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Contractile Properties
of Vaginal Tissue

The vagina is an important organ of the female reproductive system that has been largely
understudied in the field of biomechanics. In recent years, some research has been con-
ducted to evaluate the mechanical properties of the vagina, but much has focused on
characterizing the passive mechanical properties. Because vaginal contractions play a
central role in sexual function, childbirth, and development and treatment of pelvic floor
disorders, the active mechanical properties of the vagina must be also quantified. This
review surveys and summarizes published experimental studies on the active properties
of the vagina including the differences in such properties determined by anatomic regions
and orientations, neural pathways, life events such as pregnancy and menopause, pelvic
floor disorders such as prolapse, and surgical mesh treatment. Conflicting experimental
findings are presented, illustrating the need for further research on the active properties
of the vagina. However, consensus currently exists regarding the negative impact of sur-
gical mesh on vaginal contractility. This review also identifies knowledge gaps and future
research opportunities, thus proving a firm foundation for novice and experienced
researchers in this emerging area of biomechanics and encouraging more activity on
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Introduction

“I bet you’re worried. We were worried. We were worried
about vaginas [1].” The opening lines to the influential Vagina
Monologues address the audience’s likely anxiety about viewing a
performance about vaginas and convey the work’s intentions to
diffuse some of that discomfort and promote awareness about vag-
inas. Though the play is over two decades old, the relevance of
these lines persists since references to this sexual organ still gen-
erate discomfort and embarrassment for many. As mechanicians,
we should be worried that the mechanical properties of the vagina
remain understudied in our field.

The vagina is a fibromuscular tubular organ that extends from
the vulva to the cervix (Fig. 1). The organ is comprised of three
main layers: the internal mucosa, the intermediate muscularis, and
the external adventitia. The mucosa layer contains a stratified
squamous nonkeratinized epithelium and the lamina propria made
of a dense irregular connective tissue. The muscularis layer is
composed of two layers of smooth muscle cells (SMCs): an inner
layer with circumferentially oriented SMCs and an outer layer
with longitudinally oriented SMCs. The adventitia is a thick layer
of loose connective tissue that contains vasculature, lymphatics,
and nerves [2].

The proximal and distal regions of the vagina have been found
to have compositional and structural differences in the mouse, rat,
and rabbit [3-5]. However, there is a disagreement as to whether
the proximal vagina has equal [5] or greater [3,6] relative smooth
muscle content than the distal vagina. There is a similar disagree-
ment about whether the wall of the proximal vagina is thicker [3]
or thinner [4,5] than the wall of the distal vagina. The distal por-
tion of the vagina has a richly innervated sphincter structure of
circumferentially aligned SMCs which is thought to offer mechan-
ical support to the vaginal opening [4,7]. These regional variations
are likely due to the difference in embryological origin between
the proximal and distal vagina and may reflect unique functional
purposes [8].

Vaginal innervation is both extensive and diverse, arising from
the hypogastric nerves, the pelvic splanchnic nerves, and the
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pudendal nerves and being comprised of adrenergic, cholinergic,
and nonadrenergic noncholinergic nerves in both sympathetic and
parasympathetic pathways [9,10]. Researchers have observed
regional variation in the distribution of these nerves. Rat studies
have shown the proximal vagina to have a higher proportion of
cholinergic nerves compared to adrenergic nerves [4]. Conversely,
the contractions of the distal vagina have been found to be prefer-
entially mediated by adrenergic nerves [11]. The distal vagina
also contains substantial nitric oxide-mediated nerves, which
cause a relaxation response in rats [3,7]. It is believed that relaxa-
tion of the smooth muscle allows for vaginal distention during
labor and arousal. Nitric oxide synthase and several other nonad-
renergic noncholinergic mediators have been observed in the
human vagina [12,13]. Finally, vaginal contractions can be also
induced by hormones, such as oxytocin, which is released during

Vagina

Fig. 1 Schematic of the vagina denoting proximal, mid, and
distal regions, LD and CD, and smooth muscle cell orientation
within the muscularis
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sexual stimulation [14]. The combination of this neurologic activ-
ity regulates vaginal blood flow, excretions, and arousal [13].

Although some progress has been made in characterizing the
passive mechanical properties of the vagina [15], little is known
about the active mechanical properties. This is especially prob-
lematic due to the critical role of the contractile vaginal smooth
muscle (VaSM) in a woman’s reproductive life. For example,
alterations to the contractile properties of the vagina that occur
during and after pregnancy have been overlooked, despite the fact
that more than 80% of women in the U.S. over the age of 30 give
birth [16]. In one study on the pregnant rat vagina [17], many of
the SMCs transform from quiescent and contractile to prolifera-
tive and synthetic phenotype. The vaginal SMCs become diffusely
spaced and surrounded by increased extracellular matrix. These
changes may result in increased vaginal compliance and likely
ease parturition. Immediately following parturition, the SMCs
experience a reduction in synthetic characteristics and, 3 weeks
after parturition, they are highly similar to vaginal SMCs in vir-
ginal rats in terms of organization, extracellular matrix prolifera-
tion, and phenotype [17]. However, whether the mechanical
function of the vagina completely recovers after parturition
remains unclear.

During menopause, when a woman ceases to be fertile, there is
a decline in reproductive hormones. The absence of such hor-
mones, especially estrogen, contributes to vaginal atrophy where
the vaginal tissue thins and becomes dry causing discomfort and
dyspareunia [18]. Decrease in VaSM occurs abruptly at the age of
menopause [19]. Estrogen replacement therapy can be used to
alleviate these symptoms, but objective outcomes of these treat-
ments are not well evidenced and do not include measures of
VaSM [20,21]. In rats, estrogen replacement therapy has resulted
in restoration of the VaSM layer thickness as measured through
histology [22]. Whether this is true for humans and whether the
mechanics of the vagina are restored with such therapies are
unknown.

Pelvic organ prolapse, a highly prevalent disorder in women,
has also been found to alter VaSM. Prolapsed vaginal tissue
shares several architectural hallmarks of pregnancy: reduced SMC
content [23-25], SMC disorganization [23,24], and increased
extracellular matrix [26]. Still, the consequences of these altera-
tions on the contractile properties of the vagina are unknown. Sur-
gical mesh implantation is a common intervention for correcting
pelvic organ prolapse but it is associated with high failure rates
and serious complications [27,28]. In primates, mesh implantation
has resulted in decreased VaSM and SMC disruption and disorga-
nization [29]. The lack of knowledge about the contractile proper-
ties of the vagina likely contributes to the poor outcome of
surgical procedures for treating pelvic organ prolapse.

