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1. Introduction

The specific anatomy, physiology, and health needs of women have
long been overlooked and understudied, with the male body and biology
centered as the ‘baseline’ in biomedical research (Merone et al., 2022),
(Mirin, 2021). Despite an increased focus on female sex-specific diseases
and physiology in recent years, there is still a limited understanding of
vaginal physiology and anatomy, leading to fields with many open
questions about basic function, growth, and remodeling as it relates to
physiologic processes and disease etiology and progression (Woitowich
et al., 2020), (Arnegard et al., 2020).

The vagina is a fibromuscular canal connecting the uterine cervix to
the vulva, with a unique range of functional roles in arousal and inter-
course, fetal delivery, and the passage of menstrual fluid. The vagina is
tubular, gently curved, and approximately 6-10 cm in length as it as-
cends from the vulva to the cervix (Barnhart et al., 2006), (Luo et al.,
2016). Baseline anatomic characteristics, such as length and width, vary
dramatically from person to person (Barnhart et al., 2006), (Luo et al.,
2016).

The vagina begins to form in the female embryo around the 8 week
of gestation, when the paramesonephric (or Miillerian) ducts contact the
urogenital sinus. The Miillerian ducts then fuse, creating a structure that
forms the superior portion of the vaginal canal, while the urogenital

sinus expands into the vaginal plate (Schoenwolf et al., 2015). By the
22nd week of gestation, a complete vaginal structure is present, derived
primarily from the vaginal plate (Schoenwolf et al., 2015), (Robboy
et al., 2017).

The vagina is composed of four layers: the epithelium, sub-
epithelium, muscularis, and adventitia. The epithelium is composed of
epithelial cells and serves as a protective barrier against infections and
pathogens. The vaginal epithelium (part of the mucosa) has a crucial
immune role that contributes to pelvic floor health and plays a role in
successful reproductive processes such as fertilization (Amabebe and
Anumba, 2018), (Di Simone et al., 2020). The stratified squamous
epithelial cells provide a physical barrier, and the commensal coloni-
zation of the vaginal mucus by microbiota defends against viral, bac-
terial, and fungal pathogens to maintain vaginal health (Amabebe and
Anumba, 2018).

The mechanical properties of the vagina are imbued by microstruc-
tural components (such as elastic fibers, collagen fibers, and smooth
muscle cells) of the subepithelium and muscularis. These layers, which
are deep to the epithelium and mucosa, dictate the elasticity, distensi-
bility, and contractility that are critical for vaginal function (Fig. 1). The
subepithelium is a dense connective tissue that dictates the passive
properties of the organ, primarily through components of the extracel-
lular matrix, such as collagen and elastic fibers. The active behavior of

* Corresponding author. University of Texas at Dallas, Department of Bioengineering and Mechanical Engineering, 800 W. Campbell Road, Richardson, TX, 75080,

USA.

E-mail addresses: Lily.Buchanan@utdallas.edu (L.M. Buchanan), mdomingol@tulane.edu (M.J.E. Domingo), swhitel8@tulane.edu (S.E. White), Triniti.
Vanoven@utdallas.edu (T.N. Vanoven), k.niyousha@wustl.edu (N. Karbasion), mbersi@wustl.edu (M.R. Bersi), Isaac.Pence@utsouthwestern.edu (L.J. Pence),
Maria.Florian-Rodriguez@UTSouthwestern.edu (M. Florian-Rodriguez), Kristin.Miller@utdallas.edu (K.S. Miller).

https://doi.org/10.1016/j.crphys.2023.100111

Received 1 June 2023; Received in revised form 5 October 2023; Accepted 13 October 2023

Available online 18 October 2023

2665-9441/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:Lily.Buchanan@utdallas.edu
mailto:mdomingo1@tulane.edu
mailto:swhite18@tulane.edu
mailto:Triniti.Vanoven@utdallas.edu
mailto:Triniti.Vanoven@utdallas.edu
mailto:k.niyousha@wustl.edu
mailto:mbersi@wustl.edu
mailto:Isaac.Pence@utsouthwestern.edu
mailto:Maria.Florian-Rodriguez@UTSouthwestern.edu
mailto:Kristin.Miller@utdallas.edu
www.sciencedirect.com/science/journal/26659441
https://www.sciencedirect.com/journal/current-research-in-physiology
https://doi.org/10.1016/j.crphys.2023.100111
https://doi.org/10.1016/j.crphys.2023.100111
https://doi.org/10.1016/j.crphys.2023.100111
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crphys.2023.100111&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

L.M. Buchanan et al.

the vagina is governed by the muscularis, which comprises two layers of
smooth muscle cells oriented in the circumferential and axial directions.
The outermost adventitia is a loose connective tissue layer laden with
blood vessels, lymphatic vessels, and nerves (Laniewski et al., 2018).

Innervation differs among anatomic regions: the proximal vagina is
innervated primarily by the uterovaginal nerve plexus, whereas the
distal vagina receives somatic innervation from the pudendal nerve
(Laniewski et al., 2018). The organ is also highly vascular and receives
blood from the vaginal and uterine arteries (both branches of the in-
ternal iliac arteries). That vasculature is a critical component of the
remodeling that occurs during arousal and sexual intercourse, which
involves dilation, lengthening, and contractions as well as an increase in
lubrication. During pregnancy, the vagina experiences dramatic changes
in microbiome, hormones, and blood flow, in addition to a change in the
loading environment that culminates in fetal delivery (Nuriel-Ohayon
et al., 2016). To accommodate the width of the fetal head and shoulders,
the vagina undergoes extreme geometric changes. The human fetal head
is similar in size to the pelvic outlet, requiring a carefully orchestrated
process of fetal rotation and progression through the birth canal.

