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Abstract—The uterosacral ligaments (USLs) are important
anatomical structures that support the uterus and apical
vagina within the pelvis. As these structures are over-
stretched, become weak, and exhibit laxity, pelvic floor
disorders such as pelvic organ prolapse occur. Although
several surgical procedures to treat pelvic floor disorders are
directed toward the USLs, there is still a lot that is unknown
about their function. This manuscript presents a review of
the current knowledge on the mechanical properties of the
USLs. The anatomy, microstructure, and clinical significance
of the USLs are first reviewed. Then, the results of published
experimental studies on the in vivo and ex vivo, uniaxial and
biaxial tensile tests are compiled. Based on the existing
findings, research gaps are identified and future research
directions are discussed. The purpose of this exhaustive
review is to help new researchers navigate scientific literature
on the mechanical properties of the USLs. The use of these
structures remains very popular in reconstructive surgeries
that restore and augment the support of pelvic organs,
especially as synthetic surgical mesh implants continue to be
highly controversial.

Keywords—Uterosacral ligaments, Mechanics, Pelvic floor
support, Prolapse.

INTRODUCTION

The uterosacral ligaments (USLs) are the most
important supportive structures of the uterus and the
apical vagina. Though we call them ‘“‘ligaments,” they
are very different from the strong fibrous bands of
connective tissues that comprise articular ligaments.
The USLs are composed of collagen, smooth muscle,
nerves, blood vessels, and lymphatics.'* This misnomer
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is representative of a broader lack of understanding of
these important yet understudied anatomical struc-
tures.

The USLs are membrane-like structures that are
typically conceptualized as having three regions: the
distal region that attaches at the cervix, the interme-
diate region, and the proximal region that connects at
the sacral spine indirectly via endopelvic fascia.'* They
are primarily collagenous, but histologically vary by
region. The cervical region of the USLs is mainly
comprised of smooth muscle. Smooth muscle content
decreases proximally away from the cervix. The sacral
region of the USLs is made of looser connective tissue
with almost no smooth muscle.'"* In addition to
smooth muscle and connective tissue, the ligaments are
richly innervated. The USLs contain a critical neural
nexus called the inferior hypogastric plexus where the
hypogastric nerve and the pelvic splanchnic nerves
meet and go on to innervate the uterus, apical vagina,
bladder, and apical urethra.>!*80:84

The pelvic organs and their supportive tissues have
been analogized as a boat in a dock,’” in which the
ropes represent the pelvic ligaments and the water
represents the pelvic floor muscles (Fig. la). These
elements, the water and the ropes, work in tandem to
keep the boat, representing the pelvic organs, afloat
and in place. However, when the water level goes down
as in a dry dock—that is, the pelvic floor muscles are
damaged or their supportive mechanism is otherwise
diminished—more tension is placed on the ropes
(Fig. 1b). Over time, this stretches and damages the
ropes, or the apical supportive tissues such as the
USLs. The result of this is the eventual failure of the
ropes and descent of the boat, or the prolapse of the
pelvic organs.



Mechanics of Uterosacral Ligaments 1789

Pelvic organ prolapse (POP) is an extremely com-
mon disorder estimated to affect up to 50% of adult
women in the US.’ POP is characterized by the dis-
placement of pelvic organs from their normal
anatomical positions. It can result in physiological
symptoms of pain, incontinence, and dyspareunia as
well as severe psychological symptoms such as
decreased body image, anxiety, and depression.*® An
estimated 12.6% of women in the US undergo surgery
to correct POP in their lifetimes.®® However, success of
these surgeries is variable, with reports of reoperation
rates as high as 30%.?*>* The USLs are often targeted
as supportive anchors for the pelvic organs in POP
reconstructive surgeries. The structural integrity of the
USLs also plays a critical role in urinary continence
and chronic pelvic pain.*>° Additionally, the USLs
are involved in endometriosis with nearly 70% of deep
infiltrating endometriotic lesions occurring on the
USLs.'°

The purpose of this review is to present the current
state of knowledge on the mechanics of the USLs,
including some relevant information on their anatomy,
histology, surgical importance, and microstructural
changes associated with POP in order to facilitate fu-
ture research on these critical structures. Ex vivo uni-
axial, in vivo uniaxial, and ex vivo biaxial tensile tests
have been conducted in order to characterize their
elastic and viscoelastic mechanical properties, but
much more work needs to be done. This includes
analyzing the impact of life events, identifying risk
factors for diseases, applying advanced experimental
methods, and establishing suitable animal models.
Improved characterization of the support function of
the USLs will lead to new diagnostic tools, preventive
strategies, and treatment methods for pelvic floor dis-
orders (PFDs) and, ultimately, better healthcare for
many women affected by these disorders.
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FIGURE 1. “Boat in the dock” analogy introduced by
Norton.?2 (a) The pelvic organs represent the boat, the ropes
holding the boat to the dock are the ligaments that support the
organs from above, and the water represents the pelvic floor
muscles. (b) If the water level drops (i.e., loss of support or
weakness of the pelvic floor muscles), the boat (organs)
hangs on the ropes (ligaments). The ropes stretch out and
break, resulting in the boat (organs) falling down (i.e., pelvic
organ prolapse (POP)).

ANATOMY AND HISTOLOGY

USLs in Humans

Sometimes referred to as the sacrouterine ligaments
or the rectouterine ligaments, the USLs are fan-shaped
membrane-like structures that attach to the sacral
spine at their proximal ends indirectly via the presacral
fascia. They extend distally and anteriorly at an angle
slightly greater than 90° from the cephalic-caudal body
axis'” around the rectum to connect to the postero-
lateral region of the cervix and the apical vagina at
their distal ends'* (Fig. 2a and 2b). There are con-
flicting reports regarding the location of the insertion
points at the pelvic sidewall. Most investigators agree
that the proximal insertion of the USLs occurs at the
S2-S4 segments of the sacral spine.”” However, in a
cadaveric study by Buller es al.'?, the USLs of hemi-
sected pelvises were found to connect consistently to
the S1-S3 segments of the sacrum and only occasion-
ally to the S4 segment. An anatomical MRI study
conducted by Umek er al.”” corroborated that the
USLs’ distal origins span the cervix and apical vagina,
but in 82% of 61 observed cases in their study, proxi-
mal connections occurred at the sacrospinous liga-
ment-coccygeous muscle while only 7% showed
insertion at the sacrum.

The lengths of USLs are typically measured along
the curvature of the ligaments in their main in vivo
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FIGURE 2. (a) Anatomical orientations and directions. (b)
Right USL within the female pelvic floor. (c) Proximal, middle,
and distal regions, main microstructural components, and
ranges of length, width, and thickness of the USLs.
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FIGURE 3. Histological slides of human USLs using (a)
Masson’s trichrome (blue=collagen, red=smooth muscle) and
(b) Verhoeff-van Giesson stain (black=elastin, purple=smooth
muscle, pink=collagen). Data collected in the study by Baah-
Dwomoh et al.®

loading direction. In a cadaveric study of 12 unem-
balmed pelvises and 5 embalmed hemipelves, the total
length of the USLs was reported to range from 12 to 14
cm,® and in a study by Siddique er al.® of 6 pelvic
blocks with intact uteri, the USLs were reported to
have a mean length of 8.7 cm when measured along
their superior-lateral edges. When measured caudally
from MRI slices containing the most proximal
attachments to MRI slices containing the most distal
attachments of the ligaments,”” the lengths of the USLs
were found to be between 1 and 5 cm, with the mean
length being 2.1 + 0.8 cm, though these measurements
do not reflect the anterior angling of the ligaments.