In this paper, an overview of current experimental studies that
focus on characterizing the stresses and forces due to contraction
of the vaginal tissue will be provided. First, the most commonly
used experimental protocols and methods are presented. Then, the
effect of anatomic (distal, mid, and proximal) regions and (longi-
tudinal and circumferential) directions of the vagina on the active
mechanical properties are reviewed. Studies on nerve-mediated
contractions of the vaginal tissue are also summarized. Moreover,
the alterations in vaginal contractility caused by pregnancy, meno-
pause, prolapse, and mesh implantation are reviewed. In the
Conclusion section, findings of published studies, potential limita-
tions, and current gaps will be discussed while offering sugges-
tions for future investigations that would allow progress in
women’s sexual and reproductive health.

Testing Methods

Contractions of the vaginal tissue have been quantified primar-
ily through uniaxial tests of rectangular strips of tissue. These
strips are isolated either along the longitudinal direction (LD)
[3,6,7,22,25,30-32] or along the circumferential direction (CD)
[3,4,7,11,14,33-40] of the vagina as defined in Fig. 1. These types
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of tests are useful for revealing the effect of anatomic differences
on the contractile properties of the vagina. Multiple strips of tissue
can be isolated from various locations (e.g., distal versus
proximal, anterior versus posterior) within the same organ/animal
thus reducing potential animal-to-animal variability. However,
uniaxial tests do not simulate the in vivo loading condition of
the vagina. Very recently, the active properties of the vagina
have been characterized by loading the whole vagina simultane-
ously in the LD and CD via planar biaxial tests [41] and
inflation—extension tests [5]. All studies have been conducted ex
vivo, with one exception [42]. Tissue specimens from several ani-
mal models have been used including mice [5,14,37], rats
[4,6,7,11,22,31-33,41,42], rabbits [3,30,40], sheep [35,38], and
nonhuman primates [34,36,39]. In a few cases, contractions of the
human vaginal tissue were measured [25,31,43]. Figure 2 presents
a summary of the types of mechanical tests and animal models
used in all the published studies.

Contraction of the vaginal tissue has been experimentally
induced through direct membrane depolarization using high con-
centrations of KCI or K" [3-7,14,22,25,30-36,38-41], nonspe-
cific nerve stimulation using electric field stimulation (EFS)
[3,4,7,11,30,33,36,37,39—42], and receptor-mediated pathways
using receptor-specific agonists [7,11,14,25,30,31,33,36,37,40].
The contraction response of the vaginal tissue to potassium is
independent of innervation or receptor density and proportional to
the amount of smooth muscle in the tissue. For this reason, the
contractile forces that are generated in response to potassium are
often used as standard values of the contractility of the tissue, and
contractile forces that are generated using other stimulation meth-
ods are often normalized using these standard values. Studies in
this review typically used solutions with concentrations of potas-
sium ranging between 40mM [5,14] and 125 mM [25], though
studies in which sensitivity analyses were performed tested the
effect of lower concentrations [4,32]. Figure 3 presents
potassium-induced contractile forces per unit volume of
control, healthy, and untreated specimens from several studies
[3,6,22,25,31,32,34,36,38,40,41]. It should be noted that some
data in Fig. 3 are from representative specimens rather than aver-
ages of several specimens. When numerical values of the contract-
ile forces were not provided explicitly, data in Fig. 3, and
throughout this review, were retrieved from plots and curves in
published papers using Image] (National Institutes of Health,
Bethesda, MD). Additionally, when either force data or force data
normalized by cross-sectional areas were reported, the reported
values were divided by the appropriate specimen dimensions in
order to estimate contractile forces per unit volume. This normal-
ization was performed to make meaningful comparisons across
published studies. Multiple data points were included for studies
that presented results for multiple regions of control specimens.
The contractile forces normalized by s3pecimen volume ranged
between 0.04 mN/mm3 and 3.48 mN/mm"~.

Inducing contractions using EFS involves positioning the speci-
men between two electrodes in a physiologic bath and applying an
electric field using a pulse stimulator. EFS typically produces
frequency-dependent contractions; the studies presented in this
review used frequencies ranging from 0.5Hz to 70 Hz [33,41].
Unfortunately, the size and specific positioning of electrodes have
not been reported for the most part, which makes estimating the
strength of electric field applied to the specimen difficult. That
being said, most studies in this review applied voltages between
6V [42] and 30V [37].

In many studies, possible effects of the estrous cycle on the
contractile properties of the vagina were not considered. In the
few studies in which the estrous cycle was taken into account,
vaginal specimens were isolated from animals at the same phase
of estrous [6,31,38] or the estrous phase of the animals was used
as an experimental variable when comparing the results from vag-
inal specimens [7,14,33]. No differences in vaginal contractility
were found with respect to estrous cycles [7,33], though spontane-
ous contractions of uterine and cervical tissue were affected [14].
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Fig. 2 Ex vivo mechanical tests (left to right: uniaxial tests in the LD, uniaxial tests in the CD, biaxial
tests, and inflation tests) and animal models (top to bottom: mice, rats, rabbits, sheep, nonhuman prima-
tes, and humans) used to measure the contractility of the vaginal tissue in the cited studies. CD: circum-
ferential direction, LD: longitudinal direction.
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Fig. 3 Contractile forces of the vaginal tissue in various animal models (top to bottom: rats, rabbits, sheep, nonhuman pri-

mates, and humans) in response to potassium normalized by specimen volume. These forces are used as standard/control
values [3,6,22,25,31,32,34,36,38,40,41].
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Distal Versus Proximal Vagina

Variations in the active mechanical properties of the vagina
along the LD have been investigated. Those who studied regional
differences typically considered the proximal region, which is the
upper third or upper half of the vagina that is closer to the uterus,
and the distal region, the lower third, or lower half of the vagina
that is closer to the introitus. Some studies further divided the
vagina into three regions by including a midregion (Fig. 1). While
the vagina is generally accepted to be in-homogenous, both in
structure and function, along the LD, there are conflicting reports
on which anatomic region has higher smooth muscle content, con-
tractility, or innervation density.

As mentioned earlier, the composition of the vagina has been
reported to vary along the LD. In the distal region, smooth muscle
cells appear to be scattered and unorganized while they are more
compact and organized in the proximal region [4,38]. A clearly
defined sphincter-like structure of muscle has been identified in
the distal vagina [7], and the vagina has the highest overall thick-
ness in this region [3,4]. In terms of smooth muscle quantity and
functionality, there are conflicting accounts as to which, if any,
region contains more VaSM and generates higher contractile
forces.

