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A B S T R A C T

The uterosacral ligaments (USLs) are supportive structures of the uterus and apical vagina. The mechanical
function of these ligaments within the pelvic floor is crucial not only in normal physiological conditions but
also in reconstructive surgeries for pelvic organ prolapse. Discrepancies in their anatomical and histological
description exist in the literature, but such discrepancies are likely due to large variations of these structures.
This makes mechanical testing very challenging, requiring the development of advanced methods for char-
acterizing their mechanical properties. This study proposes the use of planar biaxial testing, digital image
correlation (DIC), and optical coherence tomography (OCT) to quantify the deformations of the USLs, both
in-plane and out-of-plane. Using the gilts as an animal model, the USLs were found to deform significantly
less in their main direction (MD) of in vivo loading than in the direction perpendicular to it (PD) at increasing
equibiaxial stresses. Under constant equibiaxial loading, the USLs deform over time equally, at comparable
rates in both the MD and PD. The thickness of the USLs decreases as the equibiaxial loading increases but,
under constant equibiaxial loading, the thickness increases in some specimens and decreases in others. These
findings could contribute to the design of new mesh materials that augment the support function of USLs as
well as noninvasive diagnostic tools for evaluating the integrity of the USLs.

1. Introduction

Pelvic organ prolapse (POP) is a serious problem that results in
physical, mental, and emotional pain for many women and others with
female anatomy. This disorder is estimated to affect up to 50% of
women in the U.S. with numbers increasing every year as a sizable
share of the population ages (Wu et al., 2009; Barber and Maher,
2013b). Treatment options for POP are limited; conservative treatments
include physical therapy and pessaries that hold up the prolapsed
organs while more direct treatments involve surgery. Inconsistency
between pre-surgical versus intra-operative measurement of prolapse
makes planning surgery difficult (Vineyard et al., 2002; Vierhout et al.,
2006; Fayyad et al., 2007; Chao et al., 2012; Doumouchtsis et al.,
2017). It is estimated that 12.6% of women in the U.S. will undergo
surgery to correct POP in their lifetimes (Wu et al., 2014). Increased
scrutiny of transvaginal meshes have raised interest in using native
tissues to restore support to the pelvic organs (Diwadkar et al., 2009;
Skoczylas et al., 2014; Holt, 2019).
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The uterosacral ligaments (USLs), as the main support structures for
the uterus and apical vagina, are often targeted for POP reconstructive
surgeries. In such surgeries, either the vaginal vault or the uterus is
affixed to the USLs with sutures, restoring support to the prolapsed
organs, likely increasing tension on the USLs. Though USL suspension
surgeries generally have high rates of success (in the 80%+ range), com-
plications, recurrence of prolapse, and necessity of additional surgeries
are not uncommon (Barber et al., 2000; Margulies et al., 2010; Barber
and Maher, 2013a; Turner et al., 2016). To improve surgical outcomes
for POP, surgical materials and procedures must be developed which
account for the complex mechanical realities of the pelvic support
tissues. For this, a thorough and nuanced understanding of the USLs’
mechanical role in pelvic organ support must be developed.

The USLs, though referred to as ‘ligaments’, are very different from
the fibrous articular ligaments. They are membrane-like and hetero-
geneous, comprised mainly of collagen with smooth muscle, nerve
fibers, blood vessels, lymphatics, and adipose tissue. Their primary
axis of mechanical support stretches from the sacral spine/sacrospinous
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ligament/coccygeous distally to the cervix, but they form a contiguous
network of soft supportive tissues including the cardinal ligaments
and other more nebulous connective tissue (Campbell, 1950). A key
characteristic of the USLs is their variability, both along their length
and between different individuals. Studies show that different patients’
USLs can vary in their size as well as which sacral vertebrae they attach
to (Buller et al., 2001; Umek et al., 2004; Siddique et al., 2006; Vu et al.,
2010; Ramanah et al., 2012). Within the structure of each USL, the
composition varies between the proximal and distal regions. The distal
region of the USLs abutting the cervix/vagina is primarily composed of
smooth muscle while the proximal region contains mainly collagen and
looser connective tissue, with a gradient of collagen and smooth muscle
spanning the attachment sites (Campbell, 1950). Accordingly, the USLs
are generally considered in terms of three distinct regions, arbitrarily
defined as equal thirds: the distal/cervical region, the intermediate
region, and the proximal/sacral region. Most mechanical studies of the
USLs do not account for the variability in their structure. For example,
Danso et al. (2020) recently compared the biaxial tensile properties of
human USLs from patients with and without POP. However, since the
USLs were obtained from patients during pelvic surgery, only specimens
from the most distal portions of the USLs were isolated and tested in
order to avoid inflicting undue harm, thus highlighting the usefulness
of animal studies.