In breadth, or length along direction that is per-
pendicular to the main in vivo loading direction, the
USLs are widest at their proximal sacral ends and ta-
per down to their smallest breadths at the cervix.
Buller et al.'? reported mean widths as 5.2 4 0.9 cm for
the sacral portion of the USLs, 2.0 & 0.5 cm for the
cervical portion, and 2.7 £ 1.0 cm for the mid-
dle portion. However, the opposite is true of their
through-thickness; Vu ez al.®* reported that the cervical
portion of the USLs was the thickest, ranging from 0.5
to 2 cm. The USLs tapered gradually down to an
average of 0.5 cm in the intermediate portion and
further to variable thicknesses of 0.5 cm or less in the
sacral portion. While the data presented here are
inclusive of both USLs (right and left), Umek er al.”’
found high variability in the right-to-left symmetry of
the USLs. In a random sampling of 20 of their MRI
scans, 6 scans showed a longer right USL, 4 scans
showed a longer left USL, and 10 scans showed similar
lengths for the right and left USLs.”’
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The USLs are commonly conceptualized as having
three regions with indistinct boundaries: the proximal or
sacral region, the distal or cervical region, and an in-
between area referred to as the intermediate region
(Fig. 2c). The sizes of these regions in relation to each
other are not consistently defined in literature. Most
studies of the USLs separate the regions into equal thirds
by length'>'*?%37 while a small number of studies do not
differentiate by region but rather sample from the entire
USLs." The cervical third has been described as having
a rich blood supply, which diminishes laterally through
the USLs, and lymphatic channels, which drain fluid
from the cervix and lower uterus towards the sacral
lymphatic nodes.'* Histological staining revealed the
cervical third as being made predominantly of closely
packed smooth muscle bundles that are continuous with
the uterine musculature and are interwoven with a net-
work of connective tissue and abundant small nerve
bundles. The intermediate third of the USLs was
reported as being comprised predominantly of dense
collagenous connective tissue with few scattered smooth
muscle bundles, a moderate amount of blood vessels,
continuation of the lymphatics, fat, and parasympa-
thetic nerves and their ganglia. Finally, the sacral third
was reported as almost entirely comprised of loose
connective tissue, which is continuous with the presacral
fascia and surrounding fat, with minimal blood vessels,
lymphatics, and nerves.'* Notably, the lateral USLs
contain the inferior hypogastric plexus. This meeting of
the hypogastric nerve and the pelvic splanchnic nerves
goes on to innvervate the uterus, apical vagina, bladder,
and apical urethra.>'** Vu et al.® posited that it would
be more appropriate to distinguish the regions based on
their macroscopic contents. Of the 12-14 cm length of
the USLs they reported, they defined the cervical region
as the most proximal 2-3 cm (roughly 14-25% of the
total length), the intermediate region as the next 5 cm
(roughly 35-42%), and the sacral region as the remain-
ing 5.5 cm (roughly 40-46%). They described the cervical
region as being made up of dense connective tissue but
otherwise seemed to agree with Campbell’s macroscopic
assessment.'* Histological slides illustrating smooth
muscle, collagen, and elastin can be found in Fig. 3.

USLs in Animal Models

The anatomy and histology of the USLs have been
studied in some non-human species to establish animal
models for PFDs. Non-human primates are generally
considered to be the gold standard animal model for
such research, but there have been no quantitative
comparative studies between their USLs and those of
humans. The gross anatomy of the USLs in macaques
has been described as very similar to that of humans,
with comparable attachments at the sacrum and the
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cervix, vagina, and cardinal ligaments. The macaque
USLs consist of fibrous connective tissue with scat-
tered smooth muscle cells; however the relative con-
tents of the various tissue components have not been
quantified.®’

Swine have also been evaluated as an animal model
for the USLs. Gruber er al.** identified the USLs in 6
swine as bands of tissue connecting to the lower sa-
crum and the cervix and upper vagina. Histological
staining revealed that the swine USLs were qualita-
tively similar to those of humans, containing collagen,
elastin, smooth muscle, adipose, and nerves. Tan
et al.”* performed scanning electron microscopy on 3
USL/cardinal ligament complexes from adult swine.
Analysis of the images showed that most collagen fi-
bers were arranged in bundles and oriented in the main
in vivo loading direction or at a small angle off of it.
The fiber bundles were mostly straight with little
crimping. Baah-Dwomoh e al.? performed histological
analysis on adult swine and adult human USLs. The
swine and human USLs were similar in collagen and
smooth muscle content, with 83.31 £2.13% and
78.32+1.97% collagen for the swine and human
USLs, respectively, and 16.69 +£2.13% and 21.67 +
1.97% smooth muscle for the swine and human USLs,
respectively. However, the swine USLs had a signifi-
cantly lower relative elastin content at 5.91 + 0.69%
compared to 7.01 + 0.87% for the human USLs.

Mouse and rat USLs have been compared to human
USLs by Iwanaga e al.®’ In this study, biopsies were
collected from the USLs of 5 women with normal
pelvic support at their distal insertions. Additionally,
the USLs were excised from 4 nulliparous adult mice
and 4 rats, and the gross anatomies and histologies of
the mouse, rat, and human USLs were compared. The
distal human specimens were compared to the entire
rodent USLs. The anatomical rodent dissections
showed that the mouse and rat USLs had the same
insertion points as the human USLs as reported by
Campbell'*: proximally at the S2-S4 region of the sa-
cral spine and distally at the cervix. The histological
images showed that the rodent USLs, similar to the
human USLs, were highly heterogenous, composed of
smooth muscle, loose connective tissue, blood vessels,
and nerves. The rat USLs were more histologically
similar to the human USLs than those of the mice. The
cross-sectional area of collagen as a fraction of the
total area of the ligament in the histological slides was
0.70 £ 0.11 for the rats compared to 0.50 = 0.04 for the
human USLs. The fraction of smooth muscle for the
rats was 0.27 = 0.07 compared to 0.36 + 0.03 for the
humans. The mouse USLs contained significantly less
collagen, with a fraction of 0.24 +0.03, and more
smooth muscle, with a fraction of 0.59 + 0.04.

USLS IN POP SURGERIES

The development of POP is rarely tied to a single
risk factor, life event, or activity.®' Instead, it is likely
caused by a combination of factors, including defects
of the supportive structures of the pelvic organs, pelvic
nerve or muscle injury, and hormonal deficiencies.
While pelvic floor muscle training has shown promise
in treating some symptoms of POP, there is no sub-
stantial evidence that such training reduces the need
for further treatment (e.g., surgery, pessary, drugs, and
other physiotherapy).*! Defects of the supportive
structures are amenable to surgical repair, and they
continue to be a primary focus within the search for
the best POP treatment strategy.'' In recent years, the
use of synthetic surgical mesh products for POP
surgeries has been placed under scrutiny; in 2019 the
FDA banned the distribution of mesh products in-
tended for POP repair citing a lack of evidence in
safety and efficacy.*® This has led to increased interest
and popularity in surgical procedures for POP utilizing
native supportive tissues. Most native tissue repair
surgeries for POP involve the plication, or folding, of
the pelvic ligaments via sutures, which decreases their
lengths and increases the tension that they transfer to
the attached organs.