Figure 4 presents a summary of published studies on the varia-
tion in contractile forces with respect to anatomic region. Data
that report the contractility of the mid and proximal regions in this
figure were normalized by the corresponding data of the distal
region. As such, data points with a fold-change value greater than
1 denote studies in which the mid or proximal regions contracted
more than the distal region. According to some reports, the proxi-
mal vagina had a larger content of smooth muscle and exhibited
stronger contractile force than the distal vagina [3,6]. For exam-
ple, stronger contractions were observed in the proximal and mid-
regions compared to the distal region in response to both 60 mM
KCl [3] and 50 Hz EFS [3,37] (proximal: 36.6 force (g)/wet tissue
weight (g), mid: 13.5¢g/g, distal: 4.1g/g) [3], and 50Hz EFS
(proximal: 1.1 mN, distal: 0.18 mN) [37]. Likewise, Basha et al.
[6] compared the contractile response of strips of rat vaginal tissue

isolated from the proximal and distal regions to 110mM KCI.
When normalized by the overall cross-sectional area of the tissue
strips, stronger peak contractile forces were observed in the proxi-
mal region as compared to the distal region (proximal:
11.13 = 1.57mN/mm?, distal: 4.47 = 0.92mN/mm?). However,
there are also reports according to which the proximal rat vagina
had a lower smooth muscle content and contracted less than the
distal rat vagina [7,11]. Onol et al. [11] found that strips of rat
vaginal tissue generated stronger peak contractile forces in
response to both 120mM KCI and 1-40Hz EFS in the distal
region than in the proximal region. The peak force in response to
40 Hz EFS was reported to be 3.6 force (g)/wet tissue weight (g)
in the distal vagina and 0.9 g/g in the proximal vagina. Giraldi
et al. [7] observed little to no contractions in strips of rat vaginal
tissue from the proximal region, and thus used strips of vaginal
tissue from the distal region, which contracted consistently, for
the majority of testing. Urbankova et al. [38], on the other hand,
reported that there were no significant differences in the contract-
ile forces of ovine vaginal tissue with respect to region (distal:
0.17 mN/mm?, mid: 0.19 mN/mm?).

Longitudinal Versus Circumferential Direction

The muscularis of the vagina contains an inner layer of circum-
ferentially oriented smooth muscle cells and an outer layer of lon-
gitudinally oriented smooth muscle cells [30] (Fig. 1). The
relative content of smooth muscle cells aligned in the LD and CD
has not been determined, although it likely dictates the overall
contraction of the organ in each of these directions. Some research
has been done to quantify the vaginal contractions in the LD and
CD using uniaxial tests [3,7], planar biaxial tests [41], and
extension—inflation tests [5] (Fig. 2). By comparing results of uni-
axial tests of strips of rat vaginal tissue oriented along the LD and
CD, Giraldi et al. [7] and Onol et al. [11] found that, while cir-
cumferentially oriented strips of tissue contracted, longitudinally
oriented strips of tissue did not reliably produce contractions.
Using comparable testing methods, Oh et al. [3], on the other

Ref Distal
eterence Contractility
Urbankova et al. (2019) IE 0.17 mN/mm3
|
Basha et al. (2006) f = 4.47 mN/mm?
|
Clark et al. (2019) —LDq 1.4 mN/mm?
|
Clark et al. (2019) — a 0.22 mN/mm?
|
Oh etal. (2003) — o = 41 g/g
|
van Helden et al. (2007) l = 0.18 mN
|
Onol et al. (2006) | 3.61 g/g
|
aMid o 1 2 3 5 6 7 8 9 10

m Proximal

Fold change in contractile force

(relative to the contractile force in the distal vagina)

Fig. 4 Fold change in contractile forces with respect the contractile forces in the distal region. The contractility in the
distal region is reported for each study [3,5,6,11,37,38]. LD: longitudinal direction, CD: circumferential direction.
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hand, observed no difference in contractions between strips of
rabbit vaginal tissue isolated along the two directions.

Recently, we investigated the anisotropy of the rat vagina by
performing planar biaxial tests. Contractions were induced by
EFES at various stretch lengths and by KCI, and the contractile
forces were measured along the LD and CD simultaneously [41].
While EFS caused higher contractile stresses in the CD than in the
LD (CD: 1.88 mN/mm?, LD: 1.17 mN/mm?), KCI caused higher
contractile stress in the LD than in the CD (LD: 3.46 mN/mm?,
CD: 2.15 mN/mmz). Clark et al. [5] conducted extension—inflation
testing of the murine vagina. In this study, potassium-induced
contractions also resulted in higher contractile stresses in the LD
than in the CD in both the proximal region (LD: 1.23 mN/mmz,
CD: O.72mN/mm2) and distal region (LD: 1.4mN/mm?, CD:
0.22 mN/mm?).

Innervation and Contraction Pathways

Since the contractions of the vagina are mediated by its inner-
vation, there have been several studies that sought to identify the
dominant neural pathways within the vagina. These studies typi-
cally involved measuring the vaginal contractions that are either
caused by the addition of agonists or inhibited by the addition of
antagonists during EFS. Phenylephrine, epinephrine, and norepi-
nephrine are the most commonly used adrenergic agonists, and
carbachol is the most commonly used cholinergic agonist. There
is evidence suggesting that the contractile activity of VaSM is
controlled by adrenergic, cholinergic, and nonadrenergic noncho-
linergic pathways [7,33]. However, the exact mechanisms by
which the different anatomic regions of the vagina are controlled
are still unknown. Research thus far indicates that the proximal
region responds primarily to cholinergic stimulation, and the dis-
tal region responds primarily to adrenergic stimulation, though
neither exclusively so.

Giraldi et al. [7] observed that the distal vagina in the rat
responded to both adrenergic and cholinergic stimulation as both
norepinephrine and carbachol elicited contractions. Oh et al. [3]
did not observe evidence supporting cholinergic control of the
rabbit vagina and found that the distal vagina contracted more in
response to adrenergic stimulation than the proximal vagina.
Phenylephrine, epinephrine, norepinephrine, and isoproterenol all
induced contractions in all regions of the vagina, and all induced
stronger contractions than those induced by KCI in the proximal
vagina. Carbachol, on the other hand did not induce any signifi-
cant contractions. Along these lines, metoprolol, an adrenergic
antagonist, and prazosin, an adrenergic inverse agonist blocked
EFS-induced contractions, while atropine, a cholinergic antago-
nist, did not [3]. Adrenergic control of the distal vagina was
supported by the results of Onol et al. [11]. In the distal region of
the rat vagina, carbachol produced only weak contractions, while
phenylephrine produced dose-dependent contractions. EFS-
induced contractions were blocked in the distal vagina by the
addition of alpha-1 and alpha-2 antagonists, indicating that the
EFS had been working through adrenergic pathways.