The highly complex anatomical and mechanical reality of the in
vivo USLs is difficult to replicate in ex vivo experiments. A thorough
review of published studies has recently been published by Donaldson
et al. (2021). To characterize the mechanical properties of the USLs
with as much anatomical relevancy as possible, several studies have
employed planar biaxial testing coupled with digital image correlation
(DIC). The DIC is an optical full-field strain mapping technique in which
the movement of applied patterns on the surface of specimens is tracked
by cameras. The in-plane displacements of such patterns are then
obtained and the strains are calculated (Sutton et al., 2009). Using this
technique, Becker and De Vita (2015) and Tan et al. (2016) investigated
the elastic and viscoelastic properties of a tissue complex comprised
of USL and cardinal ligament from sows, or swine that have given
birth. These studies found some potential material anisotropy, with
the tissues being stiffer and deforming less in the main in vivo loading
direction (MD) (i.e., the direction from the cervix to the sacrum which
experiences the largest gravitational loads), compared to the direction
perpendicular to it (PD). These results were supported by previous
findings by Baah-Dwomoh et al. (2016) who tested specimens isolated
from the distal swine USLs, although these authors did not report a
statistically significant difference between the mechanical properties in
the MD and PD. The study by Baah-Dwomoh et al. (2016) also found
that the sow USLs were very similar to the human USLs in terms of
histology, elastic properties, and viscoelastic properties. More recently,
Pack et al. (2020) tested the elasticity of the distal region of USLs
from gilts ( virgin swine) using similar methods, finding no difference
in secant moduli between the two loading directions. No past studies
have characterized the time-dependent deformations of the USLs under
constant loading, or creep response, in gilts.

Given their membrane-like structure, the through-thickness defor-
mations of the USLs can be studied using optical coherence tomography
(OCT), a noninvasive imaging modality that provides high resolution,
cross-sectional imaging of tissues by measuring the time of flight for
backscattered light (Huang et al., 1991). Most tissues can be penetrated
optically up to a few millimeters of depth, especially at near-infrared
regions where the absorption of light is low (Fercher et al., 2003). The
internal morphology of the tissues can thus be visualized and quantified
with micrometer resolution. Since its introduction in 1991, OCT has
been most widely used in ophthalmology for imaging the retina and
anterior segment of the eye (Drexler and Fujimoto, 2008). It has
also received significant interest in endoscopy for cardiovascular and
gastrointestinal systems, among many other applications (Bouma et al.,

Fig. 1. (a) Location of USL specimens in the gilt with main direction (MD) and per-
pendicular direction (PD). (b) Experimental equipment including a custom-made biaxial
machine, digital image correlation (DIC) system, and optical coherence tomography
(OCT) system. (c) Testing protocol showing the loading profile over time in the MD
(or PD).

2000; Jang et al., 2005; Adhi and Duker, 2013). In biomechanics, OCT-
based elastography has been used to measure quantities such as strain,
elastic modulus, and stiffness of soft tissues (Huang et al., 2009; Sun
et al., 2013; Larin and Sampson, 2017; Sun et al., 2011), but studies on
creep remain rare (Matveev et al., 2017). To the best of our knowledge,
OCT has never been applied to analyze the through-thickness of the
USLs during mechanical testing.

In this study, we quantify the in-plane and out-of-plane deforma-
tions of the USLs from gilts and explore differences of in-plane strains
between the main physiological loading direction of the USLs and the
complementary direction. To account for the highly heterogeneous and
variable morphology of the USLs, we use planar biaxial testing in
combination with DIC and OCT methods. The results could lead to
a better understanding of the complex and variable behavior of the
USLs, which is necessary for the development of biocompatible surgical
materials that are functionally similar to the USLs. Additionally, this
research may contribute to the creation of tools to improve surgical
planning for USL suspension procedures.