According to DeLancey’s classification system,* the
USLs together with the cardinal ligaments provide le-
vel I support to the apical vagina and uterus within the
healthy pelvic anatomy. Given their important support
function, the USLs are often used in POP surgical re-
pairs. In the uterosacral ligament suspension (USLS)
procedure, first documented by Miller,” the USLs are
plicated and secured to the vaginal vault after hys-
terectomy, at approximately the level of the ischial
spine, shortening the ligaments and pulling upwards on
the vagina. Modifications of this procedure include the
McCall culdoplasty, the high USLS, and the USL
hysteropexy. In the McCall culdoplasty procedure, the
vaginal vault is secured to the proximal USLs and the
pouch of Douglas is closed by suturing the two USLs
together along the midline, reducing the risk of ente-
rocele development.*” The high USLS operation was
described by Shull er al.%® In this procedure, several
suspension sutures are placed on each USL higher
towards the sacrum, incorporating the coccygeus
muscle and sacrospinous ligament for increased sup-
port and vaginal length. Lastly, the USL hysteropexy
is a uterus-preserving technique in which the USLs are
sutured to the uterus rather than the vaginal cuff. Such
surgery is preferred in women who may want to have
children or are concerned about the potential effect of
hysterectomy on their sexual satisfaction.®

The USLS procedures typically do not require the
use of synthetic meshes, though mesh products may be
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used to treat concomitant conditions such as stress
urinary incontinence.! Additional benefits of the USLS
procedures are that they restore support by keeping
organs and structures in their anatomical positions and
allow for vaginal length alteration. However, due to
the close proximity of the USLs to ureters, one of the
biggest concerns surrounding USLS procedures is risk
of ureteral injury, which has been reported to be as
high as 11%.° USLS surgeries are often performed
transvaginally and laparoscopically, resulting in simi-
lar outcomes and POP recurrence rates,”® but laparo-
scopic surgeries reduce the risk of urethral injury.’

According to a meta-analysis of USLS reports, the
success rate of USLS procedures, defined as a POP-Q
score between 0 and 1,% varies with type of POP,
resulting in 98%, 87%, and 81% rates of successful
outcomes for apical, posterior, and anterior prolapse,
respectively.*’” In such analysis, it was found that
additional surgeries were required in 9.4% of the cases
to treat recurrent PFDs. In another study by Barber
et al* where uncontrolled retrospective cases were
analyzed, the mean success rate was found to be 85%
and, on average, approximately 5.8% of patients who
underwent USLS surgery required additional surgeries
to treat recurrent POP. Thus, although procedures
utilizing USLs offer high rates of success, the risks of
POP recurrence and surgical complications persist.
Future studies should investigate methods to quantify
the microstructure and mechanical properties of the
USLs in vivo so as to tailor surgeries to patient-specific
conditions and guide the development of effective
mesh implants, ultimately increasing the success rates
of USLS procedures.

POP-ASSOCIATED MICROSTRUCTURAL
CHANGES

Pelvic organ prolapse is associated with
microstructural changes to the USLs, especially alter-
ations of collagen and other extracellular matrix
components (Fig. 4). However, contradictory data
exist regarding the exact nature of these changes. Due
to the USLs’ high collagen content and its important
structural role, comparing the amount and organiza-
tion of collagen as well as the quantity of factors that
promote the synthesis or degradation of collagen in
POP and non-POP patients is of significant interest in
efforts to elucidate the causes and consequences of
POP. These changes commonly involve two primary
components of the USLs, collagen type I and collagen
type III, which contributes to their strength and elas-
ticity. Several studies have found decreased collagen
type I content in the USLs of POP groups compared to
healthy groups?!-3>43-38-85888991 "th5ugh some have
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found no change in levels of collagen type I.>° There
are more data disparities regarding the status of col-
lagen type III, with some groups reporting decreased
collagen type III*'#%% while others report an
increase®™®® or no change***' in collagen type III in
the USLs of POP groups compared to those of non-
POP groups. Factors which regulate the metabolic
activity of collagen are also of special interest, such as
matrix metalloproteinases (MMPs) 1, 2, and 9, which
are enzymes that degrade collagen. Many studies re-
port upregulation of MMP-1,26"7885  MMP-
2, 21318791 and MMP-9,%%°! and their respective genes
in patients with POP. Others report no difference in
MMP-1,"! MMP-2,”"-"> or MMP-9.2"-40>7

In addition to collagen, elastin is another structural
protein which is thought to be crucial for the reversible
extensibility of healthy USLs. Decline in elastin has
been linked to POP,**** though some studies report no
significant differences in the relative amounts of elastin
in POP groups versus non-POP groups.***° The role of
smooth muscle in the supportive function of the USLs
is less defined, but reduced smooth muscle content has
also been linked to POP.”® Others have reported no
differences in the USLs’ smooth muscle content,’"
but have noted that the smooth muscle in the USLs of
POP patients may have structural defects.®!

MECHANICAL TESTING METHODS

Several experimental studies have been published on
the mechanical characterization of the USLs (Fig. 5).
Although there is little overlap in regards to specific
testing protocols, there are several commonalities in
the overall testing approach. The bulk of mechanical
studies utilize ex vivo tissues either dissected from
animals such as rats, monkeys and
swine, > $A4+31SHTATSTO pigpsied from  human
patients,”>%° or removed from cadavers.>*3%> How-
ever, in vivo testing has also been performed on human
patients undergoing surgery.*®’® In some cases, the
USLs are not isolated from the surrounding tissues
and organs but instead they are tested together with
the connected pelvic organs and/or other supportive
tissues.B#44631.70.7 §ome tests involving non-isolated
USLs offer findings that describe the function of the
USLs in more physiologically relevant loading condi-
tions, but the collected force-displacement data depend
highly on the size of the tested specimens. For this
reason, such data cannot be easily used to determine
the mechanical behavior of USL specimens of different
size. When the USLs are tested in isolation, specimens
are typically taken from the distal region, adjacent to
the cervix (Fig. 2). Specimens can be excised more
consistently from the distal ends of the USLs since the
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FIGURE 4. Summary of reported POP-associated decrease,
increase, and no change in collagen type I, collagen type lll,
elastin, and smooth muscle in USLs.
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FIGURE 5. Summary of published studies on ex vivo and
in vivo (*), elastic and viscoelastic, uniaxial and biaxial tensile
tests performed on isolated USL specimens and USLs
attached to other pelvic tissues and organs in rats, swine,
monkeys, and humans.

proximal regions are arbitrarily defined, and
researchers disagree on how exactly the USLs are at-
tached to the sacrum.'>'**” Moreover, distal portions
of the USLs may be removed from a patient during a
hysterectomy or similar procedure and, therefore, are
more accessible to researchers for mechanical test-
ing.22:60

Uniaxial and biaxial tensile tests have been per-
formed to quantify the mechanical properties of the
USLs. Uniaxial tensile tests on rectangular strips of

tissue are usually performed in the main in vivo loading
direction (MD), or the direction pointing from the
distal/cervical end to the proximal/sacral end®*’®
(Fig. 2). This direction is the primary loading axis of
the USLs as they provide the most support in this
direction. However, since the USLs are connected to
surrounding tissues in multiple directions, these tests
do not simulate the in vivo complex loading conditions.
Biaxial tests on square specimens with sides oriented
along the MD and the direction perpendicular to it
(PD) are used to provide more physiologically-relevant
experimental data.