Basha et al. [31] stimulated strips of rat vaginal tissue using car-
bachol to assess the role of cholinergic nerves in vaginal contrac-
tions. Tissue strips from both the proximal and distal regions
exhibited dose-dependent contractions in response to carbachol.
Carbachol-induced contractile forces were normalized by 110 mM
KCl-induced forces to account for variation in the quantity of
smooth muscle across the two anatomic regions. After normaliz-
ing, the proximal vagina was found to contract 1.5 times more
than the distal vagina, despite findings indicating a similar recep-
tor affinity across the two regions. In this study, one human speci-
men was also tested and contracted in response to both potassium
and carbachol, indicating that cholinergic nerves may play a role
in the contraction of the human vagina as well.

Skoczylas et al. [4] also provided support for the prominence of
cholinergic activity in the proximal vagina, with the finding that
carbachol induced a higher peak contractile force than
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phenylephrine in the proximal vagina (carbachol: 2.44 mN/KCl-
induced force (mN), phenylephrine: 1.11 mN/mN). Van Helden
et al. [37] observed response to cholinergic stimulation in the
proximal vagina and response to both cholinergic and adrenergic
stimuli in the distal vagina. The addition of atropine, a cholinergic
antagonist, significantly reduced the magnitudes of EFS-induced
contractions in both proximal and distal regions of the vagina.
Neostigmine, which blocks the breakdown of acetylcholine and,
hence, promotes cholinergic activity, enhanced the magnitudes of
EFS-induced contractions in both anatomic regions. The addition
of phentolamine, an adrenergic receptor antagonist, did not have
significant effects on contractile response, further indicating that
EFS works through primarily cholinergic pathways to cause con-
tractions. In the distal region though, the addition of phenyleph-
rine resulted in contraction, providing evidence for adrenergic
activity in the distal region.

Pregnancy, Menopause, Prolapse, and Mesh
Implantation

Mechanical tests of the vagina in the active state are primarily
performed to reveal how life events such as pregnancy, meno-
pause, pelvic organ prolapse, and treatment strategies affect vagi-
nal contractility. A summary of the published findings is reported
in Fig. 5. The vagina undergoes significant remodeling throughout
pregnancy to prepare for delivery and to recover after delivery
[17]. Feola et al. [32] measured the contractility of the rat vagina
at various stages of pregnancy, including virgin, midpregnant,
late-pregnant, immediate postpartum, and 4 weeks postpartum.
Contractions were induced in dog-bone shaped vaginal specimens
using increasing concentrations of KCI (5.88-124 mM) to mea-
sure peak contractile force as well as to determine the KCI con-
centration that induced contractions with 50% of the magnitude of
contractions induced by 124mM KCI. The feak contractile
force was lower for midpregnant (1.9 mN/mm~), late pregnant
(3.3 mN/mm?), and immediate postpartum groups (1.89 mN/mm?)
compared to the virgin group (3.78 mN?), but this reduction was
not present in the 4-week postpartum group (4.2 mN/mm?). There
was, however, an increase in KCI sensitivity during pregnancy
that remained present at 4-weeks postpartum. Recently, Urban-
kova et al. [38] reported the long-term effects of the first vaginal
delivery on the contractility of the ovine vagina. Active forces in
response to KCI significantly decreased within the distal vagina
(0.167mN/mm’ for nulliparous sheep versus 0.065mN/mm’
for primiparous sheep 1 year after delivery) but were not signifi-
cantly altered in the midvagina (0.185 mN/mm? for nulliparous
sheep versus 0.209 mN/mm” for primiparous sheep 1 year after
delivery).

The hormonal changes that occur during menopause decrease
the functionality of VaSM. Menopause, a process during which
the ovaries drastically reduce their hormone production, can be
experimentally induced by surgically removing the ovaries. The
muscularis of the vagina in ovariectomized animals was reduced
compared to control animals [11,30]. Contractile forces in the dis-
tal rat vagina were found to be significantly higher in control
specimens than in ovariectomized specimens in response to EFS
(control: 3.6 force (g)/wet weight (g), ovariectomized: 0.4 g/g),
phenylephrine (control: 2.5 g/g, ovariectomized: < 0.1 g/g), and
KCI (data not reported) [11]. Contractile forces in the proximal rat
vagina were also higher in control specimens than in ovariectom-
ized specimens in resgonse to KClI (control: 9.4 mN/mmz, ovariec-
tomized: 6.2 mN/mm®) [22]. However, vaginal muscle thickness
and contractility in ovariectomized rabbits was increased with tes-
tosterone and estradiol therapies [30].

To date, there has been only one study evaluating the effect of
prolapse on vaginal contractility [25]. There have, however, been
a few studies on the changes in VaSM content that are associated
with prolapse. Namely, premenopausal and postmenopausal
women with prolapse have a lower content of VaSM [23,44].
Northington et al. [25] sought to determine whether prolapse
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Fig. 5 Effects of pregnancy, menopause, prolapse, and mesh implantation on vaginal contractility. The down
arrow (]) denotes a decrease in contractility and the horizontal line (—) no change in contractility. KCI: potassium

chloride, PE: phenylephrine.

affected the contractile properties of the human vagina. Longitudi-
nally, oriented strips of tissue were collected from the anterior
vagina from premenopausal women with and without prolapse
undergoing hysterectomies. Tissue from women with prolapse
had a smaller proportion of muscle. Surprisingly though, strips
from patients with prolapse generated higher contractile forces
than control strips in response to KCI (control: 0.95 mN/mm?, pro-
lapse: 5.33 mN/mm?). However, specimens from women with pro-
lapse did not contract in response to phenylephrine, while control
specimens consistently did. In agreement with these findings,
immunofluorescence microscopy revealed fewer adrenergic recep-
tors in tissues from women with prolapse. These results indicate
that, in addition to muscle loss, prolapse decreased the ability of
the vaginal tissue to contract in response to adrenergic
stimulation.