2. Materials and methods

2.1. Specimen preparation

This study was conducted with approval from the Institutional
Animal Care and Use Committee (IACUC) at Virginia Tech. A total of
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5 gilts (virgin swine), aged 6–8 months and weighing 300–350 lbs,
were used for this study. The gilts were anaesthetized and sacrificed by
injection of phenytoin/pentobarbital solution. Following sacrifice, the
distal, intermediate, and sometimes the proximal portions of the USLs
were excised and stored at *20 ˝C. Prior to mechanical testing, the USLs
were thawed, and square specimens of approximately 15 ù 15 mm2

were cut with their sides aligned with the MD and the PD (Fig. 1(a)).
A quick-drying matte black spray paint was applied through a mesh
screen to create a speckle pattern on the surface of the specimens
for non-contact strain measurements. The specimens were held under
gentle airflow using a laboratory compressed air tap for 5–10 s before
and after speckling for better adhesion. Once the paint was dry, the
specimens were hydrated with phosphate-buffered saline (PBS, pH 7.4,
DOT Scientific Inc., Burton, MI) and mounted on four custom-made 3D
printed clamps, each with three L-shaped needles, spaced 3.5 mm, for
puncturing the tissue along each side using the tissue clamping setup
previously described by Huntington et al. (2021).

2.2. Mechanical testing

A total of 15 specimens were equibiaxially tested, one specimen
from each of three gilts, five specimens from one gilt, and seven
specimens from the remaining gilt. Of these, seven specimens came
from right-side USLs, and eight specimens came from left-side USLs.
Following specimen preparation, the tissues were loaded into a custom-
built biaxial tensile testing apparatus consisting of two load cells of
8.9 N-capacity and 0.1% accuracy (FSH00092, Futek Advanced Sensor
Technology, Inc., Irvine, CA), four linear actuators (T-NA08A25, Zaber
Technologies, Inc., Vancouver, BC, Canada) with a micro-step size
resolution of 0.048 �m and maximum travel length of 25 mm, and an
acrylic bath filled with room-temperature PBS (Fig. 1(b)). All testing
protocols were programmed in LabVIEW (NI, Austin, TX).

Specimens were biaxially preloaded to 0.01 N at a displacement
rate of 3 �m_s (Fig. 1(c)). This displacement rate was selected due
to its use in mechanical testing of other pelvic tissue specimens of
comparable size using the same apparatus (Huntington et al., 2019).
Once the tissue reached the target load of 0.01 N along both loading
axes, the specimens were preconditioned by subjecting them to ten
loading/unloading cycles between 0.015 N and an upper load of 1, 1.5,
or 2 N at a displacement rate of 5 �m_s. The rate during preconditioning
was slightly faster than the rate used for preload in order to reduce the
time it took to reach the creep load while remaining quasi-static. Due
to the considerable heterogeneity of the USL tissue specimens, several
preliminary tests failed by tissue delamination or tearing. Because of
the variation in tissue quality, the maximum load during the pre-creep
phase (or the creep load) had to be lowered from the initial selection of
2 N to 1.5 N and finally to 1 N in order to maintain the tissues’ integrity.
Of the 15 total tested specimens, three were loaded up to 2 N, three
were loaded up to 1.5 N, and nine were loaded up to 1 N, and they were
kept at such loads during creep for 40 min. The time interval for creep
was chosen to be larger than the time interval used in a previous study
which showed that the largest increase in strain for swine USL/cardinal
ligament complexes occurred in the first 20 min (Tan et al., 2016).

2.3. DIC imaging and in-plane deformations

For all strain measurements, the undeformed original configuration
was considered to be that at the preload of 0.01 N. High-resolution
(2448 ù 2048 pixels) images were continuously taken using two CMOS
cameras (Basler ace acA2440-75 �m, Basler, Inc., Exton, PA) from
different angles at 1 Hz. The cameras were focused on the specimens
prior to testing, and the DIC system was calibrated using a standard
calibration grid with 3 mm spacing. Post-processing of the collected
images was performed using a commercial 3D DIC system (Vic-3D,
version 9, Correlated Solutions Inc., Irmo, SC).