Ex Vivo Uniaxial Testing: Human USLs

Human USLs have been primarily loaded ex vivo
along the MD, that is the direction acting against
gravity to support the uterus and apical vagina. To our
knowledge, the first mechanical study of the USLs was
conducted by Reay Jones et al.®® These authors used
uniaxial tensile tests to measure the resilience of USLs
from 85 women undergoing hysterectomies, 4 of whom
presented with POP. Specimens were taken from their
insertion points at the junction of the uterus and cer-
vix, trimmed to 10 x 10 mm?2, and loaded at a rate of
10 mm/min. Load-displacement data were collected,
and the USL resilience was reported as the area under
the load-displacement curve up to the end of the elastic
region (Fig. 6a). This metric, which represents the
maximum energy absorbed by the tissue when it de-
forms elastically, quantifies the work done by the tissue
in response to the applied external forces that cause it
to stretch up to the plastic limit. The median value of
the resilience in USLs was reported as 0.022 J. No
significant difference was found between the responses
of the right and left USLs. The USL resilience in wo-
men with POP, 0.004 J, was significantly smaller than
that of women without POP, 0.019 J. Resilience
decreased with vaginal delivery, patient age, and me-
nopause, but it was not significantly different between
primiparous and multiparous women.

After a decade, Martins er al.*® presented data col-
lected via uniaxial tensile testing of human cadaveric
USLs. Rectangular specimens with an aspect ratio of
1:2 from the intermediate region of USLs were excised
from 15 human cadavers with no history of PFDs. The
specimens were pulled at 5 mm/min until failure. The
resulting load and displacement data showed nonlinear
elastic response with high variability. The mean slope
of the linear region of the stress-stretch curves, also
referred to as the tangent modulus of the linear region
or elastic modulus, was 14.1 &= 1.4 MPa, and the mean
ultimate strength was 6.3 £ 0.8 MPa (Fig. 6b). The
elastic modulus of the USL was positively correlated
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FIGURE 6. Most common mechanical data and quantities
measured for USLs either along one loading axis (MD) or
along two loading axes (MD and PD).

with ultimate strength, and the USLs were found to be
stronger and stiffer than the round ligaments from the
same cadavers. The elastic modulus and ultimate
strength of the USL specimens were found to be sig-
nificantly higher for parous compared with nonparous
women.

Concomitantly, Rivaux er al.®®> reported the
mechanical properties of the USLs excised from 13
female cadavers without POP and compared them to
the round and broad ligaments. Ligaments were cut
into multiple specimens which were pulled at a rate of
2%/s until failure. Nominal stress was recorded, and a
video extensometer was used to calculate engineering
strain. These stress-strain data showed the nonlinear
hyperelastic behavior of the USLs, with high vari-
ability. The data were compared to data collected from
broad and round ligaments from the same cadavers.
The USLs were found to be significantly stiffer than
the broad and round ligaments at both low and high
levels of deformation when comparison was made
using the parameters of Mooney-Rivlin’s constitutive
law.

Ex Vivo Uniaxial Testing: Rat, Monkey, and Swine
USLs

The pelvic supportive ligaments including the USLs
have been mechanically tested together with the vagina
in the rodent model by Moalli es al.>' In this study,
entire pelvises were dissected from 10 adult virgin rats.
The reproductive organs and all of their supportive
tissue connections were kept intact, save for the uterine
horns and their suspensory ligaments. The specimens
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retained the spinal column up to the lumbar region,
which was embedded in polymethyl methacrylate and
clamped in place. They were also clamped at the distal
vagina, which was pulled caudally during testing. The
specimens were preloaded to 0.015 N and precondi-
tioned from 0 to 2 mm of elongation for 10 cycles at 25
mm/min. They were then pulled to failure at the same
elongation rate. The shapes of the load-elongation
curves were typical of biological soft tissues, including
visible toe and linear regions. The ultimate load at
failure ranged from 11.8 to 15.3 N with the average
ultimate load at failure being 13.2 £ 1.1 N. The stift-
ness, defined here as the steepest positive slope of the
load-elongation curve over a 1 mm interval of elon-
gation (Fig. 6a), ranged from 2.1 to 4.8 N/mm with a
mean value of 2.9 £ 0.9 N/mm. The corresponding
elongations at the failure loads ranged from 5.4 to 11.0
mm with an average of 8.9 £+ 2.0 mm. The energy
absorbed to failure, defined as the area underneath the
load-elongation curve up to the point of failure
(Fig. 6a), ranged from 0.0259 J to 0.0689 J with an
average of 0.0494 £+ 0.0127 J. Video recordings of the
tests showed that the point of failure coincided with
the disruption of the paravaginal connective tissue
attachments to the pelvic sidewall and the posterior
connective tissue attachments to the levator ani mus-
cles. The USLs failed during continued pulling after
this failure point.

Using the experimental methods presented by
Moalli er al®', in a follow-up study by the same
group,* pelvises were dissected from 7 groups of 8 to
13 rats including virgin rats, pregnant rats at two dif-
ferent stages of gestation, rats that had just undergone
vaginal delivery or c-section (i.e., abdominal delivery),
and rats that were allowed to recover for 4 weeks after
vaginal delivery or c-section. Average values of the
stiffness were reported as 3.3 + 0.6 N/mm, 1.6 0.4 N/
mm, and 10.1 & 1.1 N/mm for the virgin, midpregnant,
and late pregnant groups, respectively. Average ulti-
mate loads at failure were 14.0 = 1.4 N, 10.2 &= 1.8 N,
and 10.1 £ 1.1 N for the same respective groups.
Average stiffnesses immediately post-delivery were
10.8 + 1.6 N/mm and 9.8 £+ 1.4 N/mm, and average
ultimate loads at failure were 10.8 + 1.6 N and 9.8 +
1.4 N for the vaginal delivery and c-section groups,
respectively. Mean stiffnesses 4 weeks post-delivery
were 14.0 &+ 1.3 N/mm and 17.1 £ 1.0 N/mm, and
mean ultimate loads at failure were 14.0 £ 1.3 N and
17.1 £ 1.0 N for the vaginal delivery and c-section
groups, respectively. The vagina and supportive tissue
complexes of the pregnant and immediate post-deliv-
ery rats displayed lower stiffness and ultimate load at
failure than those of the virgin rats. The 4 weeks post-
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delivery groups were not significantly different in
stiffness from the virgin rats, and their ultimate loads
at failure were not lower.

Nonhuman primates have been used as animal
models to test the effects of ovariectomy and subse-
quent hormone replacement therapy on the mechanics
of the USLs by Vardy et al.”® In this study, adult feral
cynomolgus macaque monkeys were ovariectomized
and placed in three treatment groups for 12 months,
including two common hormone replacement therapy
regimen groups, conjugated equine estrogens plus
continuous medroxyprogesterone acetate and ethinyl
estradiol plus norethindrone acetate, and a no treat-
ment group. Dumbbell-shaped sections of USLs were
dissected at the uterine insertions. The specimens,
which had lengths that ranged between 5 and 15 mm,
were subjected to incremental stress relaxation tests
along the MD. They were loaded at 0.1 mm/s dis-
placement rate until desired strain levels (ranging from
5% to 30%) were reached, they were then allowed to
stress relax for about 40 min before being loaded to the
next strain level, and they were finally pulled to failure.
Strain and stress measured at the end of each stress
relaxation, that is the equilibrium stress (Fig. 6d), were
collected and fitted to an exponential function. Tensile
moduli were then calculated as the slopes of the
exponential function at strains of 0%, 6%, 12%, 18%,
24%, and 30%. Tensile moduli at 12% strain were
reported as 0.08 + 0.05 MPa for the untreated group,
0.35 £+ 0.47 MPa for the conjugated equine estrogens
plus continuous medroxyprogesterone acetate group
and 0.32 + 0.28 MPa for the ethinyl estradiol plus
norethindrone acetate group. The USLs of both
treatment groups were found to have significantly
higher tensile moduli than those of the untreated group
for 0%, 6%, and 12% strains, with the trend continuing
without statistical significance for the rest of the strain
levels. The tensile moduli of the two treatment groups
were not found to be significantly different from each
other. Mean strength was found to be 0.6 + 0.4 MPa
for a subset of all tested specimens.

