,
p =0.756). As shown in Fig. 10(b), for the CT group, there was a
linearly increasing trend between a/A and NHD as well as b/B
and NHD, but the slope of b/B versus NHD was generally greater
than the slope of a/A versus NHD. The variability of b/B was
also noticeably less for the CT group compared to the LT group.
Averages were again calculated for a/A and NHD in the LD and
b/B and NHD in the CD. As the average NHD increased, the
average values of b/B became increasingly larger relative to the

30
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Stress (kPa)

Fig. 7 Stress versus NHD data in the LD (solid lines) and CD
(dashed lines) of specimens in the LT group (n=9)
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Stress (kPa)

Fig. 8 Stress versus NHD data in the LD (solid lines) and CD
(dashed lines) of specimens in the CT group (n=29)

average values of a/A such that b/B was statistically significantly
larger than a/A at an average NHD of 1.2 (1.64 = 0.20 versus
1.21 £0.08, p < 0.0005). Comparing the average values of a/A
and b/B between the LT and CT groups, we found a statistically
significant difference in the average values of b/B (p < 0.0005)
but no statistically significant difference in the average values of
a/A (p=0.761) at average NHD values of 1.2.

The normalized changes in areas, a/A, of the tears for the LT
and CT groups relative to NHD values that were averaged
between the NHD values in the LD and CD were also compared
(Fig. 11). The change in areas of the two groups was similar at
NHD values up to 1.07 but quickly diverged thereafter. For the
CT group, a/4A increased with NHD, but for the LT group, this
was not always the case. Averages for a/A in the two groups as
well as total average values for NHD were calculated and com-
pared. At an average NHD of 1.2, the average value of a/4A for
the CT group was statistically significantly larger than that of a/A
for the LT group (2.01 =0.42 versus 1.40 =0.21, p=0.003).
Table 4 summarizes the data presented in Figs. 10 and 11.

4 Discussion

In this study, we characterized the mechanical behavior of the
swine vaginal tissues under planar equibiaxial tension providing
the first analysis of the effect of a pre-imposed elliptically
shaped tear on such behavior. Preliminary histological analysis

14,
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, ; X
1.05 1.10 1.15
NHD

Fig. 9 Mean (+ standard deviation) stress data in the LD (solid
colored bars with solid lines) and CD (patterned color bars with
dashed lines) of the NT (n=9), LT (n=29), and CT (n=9) groups
at three levels of NHD. Significant differences in stress were
found between the LD and CD for the NT group at all three lev-
els of NHD.
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Table 2 Stress versus NHD data for the NT, CT, and LT groups. Average data reported as mean = standard deviation. Data in bold
case represent significant differences between the LD and CD groups, and data ranges reflect the data collected prior to the hooks

or central tear compromising the tissue.

NT LT CT
LD CD LD CD LD CD
Average stress (kPa) NHD = 1.05 16 =8 124 11+6 11*+6 9+6 11+7
Average stress (kPa) NHD =1.10 45+19 32+8 40+ 18 36 16 40 = 14 41 +17
Average stress (kPa) NHD =1.15 90 =39 61 =14 84 £ 35 72 £29 92 =29 87 £34
Range of stresses (kPa) 90-270 90-200 120-300 100-250 130-310 100-280
Range of NHD 1.16-1.37 1.20-1.38 1.18-1.30 1.21-1.28 1.19-1.25 1.19-1.26

demonstrated some similarities in composition between swine and
human vaginas, including the four layer structure [25].
Stress—strain data and remote stress-NHD data displayed a highly
nonlinear behavior of the tissue despite the large degree of vari-
ability. Stresses in the LD for NHDs up to 1.15 for the NT group

Table 3 Percent difference between average strain and NHD
for the NT group in both the LD and CD at NHD values of 1.05,
1.10,and 1.15