Axial Lagrangian strains in the two loading directions were calcu-
lated over a region of interest of approximately 5 ù 5 mm2 in the center
of the specimens. The average was taken over the selected region for
each image, yielding mean values of strain at each second during the
pre-creep and creep phases of the tests. Mean axial Lagrangian strains in
the main in vivo loading direction and the perpendicular direction will
be referred to as ‘‘strain in the MD’’ and ‘‘strain in the PD’’ from here
on. For creep strain data, the initial strains upon reaching the creep
load were subtracted from the total strain to represent strain due to
creep. The strain versus time data for each specimen were curve-fit
to the function ↵tn using the least squares method in MATLAB (The
MathWorks Inc., Natick, MA) where ↵ is a material constant and n is the
rate of creep. The goodness of fit was assessed using the R2 coefficient
of determination. The above analysis was performed for all n = 15
tested specimens.

For n = 8 specimens that yielded OCT data during both the pre-creep
and creep loading phases of testing (see details below), nominal stresses
in the MD and PD were calculated by normalizing the force data from
the load cells by the cross-sectional areas that were perpendicular to
each respective direction. Cross-sectional areas were calculated using
thicknesses measured by OCT before the start of the pre-creep loading
phase. The nominal stress values will be referred to as ‘‘stress in the
MD’’ and ‘‘stress in the PD’’. Local values of major and minor principal
strain angles were also extracted over the region of interest in the center
of the specimens using the commercial DIC system. Relative frequency
of major and minor principal strain values over the entire region of
interest were computed, from 90˝ to *90˝ where 0˝ was the MD and
90˝ and *90˝ were both the PD, and they were compared at the same
stress values in the PD.

2.4. OCT imaging and out-of-plane deformations

OCT was used to image the specimens in their through-thickness
direction. As shown in Fig. 1(b), the objective lens of a custom 830 nm
OCT probe was positioned above the sample focusing at its center. The
OCT system was based on a conventional spectral domain design using
a superluminescent diode light source (SLD; Superlum, Cork, Ireland;
� = 837 nm, �� = 54 nm) and a linescan camera-based spectrometer
(AViiVA EM1; Teledyne, Milpitas, CA; 1024 pixel, 78 kHz). The 20
�m focused beam was 2D raster-scanned across the sample to generate
tomographic images that were 5 ù 5 mm2 in lateral dimension and up to
2 mm in physical tissue depth. Each 3D image took approximately 4 s to
acquire. To avoid optical crosstalk, the DIC cameras were outfitted with
short pass filters (FES0650, Thorlabs Inc., Newton, NJ) to block the
near infrared OCT light. Scans were taken before and after the pre-creep
loading phase and during the creep loading phase of each test.

The OCT image processing followed the standard Fourier transform-
based procedure (Leitgeb et al., 2003). For examining depth infor-
mation, image cross-sections were taken from the volumetric data.
Fig. 2(a) shows a representative OCT in-plane image, where the black
spots were due to the presence of paint speckles and Fig. 2(b) shows an
out-of-plane image with characteristic depth features. The black speck-
les in the OCT images were used in a template-matching procedure so as
to track changes in thickness at the same location within the specimens.
This was done since, as the specimens were biaxially loaded, they
moved in-plane. To determine tissue thickness, the depth difference
between the top and bottom interfaces of the tissue was calculated at
one location during pre-creep and three locations during creep to obtain
mean values for each specimen. A lateral moving average (0.4 ù 0.4
mm2) was used to improve the signal-to-noise ratio, particularly at the
bottom interfaces, where contrast was reduced due to light attenuation
through the tissue. The depth trace (intensity vs. depth) was then
extracted at the locations of interest. Fig. 2(c) shows the depth trace
and its derivative (slope), from which the depth locations of the top and
bottom interfaces were determined as the local maxima and minima.
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Fig. 2. (a) Representative in-plane image of one USL specimen. (b) Out-of-plane image
at one marked location (yellow dotted line) in (a). (c) Filtered depth profile data and
corresponding derivative at one marked location (yellow dotted line) in (b). Open
circles indicate the locations of the top and bottom interfaces.

2.5. Statistical analysis

For comparison of the USLs in the MD and PD during pre-creep,
strains were selected at equal values of stress (50 kPa, 100 kPa, and
150 kPa) for each specimen in their respective loading directions and
compared using a paired Student’s t -test. Similarly, for comparisons of
the USLs in the MD and PD during creep, the parameters of the curve-
fit function, n and ↵, were compared between the MD and PD using
Student’s t -tests. None of the assumptions for the statistical analysis
were violated. All reported numerical values are presented as the mean
± the standard deviation. Statistical analyis was conducted using SPSS
Statistics software (IBM SPSS Statistics, IBM Corp., Armonk, NY), and
statistical significance was set to p < 0.05.