The effect of selective estrogen receptor modulators
on the mechanical properties of cynomolgus macaque
USLs were evaluated by Shahryarinejad er al.°® This
study was conducted using experimental methods
similar to the ones presented by Vardy er al.” save for
differences in treatment groups and the use of a dis-
placement rate of 1.0 mm/s. Following ovariectomy, 4
groups of macaques were treated for 12 weeks with
either a placebo or 1 of 3 selective estrogen receptor
modulators-tamoxifen, raloxifene, or ethinyl estradiol-
commonly used in postmenopausal and breast cancer
prevention therapy. Peak and equilibrium stresses at
each strain during incremental relaxation tests were
used to generate two sets of stress-strain curves and

compute peak and equilibrium tangent moduli via
exponential curve fits. While the population sizes were
too small to perform statistical analysis, the authors
reported that ethinyl estradiol increased the peak ten-
sile modulus of the USLs to about 1.16 MPa from the
0.46 MPa control value. The other two treatments,
tamoxifen and raloxifene, decreased the peak tensile
moduli of USLs to 0.29 MPa and 0.15 MPa, respec-
tively. All 3 treatments decreased the average equilib-
rium tensile modulus from 0.34 to 0.11 MPa for the
tamoxifen group, 0.05 MPa for the raloxifene group,
and 0.13 MPa for the ethinyl estradiol group.

In order to reduce inter-animal variability, Tan
et al.” performed uniaxial tensile tests on 5 USL
specimens and 13 cardinal ligament specimens isolated
from a single sow immediately post-partum. Rectan-
gular specimens were preloaded along the MD to 0.25
N and preconditioned from 0.25 to 1.0 N at 0.75 mm/s
for 5 cycles. They were then pulled at the same dis-
placement rate until failure occurred while strain was
optically measured. The stress-strain curves were
found to be nonlinear, exhibiting the typical nonlinear
strain stiffening behavior of soft tissue. Mean tangent
moduli for the toe and linear regions of the stress-
strain curves computed from the USL specimens were
reported to be 1.617 £ 1.215 MPa and 29.816 £ 7.378
MPa, respectively and the mean ultimate strength to be
2.767 £+ 0.444 MPa. The researchers found the USL
specimens to be significantly stronger and stiffer than
the cardinal ligament specimens when comparing the
ultimate strength and elastic modulus of the linear
region of the stress-strain curves.

In Vivo Uniaxial Testing: Human USLs

The force-displacement behavior of the USL/cardi-
nal ligament complex has been investigated in vivo by
Smith er al.” in their pilot study of 17 women in
various states of uterine suspensory condition (in-
cluding healthy non-POP and different stages of POP)
while they were undergoing pelvic surgery. In this
study, a tenaculum was clamped onto the cervix of
each patient while the handle was mounted on a linear
actuator. A vaginal speculum was inserted to retract
the levator ani muscles in order to reduce the contri-
bution of the pelvic floor to the mechanical response.
The tenaculum was pulled at 4 mm/s in the caudal
direction until a load of 17.8 N was reached. The load
was then held for 60 seconds during which cervical
location was measured in relation to the hymen. The
stiffness of the suspensory ligaments, measured as the
slopes of the measured force-displacement data, was
found to increase with increased cervical displacement.
It was reported as 4.9 + 1.4 N/cm with individual
specimen stiffness ranging from 3.1 to 8.9 N/cm. The
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cervical starting positions and range of cervical dis-
placements varied greatly between patients. Due to the
limited cohort size, cervix location could not be cor-
related with ligament stiffness with statistical signifi-
cance, leaving room for further research on the
relationship between POP and apical ligament stift-
ness.

Further testing of the time-dependent properties of
the in vivo USL/cardinal ligament complex of 14 wo-
men with POP was conducted by Luo er al.*° using the
same testing set up presented by Smith er al.”’ While
the patients were sedated for pelvic surgery, a linear
actuator pulled a tenaculum clamped at the cervix
caudally until a 1.1 N preload was applied. Then, the
tenaculum was pulled at 4 mm/s until the load reached
17.8 N, at which point the displacement was held
constant for 1 min while the decrease in load was
recorded. This ramp and hold process was performed
three times per patient. The stiffness of the uterine
support complex was defined as the difference between
the maximum and minimum forces divided by the
difference in the cervical displacements at those forces
during the ramp phases of the tests. The mean stiffness
was 0.49 £+ 0.13 N/mm, 0.61 £+ 0.22 N/mm, and 0.59 +
0.2 N/mm for the first, second, and third ramp phases
of the tests, respectively. Energy absorbed by the
uterine support was defined as the area under the
force-displacement curve during the ramp phase of
each test and the mean energy was reported to be 0.27
+0.07J,0.23 £ 0.08 J, and 0.22 4 0.08 J for the first,
second, and third ramp phases of the tests, respec-
tively. The energy absorbed during the first ramp phase
was significantly higher than the energy absorbed
during the second or third ramp phase, with the
decreasing values of absorbed energy indicating
increasing stiffness of the tissues after repeated load-
ing. The final relaxation force after the 1 min hold
phase was 57% of the maximum force reached during
the first ramp phase, 64% of the maximum force
during the second ramp, and 70% of the maximum
ramp force during the third ramp. In order to estimate
the stiffness of the USLs and cardinal ligaments, the
uterine support was modeled as two sets of cables with
fixed origins and symmetrical behavior. The model
parameters, which included angles and lengths of the
ligaments, were obtained from a previous MRI
study.!” The mean stiffness of the USLs was estimated
to be 0.12 £ 0.04 N/mm. Moreover, the USLs were
estimated to have elongated on average 109 + 32% at
the maximum force compared to their lengths at rest.

Ex Vivo Biaxial Testing: Human USLs

The elastic and viscoelastic properties of human
USLs were first determined by Baah-Dwomoh ez al.* A
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total of 9 human USL specimens were obtained from
the cervical to sacral regions of 4 female cadavers.
Square specimens of approximately 2.3 x 2.3 cm? to 3
x3 cm? were cut with sides aligned along the main
in vivo and perpendicular loading directions as defined
in Fig. 7, before being subjected to planar biaxial
tensile testing. Following preconditioning in which
specimens were loaded and unloaded from 0.1 to 2 N
at 0.05 N/s for 10 cycles, the specimens were allowed to
recover for 10 min and then pulled equi-biaxially at
0.05 N/s up to a load of 2 N. The 2 N load was then
held for 20 min. Throughout testing, digital image
correlation was used to calculate strain. During pre-
conditioning/cyclic loading, the mean peak strains as
shown in Fig. 6(c) were 4.90% and 5.98% in the MD
and PD, respectively. Stress-strain data were plotted
for the pre-creep testing stage, or elastic portion of the
tests. Representative data are reported in Fig. 7 for a
subset of specimens to show the variability in the
elastic response between the two loading directions.
Secant moduli were calculated as the slopes of the lines
drawn between the first and last points of the curves.
The mean secant moduli for the human USLs were
7.76 £ 1.65 MPa and 6.00 £ 1.35 MPa in the MD and
PD, respectively. By the end of the creep test, the mean
peak strains were 1.09 and 1.15 times the mean initial
creep strains in the MD and PD, respectively. The
mean creep rates were 0.020 £ 0.003 1/s and 0.028 +
0.006 1/s in the MD and PD, respectively. No signifi-
cant differences in mean peak strains, secant moduli,
mean creep rates were found between loading direc-
tions for the tested human USL specimens.