NHD Difference in LD (%) Difference in CD (%)
1.05 0.36 0.98

1.10 0.47 1.1

1.15 0.8 1.5

1.30 1.35
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Fig. 10 (a) Normalized length, a/A, versus NHD data in the LD
(solid lines and circles) and normalized length, b/B, versus
NHD data in the CD (dashed lines and triangles) for the LT
group (n=29). (b) Normalized length, a/A, versus NHD data in
the CD (dashed lines and triangles) and normalized length, b/B,
versus NHD data in the LD (solid lines and circles) for the CT
group (n=9). Mean (*standard deviation) data are also
reported (black symbols).
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were found to be significantly larger than stresses in the CD sug-
gesting some anisotropy of the tissue. Comparing stresses at three
NHD values across the NT, LT, and CT groups, no significant dif-
ferences were found. At NHD values of 1.05, 1.10, and 1.15, a
propagation of the central tear for the specimens in the LT and CT
groups was not observed, showing the tolerance of the vaginal
wall to tears at these levels of NHD. The changes in the tear size
strongly depend on the orientation of the major and minor axes of
the tear within the vagina. On average, at the NHD value of 1.2,
the increases in tear size measured by a/A and b/B were not sig-
nificantly different for the LT group but significantly different for
the CT group where b/B was significantly larger than a/A. Com-
paring the LT group to the CT group at the NHD value of 1.2, the
increase in tear area quantified by a/A was significantly larger for
CT. Collectively, these findings shed some light on the tear toler-
ance and orientation dependencies of vaginal tissue.

The highly nonlinear stress—strain behavior of swine vaginal
tissue, consisting of an extended toe region followed by a stiffer
linear region, is typical for soft biological tissues (Figs. 4 and 5).
The stress and strain values are within the range of values reported
in the literature for different animal models and collected using
different experimental protocols [28,39,40]. The linear region was
not observed for all specimens due to the different stress and
strain values achieved before the specimens were compromised at
the hooks during testing. This variation may be due to the inherent
variability across the swine, and it may also be due to the differen-
ces in the anatomical position of the tested specimens within the
vaginal wall (e.g., cranial or caudal position), which was not con-
trolled for. Our preliminary histological analysis on the swine
vagina suggested that there are no significant regional differences
in composition across anatomical regions. However, other studies
have reported such differences in composition [23,22] (Fig. 3).
Since our specimens were collected from one sow, additional
studies are needed to determine possible differences in composi-
tion across regions in the swine vagina. Even so, histology does
not provide detailed information about the microstructural
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Fig. 11 Normalized changes in the areas, a/4, versus the aver-

age of the NHD data in the LD and CD for the LT and CT groups.
Mean (*= standard deviation) data are also reported (black
symbols).
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Table 4 Tear deformation versus NHD data for the LT and CT
groups. Average data reported as mean=*standard deviation.
Data in bold case represent significant differences between the
LT and CT groups, and data ranges reflect the data collected
prior to the hooks or central tear compromising the tissue.

LT CT
Average a/A NHD = 1.20 1.21 £ 0.05 1.21 =0.08
Average b/B NHD = 1.20 1.18 = 0.22 1.64 = 0.20
Average a/A NHD =1.20 1.40 = 0.21 2.01 = 0.42
Range of a/A 1.14-1.40 1.10-1.36
Range of b/B 0.69-1.59 1.37-2.01
Range of a/A 0.93-1.82 1.40-2.80