In addition to remodeling to accommodate and respond to various
physiologic events, the vagina is subject to complex diseases and dis-
orders (Fig. 2).

The vaginal microbiota is dominated by Lactobacillus species, and
disturbances in this microenvironment can lead to vaginitis, preterm
labor, and an increased risk of contracting sexually transmitted diseases
(Chen et al., 2021). Bacterial vaginosis (BV) results from a dysbiosis of
the vaginal microbiome and presents as vaginal discharge, which results
from the presence of many microbes with proinflammatory features
(Coudray and Madhivanan, 2020). This imbalance is linked to an
increased risk of contracting and transmitting sexually transmitted in-
fections such as herpes, HIV, chlamydia, and gonorrhea (Lewis et al.,
2017). Currently, there are no data correlating the vaginal microbiome
with vaginal biomechanics. This is an area worth exploring as it may
allow for the identification of early microbiome changes that can affect
tissue stability.

The most common cause of vaginal injury in women of reproductive
age is associated with vaginal delivery. As a result of the passage of the
fetus or assistive procedures, injury or tearing of the vagina can occur,
ranging from superficial cuts to deep lacerations into the perineal
muscles and anal sphincter. These injuries can lead to both acute and
chronic complications, such as bleeding, infection, fistula formation,
urinary and fecal incontinence, and sexual dysfunction (ACOG Practice
Bulletin No). Vaginal delivery is also associated with an increased risk of
pelvic organ prolapse (POP) (Vergeldt et al., 2015).
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Fig. 2. This chart is a visual overview of the various functions and roles the
vagina plays throughout life, as well as the clinical diseases and conditions that
drive the need for innovation through bioengineering approaches. Some figure
components created using Biorender.com.

POP is the result of loss of connective tissue support in the pelvic
floor and is defined as herniation of the pelvic organs to or beyond the
vaginal walls (DeLancey, 2016). The current understanding of prolapse
pathophysiology is poor, but it is a multifactorial process. The contrib-
uting factors that result in the development of prolapse can be divided
into two broad categories: trauma — such as that caused by pregnancy,
delivery, obesity, or chronic cough; and connective tissue deficiencies —
such as age and mutations in extracellular matrix remodeling.

Abnormal extracellular matrix metabolism in the pelvic floor con-
nective tissue is one of the predominant pathogenic mechanisms of POP.
The main molecular changes that result in deterioration of the vaginal
extracellular matrix include increased expression of matrix metal-
loproteinases (MMPs), increased elastases, and decreased expression of
Fibulin-5 (FBLN5) and Lysyl Oxidase (LOXL1) (Deng et al., 2021). Bi-
opsies from pelvic floor tissues of women with POP show increased
expression of MMP2 and MMP9. Increased elastase in prolapsed tissue
causes rupture of the elastic fiber, resulting in degradation of extracel-
lular matrix structural integrity.

Furthermore, the vagina is extremely sensitive to the hormonal
environment. The gradual loss of hormones that occurs during
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Fig. 1. This diagram shows the layers and microstructural components of the vagina. The composition and organization of these components (smooth muscle cells,
elastic fibers, and collagen fibers) determine the mechanical behavior of the organ. Some figure components created in Biorender.com.
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menopause can result in a variety of vaginal changes that manifest as
genitourinary syndrome of menopause (GSM) (Nappi et al., 2019). GSM
symptoms include vaginal atrophy, dryness, sexual dysfunction, irrita-
tion, and pathologic changes in the vaginal microenvironment. Sexual
dysfunction secondary to dyspareunia (painful intercourse) is most
commonly related to GSM (Streicher, 2023). Other physiologic causes of
sexual dysfunction include high-tone pelvic floor, clitoral adhesions,
and/or vaginal adhesions. High tone pelvic floor is due to involuntary
contraction of the pelvic floor muscles, causing undue tension on the
vagina. This disorder is understudied and often misdiagnosed, resulting
in women suffering for years before an appropriate diagnosis and
treatment plan. Vaginal adhesions are the result of immune disorders
such as graft-vs-host disease, lichen sclerosus, and lichen planus. In these
cases, agglutination of the tissue causes pain, bleeding, and potential
malignant transformation (Burrows et al., 2008).

Although both POP and GSM are associated with aging, some vaginal
conditions are the result of congenital anomalies. A closed or absent
vagina (atresia or agenesis) usually occurs as part of a broader group of
congenital abnormalities, such as Mayer—Rokitansky-Kuster—Hauser
syndrome (MRKH). Vaginal agenesis related to MRKH may be treated
nonsurgically using a series of dilators or through surgical creation of a
neovagina (Herlin et al., 2020). Although recent vaginoplasty tech-
niques using tissue engineering approaches show promise, traditional
surgical approaches include the use of grafts from the labia majora,
bowel, peritoneum, or skin to form a neovaginal structure (Herlin et al.,
2020).

While guided by epidemiologic and clinical narratives, fundamental
gaps exist in the mechanistic understanding of vaginal physiology and
pathophysiology. For example, what factors determine whether a pa-
tient develops pelvic organ prolapse or GSM? What is the mechanism of
disease and disease progression? How do other factors, such as age,
hormones, microbial environments, or immune and inflammatory re-
sponses affect that mechanism?

In trying to understand the etiology and progression of a single dis-
ease, questions are raised that require expertise in microbiology,
immunology, clinical care, biomechanics, and other fields. Modeling the
vagina in a way that is useful for developing treatment strategies also
requires expertise in mathematics and constitutive modeling, computer-
aided design, and benchtop devices such as culture and micro-
physiologic systems.