The biaxial mechanical properties of healthy and
prolapsed human USLs have been investigated very
recently by Danso er al.** Specimens were obtained
from the uterine connection points of the right and left
USLs of post-menopausal women who were undergo-
ing hysterectomies. The specimens were biaxially ten-
sile tested along the MD and PD to a target stress of
0.1 MPa. Specimens were preloaded equibiaxially up
to the target stress for 10 cycles. Then each specimen
was tested equi-biaxially and at four loading ratios:
1:0.5, 1:0.75, 0.75:1, and 0.5:1 at a strain rate of 0.2%/s.
Each loading regimen was applied for 6 cycles. Load
data and strain data were collected during the
unloading phase of the 6th unloading cycle. Tangent
moduli for the severe POP USLs in the MD fell
between 2 and 5 MPa, the values for the 0.5:1 and the
1:0.5 loading regimens, respectively. Tangent moduli
ranged from 3.5 to 8.5 MPa for the moderate POP
group and from 3.5 to 10 MPa for the non-POP group
in the MD for the same respective loading regimens. In
the PD, tangent moduli for the severe POP group
ranged from 3.5 to 8 MPa for the 1:0.5 and 1:1 loading
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FIGURE 7. Biaxial stress-strain data collected from human
USL specimens (n = 6) showing variability of the mechanical
response in the main in vivo direction (MD, continuous lines)
and perpendicular (PD, dashed lines) directions of loading.
Data collected in the study by Baah-Dwomoh et al.®

regimens, respectively. For the moderate POP group,
tangent moduli ranged from 4 MPa for the 1:0.5
loading regimen to almost 9 MPa for the 0.5:1 loading
regimen. For the non-POP group, tangent moduli in
the PD ranged from 4.5 to over 7.5 MPa for the 1:0.5
and 0.75:1 loading regimens, respectively. The USLs of
women with severe POP were found to be more
extensible and have a lower tangent modulus in the
MD than those of women with moderate POP or
without POP. This was true for all loading regimens,
but extensibility and tangent modulus in the PD were
not significantly different among the groups.

Ex Vivo Biaxial Testing: Swine USLs

The first biaxial tests on the USL/cardinal ligament
complexes were conducted by Becker and De Vita® to
quantify stress relaxation properties. In their study,
USL /cardinal ligament specimens (30x30 mm?) were
isolated from adult swine and subjected to planar
biaxial tensile testing along the MD and PD. The
specimens were preloaded to 0.04 N and precondi-
tioned from 0.1 to 0.6 N for 10 cycles at a displacement
rate of 0.1 mmy/s, and then pulled equi-biaxially at 0.1
mm/s until the load on one of the two axes reached
selected values between 2 and 12 N, at which point the
specimens were held at a constant stretch for 50 min
while load data were recorded. The stress-stretch re-
sults for the ramping portion of the tests showed
nonlinear elastic responses with high variability across
tested specimens. The specimens appeared to be qual-
itatively stiffer in the MD than in the PD, although no
statistical comparison was conducted. Stress relaxation

results showed rapid relaxation for the first few hun-
dred seconds with the rate of relaxation slowing for the
remainder of the tests. Though the elastic behavior of
the specimens varied by axial loading direction, the
normalized stress relaxation data showed no difference
between the two axial loading directions. The stress
relaxation and relaxation rate were found to depend on
the level of stretch, with stress relaxation rate being
higher at lower stretches.

The biaxial creep properties of the USL/cardinal
ligament complexes were quantified by Tan er al.”*
Square specimens (30x30 mm?) were excised from the
apical vaginal support of sows and subjected to planar
biaxial tensile testing along the MD and PD. Follow-
ing 10 cycles of preconditioning from 0.1 to 0.6 N at
0.1 mm/s, the specimens were pulled equi-biaxially at
0.1 mm/s until either 2 N or 4 N loads were reached in
both loading directions. Then, the loads were held
constant for two hours while the increases in strains
(refer to Fig. 6) were measured using the digital image
correlation method. Mean initial strains were larger in
the PD, 0.152 at 2 N and 0.263 at 4 N, than in the MD,
0.116 at 2 N and 0.216 at 4 N. The difference was
maintained, but without statistical significance, for the
mean final strains after 2 hours, with reported values of
1.41 and 1.30 times the initial mean strains in the PD at
2 N and 4 N, respectively, and 1.32 and 1.20 times the
initial mean strains in the MD at 2 N and 4 N,
respectively. During creep testing, specimens initially
strained very quickly, and strain rate decreased over
the course of the test. The mean creep rates were 0.054
and 0.050 1/min for the specimens subjected to 2 N in
the MD and PD, respectively, and 0.031 and 0.041 1/
min for the specimens subjected to 4 N in the MD and
PD, respectively. While the observed creep was larger
at 2 N than 4 N, the difference was not found to be
statistically significant.

The biaxial elastic and viscoelastic properties of the
swine USLs have been determined and compared to
those of human USLs by Baah-Dwomoh et al.? Porcine
USL specimens were excised from the region between
the cervix and the rectum of adult swine. Following the
methods previously described for human USLs, peak
strains during preconditioning, secant moduli of the pre-
creep elastic response, and increased strains during a 20
min long creep were computed. The mean peak strains
were 5.70% and 8.12%, the mean secant moduli were
3.51 &£ 0.61 MPa and 4.87 &+ 1.94 MPa, and the mean
creep rates were 0.029 £+ 0.008 1/s and 0.031 £ 0.008 1/s
in the MD and PD, respectively. The mean strains
increased by 1.12 and 1.16 times the mean initial creep
strains in the MD and PD, respectively. No significant
differences in these quantities were found between either
loading directions or human and swine USLs.
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The effects of estrogenic mycotoxin consumption on
the mechanical properties of swine USLs was investi-
gated in a recent study by Pack et al.>* The toxin used,
zearalenone, is produced by fungi and is linked to the
onset of POP in swine when consumed. In this study,
three groups of pubertal virgin swine were given feed
with either the mycotoxin zearalenone dissolved in
acetonitrile (2.67 mg of toxin per 1 kg of feed) or just
the solvent acetonitrile. The first group was given feed
with solvent for 21 days, the second group was given
feed with dissolved mycotoxin for 7 days and then feed
with solvent but without mycotoxin for 14 days, and
the third group was given feed with dissolved myco-
toxin for 21 days. Following the 21-day feeding regi-
mens, the swine were sacrificed, and specimens were
excised from the mid portion of the USLs between the
rectum and the proximal vagina. Square specimens of
30x30 mm? were loaded into a planar biaxial tensile
testing apparatus along MD and PD. The specimens
were preconditioned through ten cycles of loading
from 0.05 to 0.5 N at a rate of 0.1 mm/s. Following
preconditioning, the specimens were preloaded to 0.05
N and stretched at 0.1 mm/s. Digital image correlation
was used to calculate strains. No significant difference
in average stress between the groups at either 2% strain
or 4% strain was found. The average stresses across the
groups at 2% strain was reported to be 32.96 + 4.43
kPa and 40.82 &+ 4.22 kPa in the MD and PD,
respectively. At 4% strain, the average stresses for the
three groups were 63.21 + 9.69 kPa and 83.38 + 9.17
kPa in the MD and PD, respectively. There was no
significant difference between the two loading direc-
tions. For this study, the secant modulus was defined
as the slope of a best-fit line between the 2% and 4%
strains on the stress-strain curves. There were no sig-
nificant differences in secant modulus between the
three groups or between the two loading directions.
The average secant moduli across the three groups
were 1.52 + 0.27 MPa in the MD and 2.13 + 0.31 MPa
in the PD direction. In all, no significant changes in the
swine USLs’ tissue elasticity were found following
consumption of zearalenone at the selected moderate
dosage.