organization of the tissue’s components. Lagrangian strain maps
from the specimens in the NT group displayed distinctly different
strain behaviors in the LD and CD, which would suggest differen-
ces in the organization of the tissue’s components along these
directions (Fig. 6). It is important to note that the speckle pattern
that we tracked for strain measurement was placed on the epithe-
lial layer of the vagina, which is characterized by the presence of
rugae. These rugae, usually oriented in the LD, were more easily
observable on some specimens than others and likely contributed
to the strain behavior in the CD. The lamina propria layer is the
major load-bearing layer of the tissue and primarily contains col-
lagen. It extends into the rugae and provides firm contact between
the two layers [18]. Therefore, deformation of the epithelial layer
very likely reflects the deformation in the underlying lamina prop-
ria layer. Quantification of the tissue’s microstructural organiza-
tion would significantly improve our understanding of the
complex and variable mechanical behavior of the vaginal tissue.
At NHD values of 1.05, 1.10, and 1.15, the stresses of the swine
vaginal tissue with pre-imposed tears were not significantly differ-
ent between the LD and CD (Figs. 7-9). These stresses were not
significantly different from the stresses of swine vaginal tissue
without a tear (Fig. 9). Of course, while the “remote” stresses in
the LT and CT groups were comparable to the stresses in the NT
group, the stresses at the tear in the LT and CT groups were likely
higher than the stresses in the NT groups due to the stress concen-
tration caused by the presence of the tear. The comparison pre-
sented in Fig. 9 may not be particularly useful other than to
suggest that the specimens were capable of bearing similar loads
in response to the studied deformations regardless of the pre-
imposed tears. Others have shown that tears in fibrous tissues,
aside from reducing the load-bearing area of the specimens, did
not reduce the strength of the specimens, thereby exhibiting high
defect tolerances [32].

Several studies have examined the effects of a tear or notch
placed in fibrous materials via uniaxial [30,32-34,41] and biaxial
tests [34]. It was found in all of these studies that the fibers reor-
ient toward the direction of loading, effectively reinforcing the
leading edge of the tear or notch and preventing propagation.
The initial tears or notches, rather than propagating through the
material like a crack through a brittle material, stretched open and
produced a blunting effect. When failure did occur, it was the
result of gross material failure rather than the propagation of the
initial tear or notch. In soft fibrous tissues, the mobility of water
may enable local reinforcement of fibers to a defect [34]. Interest-
ingly, the water content of pregnant tissue increases and may be a
protective mechanism of the tissue. We believe the observed
toughness of the vaginal tissue at the stretch levels used in this
study can be attributed to the reorganization of collagen fibers.
However, at larger stretches, the stretching, sliding, and delamina-
tion of collagen may provide soft tissues with very high tear
resistance [33]. Further mechanical testing coupled with imaging
of the microstructure should be carried out to confirm this behav-
ior in vaginal tissues.

The increase in lengths of the major and minor axes of the tear,
measured by a/A and b/B, respectively, and the increase in area,
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measured by a/4A, were dependent upon the orientation of the tear
within the vaginal tissue (Figs. 10 and 11). For the LT group with
specimens having the major axes of the tears oriented in the LD,
the averages of a/A and b/B increased similarly at each NHD
value. However, for the CT group with specimens having the
major axes of the tears oriented in the CD, the average of b/B was
significantly larger than the average of a/A. Only the slope of
b/B versus NHD for the CT group was larger than 1, indicating a
non-affine deformation of the tissue in the vicinity of the tear. Fur-
thermore, the average of a/7A for the CT group was significantly
higher from that of the LT group. This clearly indicates that the
elliptically shaped tear opened much more when the major axis
was oriented in the CD than when oriented in the LD. The swine
vaginal tissue appeared to be slightly stiffer in the LD potentially
due to the presence of more collagen aligned in this direction. The
preferential alignment of fibers in the LD would explain the
observed greater resistance to tear propagation in the CD com-
pared with the LD, as well as the larger degree of tear opening
observed for the CT group.