The use of mesh devices for the treatment of prolapse has long
been surrounded by controversy due insufficient evidence of their
safety and effectiveness. Nonhuman primates [34,36,39], sheep
[35], and rabbits [40] have been used as animal models for vaginal
mesh studies. In these studies, one group of animals was subjected
to a surgical procedure in order to implant the mesh, while another
group of animals underwent a sham procedure and was used as
the control group. The mesh was left in place for several weeks/
months to allow for tissue growth and remodeling before
tissue—mesh complexes were collected for mechanical testing.
Shaffer et al. [39] found that the vaginas from the group of ani-
mals who received a mesh had small and scattered muscle bundles
and a reduction of nerve density compared to the control group,
and Knight et al. [40] observed significant thinning of the muscu-
laris. There is an agreement that mesh implantation also leads to
decreased vaginal contractility [34—36,39,40]. The contractility of
the vagina was reduced by the implantation of any mesh. Feola
et al. [34] tested the effects of four different synthetic surgical
meshes implanted and found that the stiffest mesh caused the
greatest reduction in contractile force (control: 2.1 mN/mmz, with
GynemeshTM PS: 0.4mN/mm?). To evaluate the effect of mesh
stiffness independently from the differences across various mesh
products, the same type of mesh, UltraPro™, which is anisotropic,
was implanted in multiple orientations [34,36]. When the stiffer
direction was aligned parallel to the LD of the vagina, there was a
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greater reduction in contractility than when the stiffer direction
was perpendicular to the LD (control: 0.24 mN/mm?, UltraPro
parallel: 0.07mN/mm?, UltraPro perpendicular: 0.17 mN/mm?)
[36].

Discussion

Smooth muscle activity within the vagina plays a critical role in
women’s sexual and reproductive health. As reported in this arti-
cle, the contractility of the healthy vagina has been, to some
extent, quantified via uniaxial and biaxial tests using several ani-
mal models (Fig. 2), but conflicting results exist suggesting the
need for further research. The contractility of the vagina varies
between the LD and the CD, and among the distal, mid, and proxi-
mal regions. The differences in the contractile properties in the
LD and CD have only been studied by a few investigators.
Recently, the anisotropy of the vaginal tissue in the active state
has been determined via planar and inflation—extension biaxial
tests [5,41]. In these studies, the vagina exhibited stronger con-
tractions in the LD compared to the CD in response to KCI, which
stimulates muscle nonselectively. This could indicate that there is
a larger quantity of smooth muscle cells oriented longitudinally.
However, in response to EFS, which stimulates VaSM via nerves,
the vaginal tissue in the CD exhibited stronger contractions [41],
possibly indicating a difference in the innervation in the CD and
LD. Interestingly, Giraldi et al. [7] and Oh et al. [3] both found
that longitudinally oriented strips of vaginal tissue did not produce
reliable contractions despite several other studies reporting con-
tractions in the LD [6,22,25,30-32]. This discrepancy may simply
be the result of differences in animal models, experimental proto-
cols, and testing methods.

Typically, the vagina was found to have greater contractility
toward the proximal end, closer to the cervix. However, it should
be noted that this was not consistently observed across published
studies (Fig. 4). The presence of larger amounts of smooth muscle
and stronger contractions in the proximal region may reflect
unique functional purposes. It is believed that uterine contractions
facilitate sperm transport [45], so perhaps the proximal region of
the vagina, which is closest to the uterus, may have a similar
function.
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In this review, contractile forces refer to forces that are gener-
ated in the tissue in response to an external stimulation. However,
the vagina appears to have a basal tone, so smooth muscle cells
are contracted to maintain the shape of the organ even when they
are not externally stimulated [5]. Therefore, strictly speaking, the
contractile forces are the additional forces that are generated by
the external stimulation of the vaginal tissue. The basal tone has
been measured by comparing the properties of the vagina without
any additional stimulants to the properties of the chemically passi-
vated vagina by Clark et al. [5]. With basal tone, the vagina was
found to have a decreased length and diameter, an increased dis-
tensibility, and significantly lower circumferential and longitudi-
nal tangent moduli in the proximal region than it had without
basal tone. For this study, the tangent modulus was defined as the
slope of the stress—strain curve within the range of physiological
pressure (7 =2mmHg) at the physiological length of the speci-
men. The inability of smooth muscle cells to maintain an adequate
basal tone of the vagina may be implicated in the development of
sexual and reproductive disorders and, therefore, must be further
investigated.

Potassium concentrations or electric field parameters are often
selected so that the maximal contractile response of the vagina is
achieved (Table 1). Potassium sensitivity tests on the rat vagina
have revealed that the lowest concentration of potassium evoking
the maximal contraction varies between 34 mM and 74 mM [32].
In the majority of the published studies, higher concentrations of
potassium, between 110 and 125 mM, were used to achieve the
maximal contractile response [6,7,11,22,25,30,31,33,34,36,40,41].
The ideal parameters of EFS (e.g., voltage, stimulus frequency,
pulse duration, or current) that generate the maximal contractile
force in vaginal tissue have not been identified. Usually, investiga-
tors perform pilot experiments to select such parameters, incre-
mentally increasing the voltage for the EFS until no change in the
contractile force is detected. Most studies reported voltages for
the EFS protocols to be between 6 V [42] and 30V [37]). How-
ever, since the same voltage will produce different electric fields
depending on the distance between the electrodes, the electric
field strength, with units of volts per meter (V/m), should be
reported so that research findings across all the studies can be bet-
ter compared and their differences can be better interpreted. The
direction of the electric field relative to the vaginal specimen may

also influence the contractile properties of the vagina. For exam-
ple, in the cat intestine, smooth muscle exhibited stronger contrac-
tions when the applied electric field was aligned with the smooth
muscle cells, and progressively weaker contractions when the
applied electric field was at 45 and 90 deg orientation relative to
the smooth muscle cell [46]. Since the VaSM is organized in cir-
cumferentially and longitudinally oriented layers within the mus-
cularis, the directionality of the applied electric fields likely has
an effect on the relative strengths of the contractions observed in
the tissue. Future studies on EFS-induced contractions of the
vagina should report the electric field strength (or distance
between electrodes) and the orientation of the electric field with
respect to the tissue during testing.