In various healthy or diseased states, bioengineering and clinical
collaboration facilitates the innovative study of vaginal anatomy and
physiology through integrative, cross-disciplinary approaches. The
evolution of novel scientific approaches and the reapplication of long-
standing research practices formed the basis of our current under-
standing of the vagina, resulting in a combination of multiscale in vitro
work, in vivo models, advances in materials science, computational
models, and clinical treatment development. This review is not intended
to be comprehensive but instead presents a broad survey of current and
future bioengineering approaches in the field of vaginal research.

2. 2-D culture

Because the in vitro environment can be strictly regulated, cell cul-
ture studies are useful for investigating fundamental cellular processes
in normal and pathological states. Variables such as temperature, pH,
media, and nutrient concentration can be adjusted and controlled ac-
cording to the experiment. For example, the vagina is sensitive to
environmental changes, including fluctuations in hormone levels, such
as androgens (Farage and Maibach, 2006).

Maseroli et al. isolated vaginal smooth muscle cells (vSMCs) from rat
and postmenopausal human vaginas and demonstrated that vSMCs play
a (non species-specific) role in the inflammatory response in the vagina
(Maseroli et al., 2020). Human vSMCs expressed toll-like receptors and
secreted proinflammatory markers when induced with lipopolysaccha-
ride, a molecule found on the surface of pathogens. Furthermore, Cellai
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et al. reported that human vSMCs were responsive to dehydroepian-
drosterone (DHEA), an androgen precursor. Understanding cell
responsiveness to hormones may better elucidate possible therapeutic
options, such as local administration of DHEA to treat symptoms of GSM
(Cellai et al., 2021). Although 2-D culture is a helpful starting point
when investigating cellular biology, it does not recapitulate the 3-D
environment in which cells reside in vivo.

3. 3-D culture/organoids

While 2-D systems involve a single layer of cells growing in a dish, 3-
D systems support cell growth that more closely mimics the native tissue
environment. For example, using an air-liquid interface culture, Zhu
et al. engineered the vaginal epithelium from isolated primary human
normal vaginal epithelial cells (HNVEC) (Zhu et al., 2017). Unlike pre-
vious 2-D culture efforts, the epithelial model was stratified, and the 3-D
structure had similar expression of biomarkers commonly found in
human vaginal epithelia in vivo. To verify that the cultured model
behaved pathologically when exposed to a virus, the authors introduced
herpes simplex virus type 2 (HSV-2) — one of the most common sexually
transmitted viruses — into the system (Whitley and Roizman, 2001).
Within the engineered 3-D system, HSV-2 proliferated and replicated,
gradually destroying the epithelial cell layers and cell-cell tight junc-
tions from the apical to basal side as it would in vivo. This study focused
primarily on the validation of a normal epithelium model and an
HSV-2-infected model; however, this technology could be leveraged to
investigate other mechanisms of viral infection or drug discovery.

3-D culture systems are a newer approach to investigate wound
healing in the vagina. Shafaat et al. (2023) created a 3-D tissue-
engineered vaginal model to evaluate the effect of estradiol-17f (E2)
on wound healing (Shafaat et al., 2022). Decellularized sheep vaginal
matrices were seeded with a co-culture of vaginal epithelial cells and
fibroblasts. The presence of E2 improved wound healing, as demon-
strated by improved stratification and re-epithelialization of the
epithelial layer. In addition, E2 enhanced cellular proliferation and
metabolic activity, while also downregulating «a-SMA, which reduced
fibrotic tissue formation. These studies are critical for understanding
how estrogen affects vaginal wound healing because most pelvic floor
operations occur in postmenopausal patients with lower estrogen levels
(Wu et al., 2014).

4. Microphysiologic systems (MPS) and organ-on-a-chip

Other in vitro technology on the rise are organ-on-a-chip approaches,
which are platforms designed to mimic organ physiology in a highly
controlled setting using microfluidic chips. Mahajan et al. developed a
microfluidic model of the vaginal mucosa to investigate the interactions
between the vaginal microbiome and the underlying vaginal tissue
(Mahajan et al., 2022). Primary human vaginal epithelial cells were
seeded within the device in the apical channel on an extracellular
matrix-coated porous membrane. On the lower surface of the mem-
brane, the second channel was seeded with primary human uterine fi-
broblasts. Through this design, the research group modeled a
differentiated vaginal epithelium, which was validated by multiple
layers of stratified squamous epithelial cells and tissue-specific markers
such as cytokeratin 5, 14, 13, and 15.

The authors then evaluated microbial interactions by introducing
L. crispatus, a bacterial species considered optimal for a healthy vaginal
microbiota, and non-optimal Gardnerella vaginalis, which is associated
with bacterial vaginosis (Mahajan et al., 2022). Vaginal chips cultured
with L. crispatus maintained a physiologically appropriate low pH,
epithelial cell viability, and downregulated inflammatory cytokines.
Chips co-cultured with G. vaginalis and other anaerobes found in the
pathological vaginal microbiota showed increased secretion of inflam-
matory cytokines and an increase in pH. These organ-on-a-chip systems
may be applied to understand the interactions between the vaginal
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microbiome and vaginal tissue properties. In addition, these systems
may be used to evaluate the efficacy and safety of new clinical treat-
ments for various vaginal pathologies.

5. Animal models

Animal models - including rodents, rabbits, sheep, and non-human
primates — enable examination of physiology, disease progression, and
potential vaginal treatment methods as part of a multi-system organism.
Although no single animal model is a comprehensive analog for human
tissue, each model offers benefits for investigating vaginal (patho)
physiology (Fig. 3).