The effects of specimen geometry and clamping technique on
the mechanical response of soft biological tissues under planar
biaxial tests have been studied both experimentally and numeri-
cally [42-48]. Mechanical clamps induce stress shielding, with
the loads applied through the clamps being redistributed around
the edges of the specimen rather than being fully transferred to the
central region of the specimen [44,46,48]. This stress-shielding
effect has been shown to be more severe for square-shaped speci-
mens compared to cruciform-shaped specimens [46], and it can be
mitigated by altering the shape of the cruciform-shaped specimens
[47]. On the other hand, when hooks are used for clamping, the
loads applied to square-shaped specimens are not uniform and are
dependent on hook placement and alignment [45]. By performing
some preliminary tests of nitrile rubber and vaginal specimens
with pre-imposed tears using hooks with square-shaped specimens
and mechanical clamps with cruciform-shaped specimens, we
determined that the magnitudes of loads before the specimens failed
were comparable. However, cruciform-shaped specimens consis-
tently failed at the arms while square-shaped specimens induced
propagation of the central tear. Due to the stress-shielding effect,
we preferred to avoid the use of cruciform-shaped specimens for
studying the mechanical behavior of the central region of the
specimens. Thus, despite the limitations, hooks were chosen to
secure square-shaped specimens in order to achieve the largest
transfer of loads to the central region of specimens and observe
the behavior of the tears.

In this study, an initial tear was imposed on the tissue by cutting
a narrow slit with surgical scissors in the center of each specimen.
However, upon loading specimens into the biaxial apparatus, it
was readily apparent that the imposed cut consistently became
elliptical in nature, independently of its initial orientation. Data on
the size and shape of perineal and vaginal tears after childbirth are
often subjective and dependent on identifiable landmarks [49].
Tools have been developed to measure the sizes of tears, ranging
from roughly 20 to 50 mm in the case of second degree tears [50],
but the shape of tears is not well documented. The lengths of the
tears in this study were kept at the lower end of this range based
on the size of the specimens, but the shape of the tears was the
result of the tissue behavior. Tears may occur as single tears, as
tested in this study, but more complex tearing is known to occur
such as branched tears and multiple tear sites. Future work should
investigate the formation and shape of tears, the size of tears, and
the behavior of more complex tearing as it relates to the mechani-
cal response of vaginal tissue.

Quantifying the stresses and strains that are required to propa-
gate tears within the vaginal wall and characterizing the
orientation-dependent behavior of vaginal tears will have pro-
found implications on women’s health. Tears that are confined to
the vaginal wall usually heal on their own when untreated but, in
some cases, they propagate through the layers of the vaginal wall
reaching the pelvic muscles, the perineum, and the anal sphincter.
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These tears must be treated, and they include second degree peri-
neal tears, which occur at a rate of roughly 25%, third- and fourth-
degree perineal tears, which occur at a rate of roughly 5-15%, and
nonperineal vaginal tears, which occur at a rate of roughly 20%
[7,9,51,52]. Furthermore, third- and fourth-degree perineal tears,
as well as nonperineal vaginal tears, are potential markers for
levator ani avulsion and can cause anal sphincter injuries, both of
which ultimately lead to pelvic floor disorders [12,13,52]. By
understanding the mechanisms of tear propagation, new techni-
ques can be developed to prevent severe trauma and protect the
perineum and anal sphincter. Toward this end, future work should
seek to determine the structure—function relationship of vaginal
tissue, especially as it changes through pregnancy when tears are
more likely to occur.

5 Conclusions

The deformations and tear behavior of the swine vaginal tissue
were studied in response to planar equibiaxial tension. The tissue
was highly nonlinear and somewhat anisotropic being, on average,
stiffer in the LD than in the CD. When comparing the remote
stresses of specimens without a tear and with pre-imposed ellipti-
cally shaped tears with major axes aligned in the LD and CD, no
significant differences were found for NHD up to 1.15. This indi-
cates that the remote stresses of the vaginal wall are unaltered by
the presence of tears and their orientation. Furthermore, no tears
were observed to propagate for NHDs less than 1.15, but ellipti-
cally shaped tears with their major axes aligned to the CD
deformed significantly more than tears with their major axes
aligned to the LD. The tissue microstructure likely confers the
high tear resistance to the vaginal tissue and dictates the orienta-
tion dependent behavior of the tear. Knowledge about the role of
the tissue microstructure on the complex mechanical behavior of
the vagina will serve to select appropriate methods for preventing
tears and mitigating the risk of severe complications.
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