The contractile force that the vaginal tissue generates depends
on the applied stretch, with the peak contractile force occurring at
the so-called optimal length. In the cited studies, vaginal speci-
mens were incrementally stretched and stimulated until the con-
tractile force reached its peak value [3,6,11,22,25,30-32,41] but
the optimal length was often not reported. In some studies, vaginal
specimens were stimulated starting from a preload state and, for
this reason, the peak contractile force values may have been
underestimated. In our study, we reported the stretch at which the
peak contractile force was recorded, that is the optimal stretch, to
be 1.32 in the LD and 1.25 in the CD [41], and in preliminary test-
ing, Oh et al. [3] found the optimal length to be approximately 1.8
of the resting length of the specimens. It remains unclear, how-
ever, how the ex vivo estimate of the optimal stretches of the
vagina compare to the in vivo ones. Spontaneous contractions of
the vagina may also depend on the applied stretch. Indeed, when a
5mN preload was applied to vaginal strips by Gravina et al. [14],
vaginal tissue was almost never spontaneously active, as only 1 of
22 strips tested exhibited spontaneous contractions. On the other
hand, when vaginal strips were preloaded to 20-40 mN, Fu et al.
reported that 34 of 42 strips tested contracted spontaneously [43].

While all the studies reviewed here reported contractile forces/
stresses, there are currently no studies reporting accurate strain
measurements of the vaginal tissue during contractions. When
reported, strain and stretch are usually estimated from the cross-
head displacement of the testing apparatus and, therefore, they are
not very accurate. Very recently, the change in the length of the
outer diameter of the murine vagina during contractions was

Table 1 Stimulation methods used to induce contractions in vaginal tissue
Reference KCI molarity EFS parameters Chemicals
Basha et al. [6] 110 mM — —
Basha et al. [31] 110mM — CCh
Basha et al. [22] 110mM — —
Clark et al. [5] 40 mM — —
Feola et al. [32] 5.88-124 mM — —
Feola et al. [34] 120mM — —
Feola et al. [35] 80 mM — —
Giraldi et al. [33] 124 mM 1-40Hz NE
Giraldi et al. [7] 124 mM 1-50Hz NE, CCh
Giuliano et al. [42] — 6V, 10Hz —
Gravina et al. [14] 40 mM — —
Huntington et al. [41] 124 mM 700mA, 70 Hz —
Jallah et al. [36] 120 mM 1Hz CCh, PE
Kim et al. [30] 120mM 10 V,0.5-40Hz NE
Knight et al. [40] 120mM 20V, 1-64 Hz PE
Northington et al. [25] 125 mM — PE
Ohetal. [3] 60 mM 70 V/cm, 1-50 Hz EPI, NE, PE, CCh, IPR
Onol et al. [11] — 10V, 1-40Hz PE, CCh
Shaffer et al. [39] 120mM 20V, 1-64 Hz —
Skoczylas et al. [4] 10-120mM 20V, 1-64Hz —
Urbankova et al. [38] 80 mM — —
van Helden et al. [37] — 30V, 50Hz PE, CCh, CPA

KCl—potassium chloride, EFS—electrical field stimulation, CCh—carbachol, NE—norepinephrine, PE—phenylephrine, EPI—epinephrine, IPR—

isopreternol, and CPA—cyclopiazonic acid.
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measured optically by Clark et al. [5], but this represents the only
attempt in which strain was computed more accurately. The defor-
mations of the vagina during ex vivo testing that induce contrac-
tions must be quantified in order to fully characterize the
contractile behavior of this organ. Along these lines, studies
should also be conducted to investigate how much the vagina
deforms in vivo during normal activity such as intercourse. This
will help to further establish the mechanical requirements of med-
ical devices such as meshes. Meshes used for surgical correction
of prolapse become integrated with the vaginal wall, and there-
fore, should be able to strain as much as the native tissue.

Obtaining vaginal tissue from young and healthy human donors
is ideal but nearly impossible, especially considering that tests for
measuring contractile properties must be performed quickly after
isolation to maintain tissue viability and functionality. Animal
models are, therefore, invaluable to characterize the contractions
of the vagina. Similarities and differences of the vagina across
animal species and between animal species and humans need to
be investigated for animal testing to have implications on human
health. The inevitable differences need to be taken into account in
the design of experiments and interpretation of findings, but these
differences are not always detrimental as they can often help in
answering specific research questions. For example, the content of
VaSM in the rabbit is higher than in the nonhuman primates or
humans and, for this reason, the rabbit has been recently selected
for studying the effects of mesh implantation on VaSM [40].

While the link between pelvic organ prolapse and VaSM degen-
eration is well established, it is unclear whether the decrease in
smooth muscle quantity contributes to the development of pro-
lapse, or if the development of prolapse leads to the degeneration
of smooth muscle [25]. Answering this “chicken and egg” ques-
tion would have crucial implications for the prevention and treat-
ment of prolapse. On the other end, it is well established that the
use of vaginal mesh alters the VaSM significantly, with the mesh
leading to lower peak contractile forces. This is the most agreed-
upon finding on VaSM contractility and it has been demonstrated
in sheep [35], nonhuman primates [34,36,39], and rabbits [40].
Meshes must be developed such that their material properties do
not damage host tissue and are compliant enough to withstand the
strains experienced by the vagina in both the active and passive
states.

Conclusions

Vaginal contractility has been quantified with respect to ana-
tomic regions and orientations, neural pathways, pregnancy, men-
opause, prolapse, and mesh implantation. In the vast majority of
existing studies, strips of vaginal tissue have been subjected to
uniaxial tests, though planar biaxial and inflation—extension test-
ing methods have been utilized in some studies. The most notable
findings are that the contractile properties are nonhomogeneous,
direction-dependent, and inhibited by the implantation of vaginal
mesh. Despite the progress made in measuring the contractility of
the vagina, rigorous testing methods are needed to facilitate more
research that examines the differences in the active mechanical
properties stemming from differences in factors such as preg-
nancy, menopause, and aging. New efforts on healthy and dis-
eased vaginal tissue are needed to accelerate research advances
for the sexual and reproductive health of women.

Funding Data

e NSF (Grant No. 1804432; Funder ID: 10.13039/100000001).

References

[1] Ensler, E., 2007, The Vagina Monologues, Villard Books, New York.
[2] Krstic, R. V., 2013, Human Microscopic Anatomy: An Atlas for Students of
Medicine and Biology, Springer Science & Business Media, Berlin.

080801-8 / Vol. 142, AUGUST 2020

[3] Oh, S.-J., Hong, S. K., Kim, S., and Paick, J., 2003, “Histological and Func-
tional Aspects of Different Regions of the Rabbit Vagina,” Int. J. Impotence
Res., 15(2), pp. 142-150.

[4] Skoczylas, L. C., Jallah, Z., Sugino, Y., Stein, S. E., Feola, A., Yoshimura, N.,
and Moalli, P., 2013, “Regional Differences in Rat Vaginal Smooth Muscle
Contractility and Morphology,” Reprod. Sci., 20(4), pp. 382-390.