5.1. Rodents

Rodents are the most commonly used animal models in biomedical
research (Hickman et al., 2017). From a practical perspective, they are
easy to acquire, handle, and inexpensive to maintain. Like humans, mice
and rats have separate urethral and vaginal openings and a single cervix,
but unlike humans, they have a bicornate uterine body that can support
large (>5 pups) litters.

Rodents are also favored as a model system because of their well-
characterized reproductive (estrous) cycle. The rodent estrous cycle
lasts 3-5 days and spans four different stages: proestrus, estrus, metes-
trus, and diestrus (Ajayi and Akhigbe, 2020). During this cycle, dramatic
changes occur in the thickness, composition, and function of the vaginal
epithelial layer. Identifying the estrous cycle stage in mice may be done
in various ways, including visual assessment or vaginal cytology (Ajayi
and Akhigbe, 2020), (Caligioni, 2009).

Knockout (KO) strains are used to target the role of specific genes
such as LOXL1 and FBLN5. These genetically modified mice enable the
investigation of how the disruption of elastic fiber homeostasis
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contributes to pelvic floor disorders such as POP (Drewes et al., 2007;
Lee et al., 2008; Clark-Patterson et al., 2021). In addition, a range of
vaginal functions are investigated in rodents, including sexual arousal
and postmenopausal sexual dysfunction. In rats, nitric oxide (NO)-me-
diated behaviors in the endothelium, epithelium, vasculature, and
musculature are modulated by changes in the primary sex hormones
estrogen and testosterone (Cellai et al., 2022; Berman et al., 1998; Kim
et al., 2004). In addition, rodent KO models serve as a tool to investigate
the development of postmenopausal vaginal atrophy by focusing on the
mediation of epithelial cell proliferation, particularly in the context of
hormone-dependent signaling and activation processes (Wan et al.,
2022).

However, while rodents are a useful alternative to human samples,
they are quadrupeds and therefore have different support structures that
are critical to the vagina. For example, the levator ani muscles, which
are thought to be involved in POP risk in humans, largely support the tail
of the rodent, not the vaginal wall (Moalli et al., 2005). Investigations
that focus on connective tissue remodeling can leverage anatomic and
physiologic differences in alternative animal models to compliment
vaginal research in rodents.

5.2. Rabbits

The rabbit is an intermediate model, in both physical scale and
practical cost, between rodents and large animal models such as sheep.
Rabbits are a common animal model for biocompatibility and pharma-
cology assessment, in part because the epithelial layer is much thinner in
rabbits than in humans, meaning there is a lower threshold for irritation
or other adverse inflammatory responses to topical substances (Costin
et al., 2011). Therefore, rabbits are frequently used for irritation testing
for intravaginal microbicides, spermicides, antifungals, and contracep-
tives, as well as for assessment of potential treatments for vaginal
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Fig. 3. This table provides at-a-glance references for the intersection of models (rodent, rabbit, sheep, NHP, human) and bioengineering approaches (2-D culture, 3-D
culture, MPS, biomaterials, biomechanics, imaging, and computational models. This is not an exhaustive table-additional discussion of recent work can be found in

the respective sections. Figure created using Biorender.com.
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atrophy (Rochani et al., 2022; Xia et al., 2020; Barberini et al., 1992;
Chollet et al., 2019). The rabbit shows promise as a model for studying
female sexual function and arousal by investigating contractility and
distension of the vaginal wall and its support structures in addition to
blood flow and responsiveness to stimuli (Cruz et al., 2002; Kim et al.,
2002; Oh et al., 2003). In addition, rabbit models have been used to
assess the local complications of biological and synthetic meshes for
vaginal and pelvic floor reconstructive surgery (Per¢ et al., 2021). The
increase in size (relative to rodents) is beneficial because meshes can be
used to evaluate the impact of implant location on host reactions and
material outcomes in both abdominal and vaginal defects, as opposed to
rodent models, where scale limits possible mesh placements (Pero et al.,
2021; Pero et al., 2022; Knight et al., 2020).

The rabbit has some limitations as a model for the human vagina that
should be considered; notably, major differences in gross anatomical
structure. The rabbit vagina is long, especially relative to body size, and
it has distinct regional components and different support structures than
the human.

5.3. Large animal models (sheep)

Sheep are a preferred large animal alternative to non-human pri-
mates for studying vaginal pathologies because they spontaneously
develop POP. Although this occurs most frequently during pregnancy as
opposed to postmenopausal (as found in humans), the factors for vaginal
prolapse mirror those of humans: age, number of previous pregnancies,
changes in vaginal mechanics, and an increase in intra-abdominal
pressure (McLean, 1956). Primiparous (first pregnancy) and ovariecto-
mized sheep also show morphological and functional changes in the
vagina that are analogous to changes seen in primiparous and post-
menopausal women, such as changes in epithelium, size, stiffness,
contractility, and composition (Isali et al., 2022), (Urbankova et al.,
2019).

While rabbits and rodents are often used to study the local biocom-
patibility of grafts for pelvic reconstruction, the anatomic scale and
similarities in physiology make ewes a useful tool for the evaluation of
large-scale mesh implantation and other pelvic floor reconstructive ap-
proaches (Isali et al., 2022), (Shapiro et al., 2021; Diedrich et al., 2022;
Hympanova et al., 2020). The similarities between human and ovine
reproductive structures that make it a preferred model for meshes,
surgical intervention, and biomechanics testing also make it a valuable
model for preclinical testing of vaginal drug delivery mechanisms and
biocompatibility of various intravaginal drugs and devices (Zhu et al.,
2021), (Pyles et al., 2021). Additional recent work has used sheep in a
range of disease applications, such as the evaluation and treatment of
vaginal atrophy or as a disease model for vesicovaginal fistulas (Mack-
ova et al., 2021), (Maljaars et al., 2022).