DISCUSSION

The mechanical properties of the USLs are likely
affected by a number of factors, including age, body
mass, parity, and menopause, and have been demon-
strated to be different between patients who have POP
and those who do not. Unfortunately, most published
experimental studies do not control for these variables,
primarily due to difficulties involved in collecting,
processing, and storing human specimens. Some
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investigators found a significantly negative correlation
of USL resilience with vaginal delivery, age, and
menopause,®’ and others found no significant effects of
age, body mass, or menopausal status on USL stiff-
ness.*® The effect of parity on the USLs also remains
unclear. Parous women were reported to have stiffer
USLs than nulliparous women,*** though no differ-
ences in the resilience of primiparous versus multi-
parous USLs were reported.®® The mechanical changes
of the USLs during pregnancy are unknown, and MRI
analysis revealed that the USLs lengthen throughout
the gestational period and remain altered a year after
delivery.®? It is not yet clear whether the USLs ever
fully recover their mechanical properties from preg-
nancy and childbirth. In rats, the stiffness of the entire
pelvic support complex during pregnancy and imme-
diately post-partum decreased, with the biomechanical
properties being restored 4 weeks post-partum.**
Moreover, in women affected by POP, the USLs were
found to be less resilient® and more compliant.?**¢

While the relationship between POP and the
mechanical properties of the USLs has been investi-
gated to some extent, mechanical alterations of the
USLs in connection to other PFDs have been over-
looked. For example, there are no studies that char-
acterize changes in the mechanical function of the
USLs due to urinary incontinence, despite documented
changes in their composition. The content of collagen
type III in the USLs of patients with urinary inconti-
nence and POP decreased compared to patients with
POP but without urinary incontinence and patients
with neither disorder.”** Similarly, deep infiltrating
endometriosis may modify the contractile properties of
the USLs due to lesions that occur on the USLs.'® In
some cases, the lesions are implanted within the mus-
cular-connective tissue of the USLs and come into
contact with nerves, causing severe chronic pain
among other symptoms.'®

There exist several points of discrepancy regarding
the exact anatomy of the USLs. Anatomical cadaveric
dissection studies largely agree that the USLs attach
distally at the cervix and proximally at the sacral spine,
though there is some disagreement over whether it
attached at the S1-S3 or S2-S4 region.”” However,
Umek ez al’s’’ anatomical MRI study reported the
USLs as connecting distally at the cervix and proxi-
mally at the sacrospinous ligament and coccygeous
muscle. Identification of the exact end points of the
USLs through MRI likely depends on the MRI
acquisition parameters used, and is complicated by the
difficulty of identifying the USLs in images. Most MRI
images are taken while the patient is in a supine posi-
tion and, consequently, they do not accurately portray
the anatomy of the USLs in an upright position.
Additionally, factors such as fullness of the bladder
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and rectum, enlarged uterus, fat content, prominent
lymphatics, and short distance between cervix and sa-
crum prohibit or alter the evaluation of the USLs using
MRI.”7 That said, the USLs may have more anatom-
ical variability than is commonly conceptualized.

Anatomical and mechanical studies seem to skew
towards parous subjects, either reporting an average of
multiple births per patient,?***%7%77 reporting signs
of parity but no medical records,*® or not reporting
this information.'*'*%% White women also seem to
be overrepresented in anatomical studies compared to
women of other races with investigators reporting
overwhelmingly white study cohorts'***’"” or not
reporting this information.>!>46:48.60.62.69.70.84 gy .
thermore, cadaveric studies skew towards older
patients and the analysis of their properties can be
complicated by other factors; embalming procedures,
tissue death and settling in the supine position can
make it difficult to translate the findings to living
anatomy, microstructure, and mechanics. Ex vivo
human studies of the USLs can be performed using
fresh tissue specimens. However, due to ethical issues
in surgical care, these specimens almost exclusively
come from the most distal regions of the USLs. These
regions do not reflect the anatomically and structurally
different intermediate and sacral regions of the USLs
that are often important for USLS surgeries. Overall,
inconsistencies in reports about the USLs may indicate
that the anatomy and mechanics of these ligaments
differ across women. The USLs of large and diverse
populations should be investigated as many of the
presented studies remain underpowered and skewed.

Though a large portion of the USLs is comprised of
smooth muscle and nerve tissues, the contribution of
these components to the mechanical function of the
USLs remains unknown. Such a contribution, though
likely small, could prove consequential to the devel-
opment of PFDs. It is possible that smooth muscle or
nerve tissue in the USLs may become damaged over
the course of pregnancy and labor, or simply with
aging, eventually contributing to the development of
POP. Unfortunately, measuring the contractile prop-
erties of human tissue is exceptionally difficult as tissue
must be tested either in vivo or immediately following
excision to achieve successful contractions ex vivo.
Since there are currently no data on the contractile
behavior of the USLs, quantifying the contribution of
smooth muscle on the mechanics of the USLs using
animal models is a clear next step in the research of
these important structures.

There is some evidence that nutrition may affect the
composition of the USLs and, therefore, the mechan-
ical role of these ligaments. In a study by Findik
et al.,”” administration of vitamin C increased collagen
I and III in the USLs of pregnant rats. On the other

hand, consumption of toxins has been linked to high
instances of POP in swine herds.'® How the con-
sumption of toxins influences the USLs in swine has
been investigated in a preliminary study by Pack
et al>* Further research in this area is warranted as
this knowledge could help in developing new preven-
tion strategies for POP.

The human female pelvis has evolved to be unique
with no other mammals, including non-human pri-
mates, having similar bipedal locomotion and partu-
rition.®*®>  This uniqueness constitutes a major
obstacle to research on the support function of the
USLs as there are no widely accepted animal models
for PFDs. In small animal models such as rodents, the
USLs are mechanically tested together with other
supportive tissues and pelvic organs due to their small
sizes***! and, from these tests, the mechanical prop-
erties of the USLs cannot be isolated. On the other
hand, large animal models have been shown to be
advantageous since USLs can be separated from other
pelvic organs for mechanical testing. However, large
animals require specialized housing and surgical facil-
ities with high costs in feed, veterinary care, and sur-
gery. Moreover, these animals have slower growth
rates and longer reproductive cycles, further increasing
costs and slowing down research. Thus far, monkeys
and swine are the only animal models that have been
used to mechanically test USLs in isolation from sur-
rounding structures.>3>*66.74737 A symmary of elas-
ticity metrics reported for these animal models is
presented in Fig. 8. However, depending on the sci-
entific research question, other animal models may be
better suited to study the role of USLs in relation to
PFDs. Comparative studies such as those conducted
by Shahryarinejad and Vardy®’, Iwanaga er al.’’, and
Baah-Dwomoh er al.® are necessary to determine the
anatomy, microstructure, and mechanical properties of
USLs across species so as to better select animal
models and translate research findings to human
USLs. Animal models will allow future researchers to
bypass the limitations of human tissue collection and
to design experiments that control for parity, body
mass, age, disease, nutrition, etc.