3. Results

The in-plane (Lagrangian and normal) strains were measured suc-
cessfully in all USL specimens throughout the pre-creep and creep-
loading phases of the testing protocol (n = 15). However, the changes
in thickness of USL specimens were successfully computed only for a
subset of specimens (n = 8). Thickness measurements were used to
calculate the (nominal and normal) stresses in the MD and PD for each
of these specimens during the pre-creep loading phase of the testing
protocol.

The strain fields in both the MD and PD were highly heterogeneous
across each tested specimen (n = 15), as shown in Fig. 3 for one
representative specimen. For this specimen, the average (over the
selected region of interest) strain in the PD was much higher than
the average strain in the MD at stress values of 50 kPa and 150 kPa
in the corresponding directions. As expected, the overall stress–strain
curves in the MD and PD were found to be highly nonlinear, with an
initial toe region followed by a more linear region (Fig. 4(a)–(b)). For
some specimens (6 out of 8) the tissues appeared to be stiffer in the
MD than in the PD, but for others (2 out of 8) the opposite trend
was observed. However, when comparing the average strains across
the tested specimens (n = 8), it was found that the average strain was
significantly higher in the PD than in the MD at equivalent stress values
of 50 kPa (p = 0.036), 100 kPa (p = 0.025), and 150 kPa (p = 0.025)
(Fig. 4(c)).

The principal strains and principal directions of strains were also
found to be heterogeneous, as shown in Fig. 5(a) for one representative
specimen at stress values of 5 kPa, 50 kPa and 150 kPa in the PD.
Fig. 5(a) shows that the directions of principal strain were different
from the MD and PD, the axial loading directions. The principal direc-
tions of strains were computed at comparable stress values of 50 kPa

Fig. 3. (a) Representative specimen speckled for DIC strain measurement, with reported
MD and PD aligned along the loading axes. (b) Map of (normal, Lagrangian) strains and
corresponding average strains in the MD at (nominal) stress levels of 0 kPa, 50 kPa,
and 150 kPa in the MD. (c) Map of (normal, Lagrangian) strains and average strains
in the PD at (nominal) stress levels of 0 kPa, 50 kPa, and 150 kPa in the PD.

and 150 kPa in the PD for n = 8 specimens, and the results are reported
in Fig. 5(b). One can note that the maximum principal strains always
occurred away from the MD (0 degree), which is the main in vivo
loading direction. Moreover, the average maximum principal strain was
more than double the average minimum principal strain over n = 8
specimens (Fig. 5(c)).

The strain fields during the creep phase of the testing protocol
preserved the pre-creep heterogeneity, as demonstrated in Fig. 6. From
Fig. 6, one can observe that the strain fields at the beginning (t = 0 s)
and at the end of creep (t = 2400 s) for one representative specimen
in either the MD or PD were comparable, with the average strains
changing by no more than 0.01. The strain over time data for all
the tested specimens (n = 15) are reported for the MD and PD in
Fig. 7(a)–(b). The parameters n and ↵, which were used to capture the
nonlinear creep response of the tested USL specimens in the MD and
PD, were compared. The R2 for each of the curve fit ranged from 0.875
to 0.994 with average values of 0.971 for the MD and 0.955 for the
PD. The values of n (p = 0.71) and ↵ (p = 0.43) were not statistically
different between the MD and PD. This finding indicates that the creep
behavior in the two loading directions was not statistically different
(Fig. 7(c)).

OCT measurements provided a first look into the variation of thick-
ness in USL specimens. During pre-creep loading, the reduction in
thickness was consistent, as shown in Fig. 8 and reported in Table 1.
During creep loading, the relative change in thickness over time was
calculated at three locations to obtain a mean value for each USL spec-
imen over time. As an example, Fig. 9(a) shows the relative thickness
change over time calculated at three locations as well as their mean
value over time. Although there was some variation, these relative
changes in thickness were comparable, indicating that the relative
change in thickness was consistent across each USL specimen. The mean
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Fig. 4. Stress–strain curves in the (a) MD and (b) PD for a subset of tested specimens
(n = 8). Data from the same specimen are reported using the same color. (c) Mean (±
S.D.) strain in the MD (blue) and PD (purple) at equivalent stress levels of 50, 100,
and 150 kPa in the MD and PD computed from n = 8 specimens. <, p < 0.05.