5.4. Non-human primates

Non-human primates (NHP) have the highest ethical and practical
burden of any animal model but provide unique insights into the anat-
omy and physiology of the vagina. Rhesus macaques are often used as
high-fidelity animal models of the human vagina across various research
topics. Among a complex array of physiologic and anatomic similarities,
they are transiently bipedal, develop POP spontaneously, and have a
large fetal head size relative to pelvic outlet, a combination of factors not
captured by lower animal models (Otto et al., 2002). These models
enable studies to advance fundamental understanding of the vagina,
including the potential microstructural and mechanical impacts of par-
ity (Feola et al., 2010). In addition, morphologic and functional changes
resulting from mesh implantation in non-human primates help identify
the failure mechanisms of POP mesh surgery (Shaffer et al., 2019),
(Knight et al., 2022). Stem cell-driven approaches to vaginal repair and
remodeling have also shown success in an ovariectomized NHP model
(Zhang, 2021).
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Recent work in macaques also targeted the vaginal microbiome, with
the goal of developing a more accurate mimic of the human microen-
vironment to better understand its role in reproductive health, disease
transmission, fertility, and pregnancy (Langner et al.). To date, this has
only been partially successful. A human-like microbiome (dominated by
Lactobacilli) was temporarily induced in the rhesus macaque, which has
a diverse native microenvironment (Langner et al.; Daggett et al., 2017;
Chen et al., 2018). They hold potential as a model organism for micro-
bial imbalances and infection because of the shared bacteria responsible
for diseases such as bacterial vaginosis (Langner et al.; Daggett et al.,
2017; Chen et al., 2018).

Considering practical, ethical, and scientific factors, animal models
can be invaluable tools for investigating fundamental questions about
the vagina, from microbiome and irritation models to organ-scale
biomechanics.

6. Biomechanical properties

The vagina undergoes significant remodeling throughout a person’s
lifetime, including puberty, monthly menstruation, childbirth, post-
partum healing, aging, and menopause. Vaginal biomechanical func-
tion, including the response to physical stressors, adapts due to this
remodeling. To quantify the mechanical function of the vagina, both
animal models and human tissue samples are utilized in mechanical
testing setups. In these biomechanical tests, either a force or deforma-
tion is applied to the vaginal tissue, and the corresponding mechanical
response (deformation or reaction force, respectively) is measured. Ex-
amples of these experiments include planar tensile testing, biaxial
extension-inflation, and creep testing.

Previous investigations used uniaxial and biaxial tensile testing,
biaxial shear lap protocols, and biaxial extension-inflation testing
methods to characterize the mechanical properties of the vagina in mice
(Akintunde et al., 2019; Capone et al., 2019; Clark et al., 2019; Robison
et al., 2017), rats (Moalli et al., 2005), (Basha et al., 2009), (Feola et al.,
2011), sheep (Rubod et al., 2012) and non-human primates (Feola et al.,
2010), (Feola et al., 2011). Although these animal models provide a
basic scientific understanding of the mechanical properties of the va-
gina, there are potential discrepancies between animal models and
human-derived samples. For example, sheep (Rubod et al., 2012), rat
(Skoczylas et al., 2013), and mouse (Clark et al., 2019) tissues demon-
strated regional variations in their mechanical properties; the post-
menopausal human vagina, however, was not observed to have
region-dependent mechanical properties (Feola et al., 2013a).

In addition, vSMCs are of interest from a biomechanical perspective
because of their contractile nature and the structural integrity they
provide to the vaginal wall. In particular, smooth muscle contractile
function, as it relates to pelvic organ prolapse, was investigated in both
mouse and human samples (Clark et al., 2019), (Northington et al.,
2011). In humans, vaginal samples with prolapse had a thinner mus-
cularis along the longitudinal strip, as compared to patients without
prolapse. Interestingly, patients with prolapse exhibited an increased
contractile response to the general agonist potassium chloride (North-
ington et al., 2011). Although this was surprising, the prolapse samples
did not contract in response to phenylephrine, which may suggest dif-
ferences in vaginal cholinergic and adrenergic receptors are associated
with prolapse development. Indeed, immunofluorescence techniques
observed a decrease in adrenergic receptor density in vaginal samples
with prolapse (Northington et al., 2011).

Quantifying the mechanical properties of the vagina may lead to a
better understanding of the physical demands placed on the reproduc-
tive system in various healthy or diseased states. These functional
characterizations are critical for the development of effective thera-
peutics for pelvic floor diseases or rehabilitation regimes for life events
such as postpartum healing.
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7. Imaging

The use of various imaging modalities in the treatment and diagnosis
of vaginal pathophysiologies highlights the value of a bioengineering-
driven approach to integrating open research questions and immediate
clinical needs. Following serological testing, diagnosis of MKRH is
commonly determined based on physical examination, which can
identify anomalies and indicate the need for medical imaging. Magnetic
resonance imaging (MRI) of the pelvis is considered to be the most ac-
curate and effective nonoperative visualization technique for detecting
discrepancies within the reproductive structure (Herlin et al., 2020),
(Cooper et al., 2023). A combination of various MRI scans is the
accepted process for MKRH analysis to generate complementary
contrast from both tissue lipids (T1-weighted) and fluids (T2-weighted)
within the region of interest, allowing visualization of the entire
reproductive tract (Cooper et al., 2023; Jaiswal et al., 2023; Kawahara
and Nagata, 2021). In instances where MRI is unavailable, transperineal
or transabdominal ultrasonography (US) is conducted to establish the
existence and condition of the cervix, vaginal canal, and uterus (Herlin
et al., 2020), (Rogers and Merideth, 2015).