There is much variability in experimental protocols
and methods for testing the mechanical behavior of the
USLs. For example, most studies perform cyclic pre-
conditioning before data collection®®:22:44:31:54.74.75
while others do not.**%%%%" Displacement and loading
rates also change widely across published studies and,
given the viscoelasticity of the USLs, these rates are
likely to affect the mechanical data. Existing studies
also differ significantly in the data analysis with some
investigators presenting load and displacement
data®*46:31:60.70 hile others present stress, stretch, and
38.22.54.66.75.79 WWhile load-displacement
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Baah-Dwomoh et al., 2018
sec. mod. (MD):
3.51+0.61 MPa
sec. mod. (PD):
4.87+1.94 MPa

Pack et al., 2020
sec. mod. (MD):
1.52+0.27 MPa
sec. mod. (LD):
2.134£0.31 MPa

Tan et al., 2015
tan. mod.(toe region):

n 1.617£1.215 MPa [
tan. mod.(linear region):

29.816+7.378 MPa

|

Vardy et al., 2005
m = tan. mod. at 12% strain:
0.08+0.5 MPa

Baah-Dwomoh et al., 2018
sec. mod. (MD):

Smith et al., 2013 7.76+1.65 MPa
stiffness (in vivo): sec. mod. (PD):
4.9+1.4 N/lcm 6.00+£1.35 MPa
Martins et al., 2013 Danso et al., 2020
elas. mod.: tan. mod.(linear region, MD):
14.1£1.4 MPa 8.2+1.5 MPa
| tan. mod.(linear region, PD):
7.6+0.8 MPa
)
< >

v

FIGURE 8. Mechanical quantities reported by the cited
published experimental studies on the elasticity of USLs.
The columns denote test type (uniaxial or biaxial tensile
tests), and the rows denote animal model (humans, non-
human primates, or swine). Note that sec.mod. stands for
secant modulus, tan. mod. for tangent modulus, and ten. mod.
for tensile modulus.

data provide valuable information within the contexts
of the tested specimens, stress-strain data, being nor-
malized and independent of the size of the specimens,
can be better compared across studies. Finally, there is
no standardized way of measuring the mechanical
properties of the USLs, even from tensile tests. Some
studies report the slope of the linear region of the load-
displacement, stress-stretch, or stress-strain
curves, > 2473 variably referring to this metric as stiff-
ness, elastic modulus, or tangent modulus. Others
present secant modulus,‘z"“”s“’70 as the slope of a line
drawn through two points on the stress-strain curve.
This metric is useful for stress-strain curves that do not
include the linear region. However, there is no con-
sistency between the chosen points for the secant line,
making the comparison among such moduli problem-
atic (refer to Fig. 8).

Most of the mechanical experiments on the USLs
have been uniaxial tensile tests along the main in vivo
loading direction, although the loading direction is
sometimes not reported.71 However, in situ, the USLs
experience loading in multiple directions, especially at
the attachments. Additionally, due to the changing
structure of the USLs along the main in vivo loading
direction (Fig. 2c), mechanical anisotropy as well as
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inhomogeneity should be investigated to provide a
more complete picture of how these structures function
in the body. Biaxial tensile tests have attempted to
characterize the USLs in more physiologically relevant
loading conditions. Interestingly, no biaxial mechani-
cal studies have found a significant difference in the
mechanical properties in the MD and PD of
USLs.*#2%3%75 On the surface, this may appear to
mean that the USLs are elastically isotropic. However,
as exemplified in Fig. 7, the stress-strain response is
highly variable among USL specimens. Some speci-
mens are stiffer in the MD while others are stiffer in
the PD. This nuance is lost when data are averaged
across all specimens. Such a disparity in mechanical
properties, with some specimens being stiffer in the
MD and others in the PD, may relate to the onset of
PFDs. Danso er al.”* showed that the USLs of women
with severe POP are more compliant in the MD than
those of women without POP, while there was no
significant difference in the PD between the two groups
of women. Directional properties should be further
studied in relation to PFDs to better understand how
the USL properties are altered. Ideally, diagnostic
tools should be developed to quantify the anisotropy,
inhomogeneity, and mechanics of the USLs in situ so
that individualized treatment plans can be designed.

In vivo mechanical testing of the USLs is invaluable
since the USLs are unaltered and their anatomical
connections are preserved. In an in vivo study of the
USLs,” some of the inconsistencies that complicate
POP description, quantification, and staging were re-
vealed. The POP-Q system is considered to be the
standard way to quantify the extent of POP.> It
involves measuring the positions of specific anatomical
points in relation to the hymen while the patient is
sitting or standing and either coughing or performing
the Valsalva maneuver. Smith ez al.”® found that, for
the majority of their study cohort, the cervical dis-
placement under small applied loads was greater than
the maximum extent of POP as measured by the POP-
Q system preoperatively. This phenomenon has been
observed in several other studies in which little corre-
lation has been found between measurements of POP
preoperatively using the standard POP-Q during Val-
salva maneuver and the measurements obtained by
traction during surgery.'>?>2%8283 Consequently, the
surgical operation that is performed often differs from
preoperative plans. Of course, it is also unknown how
well the assessments of POP under surgical traction
correlate with a patient’s health. Indeed, the fact that
these assessments are performed while the patient is
supine and under anaesthesia means that the loads that
the USLs experience during surgery are very different
from those experienced when the patient is in a normal
upright position.
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Given the escalating safety concerns about the use
of surgical mesh implants, the USLs remain the most
used endogenous tissues for a wide range of surgeries
for PFDs. These surgeries consist primarily of adjust-
ing the length and, consequently, the tension of the
USLs in an ad-hoc manner so as to increase the level of
apical support that these ligaments provide. However,
there are currently no standardized surgical proce-
dures, and the POP recurrence after surgical treatment
remains prevalent. New scientific-based guidelines
could improve the outcomes of current surgeries. Ad-
vanced medical tools and devices that aid in identifying
the specific surgery that yields the best outcome must
be developed by integrating knowledge about the
anatomy, microstructure, and mechanics of the USLs.
These tools will be especially valuable as we move to-
ward patient-specific healthcare delivery.

CONCLUSIONS

Many great strides have been made in characterizing
the mechanical properties of the USLs, but a lot re-
mains to be done. As methodological rigor and tech-
nical sophistication increase in mechanics, new efforts
become necessary to expand our scientific knowledge
of the support function of the USLs. Current research
problems in PFDs can only be tackled through con-
certed interdisciplinary efforts in mechanics, material
science, imaging, veterinary medicine, obstetrics, and
urogynecology. It is our hope that this synthesized
overview on the mechanics of the USLs will facilitate
such interdisciplinary efforts toward developing suc-
cessful methods for POP prevention, diagnosis, and
treatment.
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