[5] Clark, G. L., Pokutta-Paskaleva, A. P., Lawrence, D. J., Lindsey, S. H., Desros-

iers, L., Knoepp, L. R., Bayer, C. L., Gleason, R. L., Jr., and Miller, K. S.,

2019, “Smooth Muscle Regional Contribution to Vaginal Wall Function,” Inter-

face Focus, 9(4), p. 20190025.

Basha, M., Chang, S., Smolock, E. M., Moreland, R. S., Wein, A. J., and Chacko,

S., 2006, “Regional Differences in Myosin Heavy Chain Isoform Expression and

Maximal Shortening Velocity of the Rat Vaginal Wall Smooth Muscle,” Am. J.

Physiol.: Regul., Integr. Comp. Physiol., 291(4), pp. R1076-R1084.

Giraldi, A., Alm, P., Werkstrom, V., Myllymiki, L., Wagner, G., and Ander-

sson, K.-E., 2002, “Morphological and Functional Characterization of a Rat

Vaginal Smooth Muscle Sphincter,” Int. J. Impotence Res., 14(4), pp. 271-282.

[8] Massé, J., Watrin, T., Laurent, A., Deschamps, S., Guerrier, D., and Pellerin, L.,
2009, “The Developing Female Genital Tract: From Genetics to Epigenetics,”
Int. J. Dev. Biol., 53(2-3), pp. 411-24.

[9] Bannister, W., 1989, Gray’s Anatomy, 37th ed., Churchill Livingstone, London.

[10] Hoffman, B., Schorge, J., Bradshaw, K., Halvorson, L., Schaffer, J., and Corton,
M, 2016, Williams Gynecology, 3rd ed., McGraw-Hill Education, New York.

[11] Onol, F. F., Ercan, F., and Tarcan, T., 2006, “The Effect of Ovariectomy on Rat Vag-
inal Tissue Contractility and Histomorphology,” J. Sex. Med., 3(2), pp. 233-241.

[12] Hoyle, C., Stones, R., Robson, T., Whitley, K., and Burnstock, G., 1996,
“Innervation of Vasculature and Microvasculature of the Human Vagina by
NOS and Neuropeptide-Containing Nerves,” J. Anat., 188(Pt. 3), p. 633.

[13] Azadzoi, K. M., and Siroky, M. B., 2010, “Neurologic Factors in Female Sexual
Function and Dysfunction,” Korean J. Urol., 51(7), pp. 443-449.

[14] Gravina, F. S., van Helden, D. F., Kerr, K. P., de Oliveira, R. B., and Jobling,
P., 2014, “Phasic Contractions of the Mouse Vagina and Cervix at Different
Phases of the Estrus Cycle and During Late Pregnancy,” PLoS One, 9(10), p.
el11307.

[15] Baah-Dwomoh, A., McGuire, J., Tan, T., and Vita, R. D., 2016, “Mechanical
Properties of Female Reproductive Organs and Supporting Connective Tissues:
A Review of the Current State of Knowledge,” ASME Appl. Mech. Rev.,
68(6), p. 060801.

[16] U. S. Census Bureau, 2018, “Fertility of Women in the United States: 2018,”
United States Census Bureau, Suitland, MD, accessed Mar. 28, 2020, https://
www.census.gov/data/tables/2018/demo/fertility/women-fertility.html

[17] Daucher, J. A., Clark, K. A., Stolz, D. B., Meyn, L. A., and Moalli, P. A., 2007,
“Adaptations of the Rat Vagina in Pregnancy to Accommodate Delivery,”
Obstet. Gynecol., 109(1), pp. 128-135.

[18] Castelo-Branco, C., Cancelo, M. J., Villero, J., Nohales, F., and Julia, M. D.,
2005, “Management of Post-Menopausal Vaginal Atrophy and Atrophic Vagi-
nitis,” Maturitas, 52, pp. 46-52.

[19] Semmelink, H., de Wilde, P., van Houwelingen, J., and Vooijs, G., 1990,
“Histomorphometric Study of the Lower Urogenital Tract in Pre- and Post-
Menopausal Women,” Cytom.: J. Int. Soc. Anal. Cytol., 11(6), pp. 700-707.

[20] Society, N. A. M., 2007, “The Role of Local Vaginal Estrogen for Treatment of
Vaginal Atrophy in Postmenopausal Women: 2007 Position Statement of the
North American Menopause Society,” Menopause, 14(3 Pt. 1), p. 355.

[21] Lethaby, A., Ayeleke, R. O., and Roberts, H., 2016, “Local Oestrogen for Vagi-
nal Atrophy in Postmenopausal Women,” Cochrane Database Syst. Rev., 8,
p. CD001500.

[22] Basha, M. E., Chang, S., Burrows, L. J., Lassmann, J., Wein, A. J., Moreland,
R. S., and Chacko, S., 2013, “Effect of Estrogen on Molecular and Functional
Characteristics of the Rodent Vaginal Muscularis,” J. Sex. Med., 10(5), pp.
1219-1230.

[23] Boreham, M. K., Wai, C. Y., Miller, R. T., Schaffer, J. ., and Word, R. A., 2002,
“Morphometric Analysis of Smooth Muscle in the Anterior Vaginal Wall
of Women With Pelvic Organ Prolapse,” Am. J. Obstet. Gynecol., 187(1), pp.
56-63.

[24] Badiou, W., Granier, G., Bousquet, P.-J., Monrozies, X., Mares, P., and de
Tayrac, R., 2008, “Comparative Histological Analysis of Anterior Vaginal Wall
in Women With Pelvic Organ Prolapse or Control Subjects. A Pilot Study,” Int.
Urogynecol. J., 19(5), pp. 723-729.

[25] Northington, G. M., Basha, M., Arya, L. A., Wein, A. J., and Chacko, S., 2011,
“Contractile Response of Human Anterior Vaginal Muscularis in Women With
and Without Pelvic Organ Prolapse,” Reprod. Sci., 18(3), pp. 296-303.

[26] Vetuschi, A., D’ Alfonso, A., Sferra, R., Zanelli, D., Pompili, S., Patacchiola, F.,
Gaudio, E., and Carta, G., 2016, “Changes in Muscularis Propria of Anterior
Vaginal Wall in Women With Pelvic Organ Prolapse,” Eur. J. Histochem.,
60(1).