The vaginal microbiota are instrumental in the equilibrium of the
microenvironment and the strength of the immune response to foreign
organisms and materials (Chen et al., 2021). Flora imbalance and
increased microbial diversity are conducive to diseases such as BV,
which exacerbate the microenvironment and permit the entry of
higher-risk pathogens (Chen et al., 2021). The decline of the native
Lactobacillus microbe due to various internal or external factors corre-
lates with the subsequent decrease in antimicrobial production,
fostering an environment conducive to bacterial overpopulation (Chen
etal., 2021). Individuals with BV are at increased risk of contracting HIV
and subsequently, acquired immunodeficiency syndrome (AIDS) (Chen
et al., 2021). Interest in proactive protection of the vaginal microenvi-
ronment gave rise to microbicidal gels and a novel imaging technique
termed Fourier-domain multiplexed low-coherence interferometry
(mLCI) for assessment of microbicidal treatments (Drake et al., 2011).
The device utilizes fiber optic interferometers condensed into a poly-
carbonate probe in conjunction with a fluorometric imaging system to
quantify the thickness and dilution of the microbicidal gel over the
vaginal epithelium (Drake et al., 2011). Drake et al. used the mLCI
technique to analyze the dilution of gel within the vaginal canal and
found that the thickness remained constant; however, the fluorimetry
signal, representing the concentration of the gel, decreased as a function
of time (Drake et al., 2013). The application of mLCI imaging technology
to the study of STIs invokes questions regarding how advancements in
this technique could increase the understanding of (patho)physiology
and interventions for the reproductive tract in the future.

Imaging techniques can assess not only treatment efficacy but also
investigate the physiologic factors that contribute to disease trans-
mission. Epithelial thickness during the menstrual cycle affects both the
effectiveness of intravaginal drug delivery and the risk of STI trans-
mission (Vincent et al., 2013). To understand changes within the vaginal
epithelium in vivo, optical coherence tomography (OCT) can be
employed. OCT is a noninvasive imaging technique in which
high-resolution cross-sectional images are acquired (Aumann et al.,
2019). Vincent et al. published an investigation in 2013 involving OCT
probe measurements of the thickening and thinning of the vaginal
epithelium in sheep models (Aumann et al., 2019), (Vincent et al.,
2013). The capacity for longitudinal quantification of epithelial changes
in sheep models illustrates the potential impact of OCT technology on
future gynecological research. More recent work developed and trans-
lated this approach in pilot imaging studies using an OCT catheter sys-
tem for in vivo intravaginal tissue imaging in the human vaginal canal to
monitor tissue microstructure. These studies evaluate both post-
menopausal and healthy premenopausal patients undergoing experi-
mental CO; laser treatment to mitigate symptoms related to GSM (Miao
et al., 2022). Although ultrasound is an effective method for visualizing
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reproductive structures, it is unable to resolve stratified layers of vaginal
tissue, including the epithelium, limiting its applicability for GSM (Miao
et al., 2022). The intravaginal OCT endoscope is minimally invasive and
can produce 3-D structures of the vaginal microanatomy with depth
resolution, allowing quantification of anatomical properties (Miao et al.,
2022).

Changes in the mechanical properties of tissue associated with pelvic
floor disorders are traditionally assessed in clinic through bimanual
palpation. Quantifiable information and mapping of the biomechanincal
properties of the vagina could provide valuable information to both
clinicans and patients for both initial diagnosis and evaluation of
treatment response. The recently FDA-approved tactile imaging (TT)
device (the vaginal tactile imager, or VTI) provides a more objective
measure of the mechanical and functional properties of the tissue
(Egorov et al., 2017).

To evaluate and quantify the specific biomechanical properties of
pelvic tissue in women before delivery, a modified VTI device, the
antepartum tactile imager (ATI), was developed in 2020 (Brandt et al.,
2020). This preliminary probe-based design uses six degrees of freedom
and 128 sensors on a double convex head to simulate delivery and obtain
3-D images with particular emphasis on the perineum and pubic sym-
physis (Brandt et al., 2020). An improved version of the VTI, dubbed the
vaginal tactile ultrasound imager (TIUSv), was introduced in 2021 to
evaluate individuals with POP conditions and those with normal pelvic
floor function (Egorov et al., 2021). The use of tactile imaging to
quantify biomechanical properties in patients with POP is a noteworthy
medical advancement in the imaging and clinical assessment of pelvic
floor disorders. The current standard for analysis of the pelvic floor is an
MRI or US following a physical examination from the clinician; how-
ever, these imaging modalities are strictly structural and lack the ability
(of TI) to quantify biomechanical properties (Fitzgerald and Richter,
2020). Alternative imaging devices, such as the Vaginal Biomechanic
Analyzer (VBA), are also used in clinical settings for initial assesment of
vaginal laxity and evaluation of treatment effectiveness (Zimmern et al.,
2021).

Imaging techniques ideally serve as noninvasive methods to visualize
and quantify changes associated with physiologic conditions, disease
progression, or response to treatment. Different modalities span a vast
range of resolution, scale, speed, cost, and accessibility. Specifically for
vaginal imaging, conventional imaging techniques (US, MRI, X-ray)
primarily provide structural contrast. Modalities that translated from
other fields (OCT) or developed specifically for vaginal and pelvic floor
conditions (TI, mLCI) can provide additional functional information to
further characterize tissue and disease status (Fig. 4). Compositional
changes at the cellular level precede structural and functional mani-
festations and indicate yet another level of imaging contrast that may be
critical for understanding vaginal conditions.