Table 1
In-plane strains and relative thickness change (%) for n = 8 specimens at the end of
the pre-creep loading phase.
Specimens Strain Strain Thickness

in MD in PD change (%)

1 0.178 0.279 *32.2
2 0.131 0.118 *24.6
3 0.127 0.255 *37.8
4 0.095 0.152 *22.2
5 0.086 0.179 *17.2
6 0.098 0.246 *34.9
7 0.207 0.214 *27.1
8 0.261 0.194 *19.4

relative thickness change versus time data for each of n = 8 speci-

mens are presented in Fig. 9(b). Interestingly, the relative thickness

was found to increase, decrease, or remain almost unchanged during

creep loading, in contrast to the consistent reduction during pre-creep

loading.

Fig. 5. (a) Maps of maximum (top row) and minimum (bottom row) principal strains
and corresponding average principal strains at (nominal and normal) stress values
of 5 kPa, 50 kPa, and 150 kPa in the PD for one representative specimen. Small
white arrows denote the directions of maximum (top row) and minimum (bottom row)
principal strains. (b) Relative frequency of max principal strain angles and (c) mean
(±S.D.) of the maximum and minimum principal strains at stress values of 50 kPa and
150 kPa in the PD computed from n = 8 specimens.

Fig. 6. Maps of (normal, Lagrangian) strains and corresponding average strains in the
(a) MD and (b) PD for one specimen at the start (t = 0 s) and at the end (t = 2400 s)
of creep.
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Fig. 7. Moving average (dashed lines) and curve fitting (continuous lines) of (normal,
Lagrangian) strain over time during creep testing in the (a) MD and (b) PD for n = 15
specimens. Data from the same specimen are reported using the same color. (c) Mean
(± S.D.) values of the parameters, n and ↵, in the equation ↵tn used to fit the creep
data from n = 15 specimens.

Fig. 8. Images of the cross-sections of one representative USL specimen during pre-
creep subjected to stresses that increase from (a) 2.0 kPa in the MD and 1.8 kPa in
the PD to (l) 198 kPa in the MD and 144 kPa in PD.

Discussion

This study reported the in-plane and out-of-plane deformations of
gilt USLs during planar equibiaxial testing. The in-plane strains were
found to be highly heterogeneous (Fig. 3), likely due to the complex
organization of primary USL components: collagen, elastin, smooth

Fig. 9. (a) Relative thickness change over time during creep at three in-plane locations
across one representative USL specimen, as shown in the inset, with the mean relative
thickness change. (b) Mean relative thickness change over time during creep for n = 8
USL specimens.

Fig. 10. (a) Cross-sectional image of one USL specimen showing three sublayers
(segments 1, 2, and 3) and one cavity at the beginning of creep. (b) Filtered depth
profile data and corresponding derivative, showing the presence of three sublayers and
one cavity. (c) Relative thickness change of each sublayer and cavity in (a) and the
full tissue over time during creep.

muscle, nerves, blood vessels, and lymph vessels. Under increasing
equibiaxial stresses, the gilt USLs strained significantly less and were
significantly stiffer in the MD than the PD (Fig. 4(a)–(c)). These results
agree well with findings reported by Baah-Dwomoh et al. (2016),
where the sow USLs were also reported to be stiffer (although not
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significantly stiffer) in the MD than the PD. To directly compare our
data on gilt USLs to the data on sow USLs (Baah-Dwomoh et al., 2016),
we calculated the mean secant moduli from the current stress–strain
curves up to 95 kPa (Fig. 4(a)–(b)) and found them to be 986 ± 314 kPa
for the MD and 670 ± 239 kPa for the PD. Using a Student’s t -test,
the gilt USLs were found to be significantly stiffer than the sow USLs
(secant moduli reported in Baah-Dwomoh et al. (2016)) in the MD
(p = 0.002). They were also stiffer in the PD, but due to high variance in
the data from sow USLs, this result was not statistically significant (p =
0.075). Together these data suggest that the USLs in sows may be more
compliant, likely due to the extreme loading and deformations that they
experience supporting the gravid uterine horns during pregnancy.