[27] Quiroz, L. H., Gutman, R. E., Shippey, S., Cundiff, G. W., Sanses, T., Blom-
quist, J. L., and Handa, V. L., 2008, “Abdominal Sacrocolpopexy: Anatomic
Outcomes and Complications With Pelvicol, Autologous and Synthetic Graft
Materials,” Am. J. Obstet. Gynecol., 198(5), pp. 557.e1-557.e5.

[28] Milani, A. L., Damoiseaux, A., IntHout, J., Kluivers, K. B., and Withagen,
M. 1., 2018, “Long-Term Outcome of Vaginal Mesh or Native Tissue in Recur-
rent Prolapse: A Randomized Controlled Trial,” Int. Urogynecol. J., 29(6), pp.
847-858.

[29] Liang, R., Abramowitch, S., Knight, K., Palcsey, S., Nolfi, A., Feola, A., Stein,
S., and Moalli, P. A., 2013, “Vaginal Degeneration Following Implantation of
Synthetic Mesh With Increased Stiffness,” BJOG: Int. J. Obstet. Gynaecol.,
120(2), pp. 233-243.

[6

[7

Transactions of the ASME



[30] Kim, N., Min, K., Pessina, M., Munarriz, R., Goldstein, I., and Traish, A., 2004,
“Effects of Ovariectomy and Steroid Hormones on Vaginal Smooth Muscle
Contractility,” Int. J. Impotence Res., 16(1), pp. 43-50.

[31] Basha, M., LaBelle, E. F., Northington, G. M., Wang, T., Wein, A. J., and
Chacko, S., 2009, “Functional Significance of Muscarinic Receptor Expression
Within the Proximal and Distal Rat Vagina,” Am. J. Physiol.: Regul., Integr.
Comp. Physiol., 297(5), pp. R1486-R1493.

[32] Feola, A., Moalli, P., Alperin, M., Duerr, R., Gandley, R. E., and Abramowitch,
S., 2011, “Impact of Pregnancy and Vaginal Delivery on the Passive and
Active Mechanics of the Rat Vagina,” Ann. Biomed. Eng., 39(1), pp.
549-558.

[33] Giraldi, A., Persson, K., Werkstrom, V., Alm, P., Wagner, G., and Andersson,
K., 2001, “Effects of Diabetes on Neurotransmission in Rat Vaginal Smooth
Muscle,” Int. J. Impotence Res., 13(2), pp. 58—66.

[34] Feola, A., Abramowitch, S., Jallah, Z., Stein, S., Barone, W., Palcsey, S., and
Moalli, P., 2013, “Deterioration in Biomechanical Properties of the Vagina Fol-
lowing Implantation of a High-Stiffness Prolapse Mesh,” BJOG: Int. J. Obstet.
Gynaecol., 120(2), pp. 224-232.

[35] Feola, A., Endo, M., Urbankova, 1., Vlacil, J., Deprest, T., Bettin, S., Kloster-
halfen, B., and Deprest, J., 2015, “Host Reaction to Vaginally Inserted Collagen
Containing Polypropylene Implants in Sheep,” Am. J. Obstet. Gynecol., 212(4),
pp. 474.e1-474.e8.

[36] Jallah, Z., Liang, R., Feola, A., Barone, W., Palcsey, S., Abramowitch, S.,
Yoshimura, N., and Moalli, P., 2016, “The Impact of Prolapse Mesh on Vaginal
Smooth Muscle Structure and Function,” BJOG: Int. J. Obstet. Gynaecol.,
123(7), pp. 1076-1085.

[37] van Helden, D. F., Kamiya, A., Kelsey, S., Laver, D. R., Jobling, P., Mitsui, R.,
and Hashitani, H., 2017, “Nerve-Induced Responses of Mouse Vaginal Smooth
Muscle,” Pfliigers Arch.-Eur. J. Physiol., 469(10), pp. 1373—1385.

Journal of Biomechanical Engineering

[38] Urbankova, I., Callewaert, G., Blacher, S., Deprest, D., Hympanova, L., Feola,
A., De Landsheere, L., and Deprest, J., 2019, “First Delivery and Ovariectomy
Affect Biomechanical and Structural Properties of the Vagina in the Ovine
Model,” Int. Urogynecol. J., 30(3), pp. 455-464.

[39] Shaffer, R. M., Liang, R., Knight, K., Carter-Brooks, C. M., Abramowitch, S.,
and Moalli, P. A., 2019, “Impact of Polypropylene Prolapse Mesh on Vaginal
Smooth Muscle in Rhesus Macaque,” Am. J. Obstet. Gynecol., 221(4), pp.
330.e1-330.e9.

[40] Knight, K. M., Artsen, A. M., Routzong, M. R., King, G. E., Abramowitch, S.
D., and Moalli, P. A., 2019, “New Zealand White Rabbit: A Novel Model for
Prolapse Mesh Implantation Via a Lumbar Colpopexy,” Int. Urogynecol. J.,
31(1), pp. 91-99.

[41] Huntington, A., Rizzuto, E., Abramowitch, S., Del Prete, Z., and Vita, R. D.,
2019, “Anisotropy of the Passive and Active Rat Vagina Under Biaxial
Loading,” Ann. Biomed. Eng., 47(1), pp. 272-281.

[42] Giuliano, F., Allard, J., Compagnie, S., Alexandre, L., Droupy, S., and Bernabe,
J., 2001, “Vaginal Physiological Changes in a Model of Sexual Arousal in
Anesthetized Rats,” Am. J. Physiol.: Regul., Integr. Comp. Physiol., 281(1),
pp. R140-R149.

[43] Fu, X., Siltberg, H., Johnson, P., and Ulmsten, U., 1995, “Viscoelastic Proper-
ties and Muscular Function of the Human Anterior Vaginal Wall,” Int. Urogy-
necol. J., 6(4), pp. 229-234.

[44] Boreham, M. K., Wai, C. Y., Miller, R. T., Schaffer, J. 1., and Word, R. A.,
2002, “Morphometric Properties of the Posterior Vaginal Wall in Women With
Pelvic Organ Prolapse,” Am. J. Obstet. Gynecol., 187(6), pp. 1501-1509.

[45] Suarez, S. S., and Pacey, A., 2006, “Sperm Transport in the Female Reproduc-
tive Tract,” Hum. Reprod. Update, 12(1), pp. 23-37.

[46] Sperelakis, N., 1962, “Contraction of Depolarized Smooth Muscle by Electric
Fields,” Am. J. Physiol., 202(4), pp. 731-742.

AUGUST 2020, Vol. 142 / 080801-9