One tool that may be able to achieve label-free compositional anal-
ysis of vaginal tissues is Raman spectroscopy. Previously investigated in
both mice and humans, this approach demonstrated the potential to
detect changes in tissue composition in the uterine cervix during the
course of pregnancy and labor that correlate with alterations in tissue
remodeling and biomechanics that are essential for vaginal delivery
(O’Brien et al., 2017), (Masson et al., 2022). The confirmation of the
efficacy of biochemical imaging of the cervix offers a unique trans-
lational opportunity into the realm of inadequately understood vaginal
diseases. Investigational imaging tools that capture biochemical infor-
mation may offer avenues for preventative medicine by assisting surgi-
cal planning, clinical therapy monitoring, and achieving a more
complete understanding of the underlying disease mechanisms.

8. Computational models used in labor and delivery
Engineers and scientists use imaging techniques such as ultrasound

and MRI to formulate mathematical and computational modeling tools
to visualize the evolving geometry of the pelvic floor. For example,



L.M. Buchanan et al.

MKRH

Pelvic
floor

5 15
GSM Injury

=Xray =T| m=MR| =OCT =US ==mLCl

g-10 disorders

Current Research in Physiology 6 (2023) 100111

b_ Structure

I3
<~ .9
< &
) 2
(s} O
= <
% &
4

Fig. 4. This visual representation of literature is intended to highlight unmet needs and opportunities for investigation of vaginal (patho)physiology using imaging
approaches. Part (a.) displays a radar chart of the discussed vaginal conditions and the respective imaging modalities for each. The solid lines indicate clinically
applied technologies, while the dashed lines represent investigational techniques. The radii are representative of the reviewed literature and relevant citations. Part
(b.) exhibits a Venn diagram relating to the results of the aforementioned imaging types.

statistical shape modeling determined the variability between medical
professionals visually discerning vaginal anatomical changes using MRI
techniques (Easley et al., 2015). This is particularly relevant as the field
moves toward improving the assessment of therapies available for
women undergoing vaginal disorders, such as POP (Couri et al., 2012;
Deprest et al., 2022; Word et al., 2009). However, interobserver
repeatability when reading MRI results varied greatly, which makes it
difficult to draw reliable quantitative conclusions about anatomical
changes (Hodroff et al., 2002), (Kruger et al., 2008). Employing similar
statistical shape modeling methods may serve as a useful tool to assess
vaginal remodeling during life events, such as gestation, or pelvic floor
pathologies, such as prolapse.

In addition, longitudinal (time-dependent) modeling and finite
element analysis may be employed alongside computer-aided design
(CAD) software to render complex biomechanical models of the female
pelvic floor. Phenomena such as pregnancy or pelvic organ prolapse are
associated with significant vaginal growth and remodeling. These events
are challenging to study in vivo, but computational modeling efforts offer
a potential method for investigating the biomechanical mechanisms of
growth and remodeling. Along these lines, recent work developed a 3-D
finite element model of the anterior vaginal wall to investigate
anatomical changes associated with the development of pelvic organ
prolapse (Gordon et al., 2019). Future work employing similar compu-
tational models may offer a unique opportunity to improve our under-
standing of vaginal growth and remodeling while also highlighting
clinical directions where in-depth mechanobiological characterization
of underlying cellular and molecular processes is needed.

9. Medical devices

Common medical devices utilized in the female reproductive system
include those used in the management of menstruation, pelvic organ
prolapse meshes, and pessary repairs. A pessary is an intravaginal device
used to support the vaginal wall during POP or to alleviate symptoms
associated with urinary incontinence. Pessaries are one of the most
common devices used in the clinic due to the ability to simultaneously
treat symptoms of prolapse and incontinence, as up to 80% of patients
with stress urinary incontinence have some development of prolapse
(Groutz et al., 2010). In a previous clinical study, vaginal pessary use
had 90.7% efficacy and a high level of treatment satisfaction (Zeiger
etal., 2022). In an additional study, while over 70% of participants were
satisfied with their pessary use, more than half experienced mild com-
plications, such as vaginal erosion (Meriwether et al., 2015).

Pessaries have several clear benefits, including wide acceptance by
insurance providers and increasing incorporation of biofeedback infor-
mation, but not all patients are fit for pessary use. This is because of

complications ranging from the severity of presenting incontinence or
prolapse, pelvic infection, or an allergy to the product materials (Zeiger
et al., 2022), (Ray et al., 2021). In such instances, indwelling surgical
devices such as pelvic floor meshes were historically used to treat
prolapse.

At one point in time, more than 60 implant types were temporarily
found on the US market for pelvic organ prolapse and urinary inconti-
nence (Ray et al., 2021). Over the last decade, however, several clinical
studies indicated the unsafe nature and risk associated with various
mesh implants (Diwadkar et al., 2009; Feola et al., 2013b; Jean-Charles
et al., 2010; Kim and Jeon, 2020; Liang et al., 2013), which caused the
FDA to recategorize surgical meshes intended for pelvic organ prolapse
repair from class II to class III medical devices in 2016 (Sassani et al.,
2020). This reclassification to the agency’s most strict safety category
required additional clinical studies. As a result, all mesh manufacturers,
except Boston Scientific and Coloplast, stopped marketing and distrib-
uting mesh implants for pelvic organ prolapse (Sassani et al., 2020). In
2019, the FDA issued a landmark order that the remaining manufac-
turers stop selling and distributing their products immediately because
reasonable assurances of safety and effectiveness were not being met
(Junge et al., 2002).