The in-plane angles of maximum principal strains were closer to
the angle defining the PD throughout testing and, consequently, the
in-plane angles of minimum principal strains were closer to the angle
defining the MD, as exemplified by the representative specimen in
Fig. 5(a). The frequency of the angles of maximum principal strains
at 90˝ and *90˝, or exactly in the PD, was quite high while the
frequency of such angles at 0˝, or in the MD, and in other directions was
much lower (Fig. 5(b)). It is very likely that more collagen fibers were
oriented in the MD before testing began and, due to the constraints
imposed by the clamping method (i.e., the edges of the specimens were
not able to expand freely in the lateral directions within the clamps),
the collagen fibers could not re-orient during testing. Therefore, the in-
plane angles of principal strains did not change as the stresses increased
(Fig. 5(b)). Among other things, these results seem to confirm that we
performed planar biaxial testing along the material axes of the USLs.

The patterns of heterogeneous in-plane strains in the gilt USLs were
maintained throughout creep testing, as demonstrated in Fig. 6. Local
regions with high (low) strains continued to experience high (low)
strains over the duration of creep. Although all the gilt USLs strained
over time under constant equibiaxial loading, no specimen, except
for one, experienced an increase in strain higher than 3% in either
the MD or PD (Fig. 7(a)–(b)). The study published by Baah-Dwomoh
et al. (2018) showed that sow USLs also experienced similar levels of
creep. While these findings provide some insight into the contribution
of viscoelasticity to the mechanical properties of the gilt USLs, how
such time-dependent properties are altered by different physiologic and
pathophysiologic conditions remains to be investigated.

A simple power law model was used to curve-fit the creep data
from all specimens in each of the two loading directions, the MD
and PD (Fig. 7), similarly to Provenzano et al. (2001) and Hingorani
et al.’s (2004) uniaxial creep curve fitting of rat and rabbit medial
collateral ligaments, respectively. This was done solely to compare the
creep behavior between the MD and PD. Neither of the model param-
eters, the coefficient ↵ or the creep rate n, were statistically different
between the MD and the PD, though there was much more variability
in the ↵ values, especially in the PD (Fig. 7(c)). Such variability is
to be expected since the values of ↵ and n were computed by fitting
creep data that were collected at comparable yet different equibiaxial
loads/stresses from 15 specimens. The large variability of the model
parameters may suggest some potential non-linearity in the viscoelastic
behavior of the USLs. However, future creep experiments should be
conducted at significantly different load/stress levels to determine
whether the creep rate changes with load/stress level or whether such
rate is independent of the load/stress level. Unfortunately, we could
not increase the applied equibiaxial loads in this study as higher loads
caused specimen breakage. We also did not want to further lower the
loads since loads lower than 1 N would be more than one order of
magnitude lower than the loads measured in vivo (Smith et al., 2013;
Luo et al., 2014).

In this study, seven specimens were taken from the distal regions
of the swine USLs, five specimens were taken from the intermediate
regions, and three specimens were taken from the proximal regions.
Fewer specimens were collected from the proximal regions due to
difficulties with dissecting large portions of the USLs adjacent to the

sacral spine. Large variation in tissue structure and content from one
USL specimen to the other resulted in differences in the value of the
applied equibiaxial loading during creep. After some mechanical tests,
it became apparent that not all of the USL specimens could withstand an
equibiaxial load of 2 N, and the applied equibiaxial load was lowered
to 1.5 N and eventually 1 N to avoid failure of the specimens before the
start of creep testing. Due to the microstructural variations between the
three regions of the USLs, one would expect the mechanical properties
to vary between the regions, i.e. the loosely-organized, collagen-rich
sacral region may be expected to be more compliant than the tightly-
organized, smooth muscle-dominated cervical region (Donaldson et al.,
2021). However, there were no apparent regional differences in the pre-
liminary data, and there were not enough specimens tested per region
to perform statistical analysis with enough power to be meaningful.
Large variation in structure within a single animal (or a human) and
between several animals (or humans) is a typical characteristic of the
USLs. Several anatomical studies report differences in the locations,
connection points, and sizes of the USLs with the ligaments being
indistinguishable in some patients (Campbell, 1950; Buller et al., 2001;
Umek et al., 2004; Ramanah et al., 2012; Donaldson et al., 2021).