Given the widely known controversy and lack of safety for patients,
there is an active need to develop biocompatible pelvic floor mesh
materials. Such materials are often non-absorbable and will need to
remain permanently in the body to provide continuous support to the
pelvic floor. Most biocompatible materials that are currently being
investigated, however, are absorbable materials derived from animal
tissues, such as the intestinal tract or skin (Junge et al., 2002), (Maurer
et al., 2014). Future directions for pelvic floor medical device develop-
ment may include the use of specialized biomaterials, as described
below.

10. Biomaterials

Biomaterial and tissue engineering approaches seek to use both
synthetic and natural materials to design therapeutic options for various
vaginal pathologies (Henckes et al., 2019), (Gudde et al., 2022). Com-
binations of biocompatible polymers, cells, and cell culture conditions
are the subject of ongoing and future research, which attempts to cap-
ture and emulate the relevant features and nuances of native tissue.
Materials, such as poly-l-lactide-co-e-caprolactone (PCL), were seeded
with human vaginal epithelial and stromal cells for in vitro assessment of
biocompatibility for vaginal reconstruction materials (Sartoneva et al.,
2018). The elastic modulus of the scaffold was within a physiologically
relevant range, and although the cells remained healthy and prolifera-
tive in separate cultures, conditions were not ideal for stromal cells in
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the co-culture medium (Henckes et al., 2019), (Gudde et al., 2022).
Animal tissue can also serve as a material for vaginal reconstruction
because they are native biological materials and have high bioactivity
and similar ECM components. For example, the porcine vagina was used
to create a cytocompatible acellular matrix with a retained basement
membrane (Greco et al., 2018). Engineered tissue models and alterna-
tive development methods can be used to create materials that can be
highly tailored to specific application-based requirements in biophysical
properties such as hydration rate or mechanical strength. Shafaat et al.
(2022) tissue-engineered a vaginal tissue model by seeding primary
vaginal epithelial cells and vaginal fibroblasts in a decellularized sheep
vaginal extracellular matrix (Shafaat et al., 2022). This approach suc-
cessfully mimicked select physiological attributes of native human tis-
sue, including estrogen (estradiol-17p) dose-dependent changes in
epithelial thickness and cellular proliferation.

Furthermore, alternative manufacturing techniques can be leveraged
to create novel mesh properties. Vashaghian et al. demonstrated the
feasibility of electrospun polymer nanofibrous matrices for the repair of
POP by seeding meshes with human vaginal fibroblasts from both pro-
lapsed and healthy tissues and evaluating the properties of the mesh and
cell behavior (Vashaghian et al., 2017). The technique was also used by
Manggr et al., who created a mesh capable of releasing estrogen, which
resulted in increased stimulation of new blood vessel formation and
ECM production (Mangir et al., 2019). These tissue engineering and
biomaterials applications offer a unique opportunity to use the princi-
ples of materials science and manufacturing to attune synthetic and
natural materials to recapitulate native vaginal tissue.

11. Conclusion

Rapid intensification of focus and research interest in the vagina has
driven considerable progress in our fundamental understanding of the
organ. This has been facilitated by a collaborative bioengineering
approach that incorporates cell biology, materials science, mathematical
modeling, mechanics, and clinical knowledge to create a more
comprehensive understanding of the organ.

Ongoing and future research in tissue engineering, biomechanics,
imaging, computational modeling, and material science offers prom-
ising opportunities for better understanding the relationship between
microstructural composition and functional behavior as well as the
process of growth, remodeling, repair, and maintenance across major
life events, including pregnancy, fetal delivery, postpartum recovery,
and menopause. This information will be critical for developing effec-
tive therapeutics for patients who give birth, for managing various pa-
thologies, and for developing future treatment options for women with
vaginas. There are also unique opportunities centered around the de
novo creation of vaginas for people without them, such as those with
genetic agenesis (MRKH syndrome) or transgender women.

The development of materials for surgical repair of pelvic floor dis-
orders has multidisciplinary implications. The vagina has complex ma-
terial properties that interact with a variety of biologic and mechanical
stimuli, providing an interesting platform for the development of bio-
mimetic materials for use in robotics applications or in other organs.
Previous findings and experimental approaches used to study organs
with similar function, geometry, or microstructure as the vagina (such as
the esophagus, gastrointestinal tract, or vasculature) shape the field of
vaginal research, and information flow can become reciprocal as
knowledge of the vaginal pathophysiology expands.

Furthermore, given the very public failure of previous pelvic meshes,
successful deployment of these techniques is an opportunity to restore
public and patient faith in the scientific and medical community.

The gaps in our fundamental knowledge about the vagina cannot be
fully attributed to the challenges presented by its pathophysiologic
complexity. It is also a byproduct of the long-standing acceptance of
scientific and social ignorance surrounding female reproductive anat-
omy and, by extension, diseases of that system. Given the scientific and
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societal nuance surrounding the vagina— with topics ranging from
maternal-fetal health to sexual pleasure— this tissue, and all tissues of
the female pelvic floor, is deserving of a greater research focus as well as
more awareness that there is a high burden of safety and efficacy for any
scientific knowledge or discovery that impacts clinical care choices.

The most effective and efficient way to move forward in building a
relevant and rigorous body of information on vaginal physiology and
pathophysiology is not only to grow the field of study but also to harness
the potential of combined interdisciplinary teams of engineers, scien-
tists, and clinicians. Continued scientific interest, research, and advo-
cacy are required to piece together the complex multiscale puzzle that is
the next generation of fundamental scientific breakthroughs in our un-
derstanding of the vagina and the impact it will have on future clinical
treatments for related diseases and disorders.
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