The OCT was successfully used to measure the out-of-plane defor-
mations in a subset of USL specimens. The other specimens were mostly
of greater thickness, making the visualization of the bottom surface
of the tissue challenging due to light attenuation. This difficulty can
be mitigated in future studies by using a light source with a longer
wavelength for higher penetration depth or by implementing dual
imaging heads to monitor both the top and bottom of the specimens
and effectively double the penetration depth. Other factors, such as
preloading-induced movement and water surface reflection, may have
also compromised the imaging in some cases. But, despite the lim-
itations, this preliminary investigation has shown that OCT has the
potential to complement other mechanical characterization methods
in a significant way. Direct thickness monitoring, as shown in Fig. 8,
adds another dimension to the traditional in-plane mechanical testing
and provides a more complete picture of the mechanical function of
USLs. There was a clear correlation between in-plane strain increase
and thickness decrease (Table 1) during pre-creep loading. However,
no apparent correlation was observed during creep loading, where
the in-plane strains continued to increase for all specimens yet the
changes in thickness, which were also inhomogeneous (Fig. 9(a)), were
not consistent across the specimens (Fig. 9(b)). The complex internal
structure of the USLs may be responsible for the through-thickness
behavior of the USLs, possibly favoring hydration and dehydration
during testing. Even for thickness beyond OCT’s capability, imaging of
partial tissue depth may provide useful information. Using the OCT,
we were able to observe the internal morphology of USL specimens,
such as the presence of sublayers and internal cavities. An example
of different structural features, including three sublayers and a small
cavity, in one USL specimen is shown in Fig. 10. The thickness of
these features was independently tracked and both an increase and a
decrease in relative thickness were observed, while the total relative
thickness of the specimen was found to increase. Fig. 10 demonstrates
the depth-dependent heterogeneity of the USLs, even at the same in-
plane location. Overall, our findings indicate that OCT-based probes
could be used to evaluate regional differences across the whole USL
and variation across subjects in vivo.

No experimental studies have been published on how the mechani-
cal properties of the USLs change with pregnancy, aging, or prolapse in
an animal model. To determine how such properties may be altered, in
vivo longitudinal studies must be conducted and, for such studies, non-
invasive testing techniques need to be developed. The outcome of this
research could guide the development of new tools (e.g., mechanics-
based or OCT-based probes) to test the integrity of USLs in vivo, without
sacrificing the animals. Some in vivo techniques have been developed
and adopted in patients undergoing pelvic surgery by Smith et al.
(2013). These authors determined the force–displacement behavior and
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stiffness of uterine suspensory tissue, which includes the USLs, the
cardinal ligaments, and other contiguous supportive tissues. The same
techniques were used by Luo et al. (2014) to assess the time-dependent
force–displacement behavior of the same tissue complex. However,
these measurements were performed over a short time interval (60 s)
while the patients were undergoing pelvic surgery.

The USLs are the most frequently used native tissues for surgical
suspension of the prolapsed pelvic organs. Several procedures for POP
treatment exist that target the USLs, including variations on securing
the prolapsed vagina or uterus to the USLs via suture repair. Moreover,
transvaginal prolapse repair meshes have been banned because of high
rates of complications associated with these procedures, including mesh
exposure, mesh erosion, pelvic pain, and dyspareunia (Dietz et al.,
2003; Jones et al., 2009; Liang et al., 2013). New mesh materials that
are mechanically similar to the tissues they are to enhance or replace
need to be created. The first step toward this goal is to characterize the
mechanical properties of the tissues in women without POP.

4. Conclusion

This study presents the first quantification of in-plane and out-of
plane deformations of gilt USLs subjected to biaxial loading. Defor-
mations were measured by integrating DIC and OCT methods with a
custom-built planar biaxial testing device. The results suggest that the
USL specimens deformed quasi-statically more in the PD than in the
MD as the equibiaxial loading slowly increased, while the thickness
consistently decreased. However, under constant equibiaxial loading,
the increase of in-plane strain over time was comparable in the PD
and MD but variability in the out-of-plane deformations over time was
observed, with some USL specimens decreasing in thickness and others
increasing. Future mechanical experiments will need to account for the
heterogeneity of the USLs, as revealed using the proposed methods, to
determine their in vivo support function.
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