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A B S T R A C T   

The uterine cervix plays two important but opposing roles during pregnancy – as a mechanical barrier that 
maintains the fetus for nine months and as a compliant structure that dilates to allow for the delivery of a baby. 
In some pregnancies, however, the cervix softens and dilates prematurely, leading to preterm birth. Bioengineers 
have addressed and continue to address the lack of reduction in preterm birth rates by developing novel tech-
nologies to diagnose, prevent, and understand premature cervical remodeling. This article highlights these 
existing and emerging technologies and concludes with open areas of research related to the cervix and preterm 
birth that bioengineers are currently well-positioned to address.   

1. Introduction 

The uterine cervix is the cylindrical connective tissue organ at the 
distal end of the uterus, protruding into the vaginal canal. The term 
cervix is derived from the Latin word “neck,” which appropriately de-
scribes its shape as the pear-shaped uterus tapers into the cervical region 
(Fig. 1). The cervix acts as a passageway between the uterus and vagina - 
allowing fluids to pass from the uterus during menstruation, sperm to 
pass into the uterus to enable conception, and a fetus to pass from the 
uterus for delivery. Yet, the cervix is a selective passageway. For 
example, the cervix secretes mucous to simultaneously prevent patho-
gens from entering the uterus while facilitating sperm transport for 
fertilization (Martyn et al., 2014). During pregnancy, the cervix remains 
closed as the fetus grows and stretches the uterine cavity, a critical ac-
tion that helps to prevent preterm birth. 

As part of the special issue, “Physiology, Female Reproduction, and 
Bioengineering,” the objectives of this article are.  

1.) To provide an overview of the physiology of the cervix.  
2.) Highlight a specific clinical need related to the cervix: preterm 

birth.  
3.) Highlight emerging bioengineering approaches that address 

these needs. 

The article concludes with open questions and research areas related 
to preterm birth and the cervix that bioengineers are well-tailored to 
address through interdisciplinary collaborations. 

2. Physiology of the cervix 

The cylindrical cervix is a distal extension of the uterus, which 
protrudes into the vaginal canal (Fig. 1a). Normally, the cervix has a 
single endocervical canal that connects the superior opening (internal 
os) to the lower uterine segment and the inferior end (external os) 
(Fig. 1b). In some cases of Mullerian (congenital reproductive tract) 
anomalies, where two uterine cavities are present (bicornuate uterus or 
uterus didelphys, there can be two cervices with two separate canals. 
The cervix is a layered connective tissue. Uniform, stratified, and non- 
keratinizing squamous epithelium lines the distal end of the cervix, 
termed the ectocervix (Fig. 1b). This squamous epithelium meets the 
mucus-secreting columnar epithelium that lines the endocervical canal 
at a connection called the squamocolumnar junction. Throughout the 
length of the endocervical canal, the columnar cells arrange into crypts 
that protrude into the cervical canal. Underneath the epithelial layer, 
the cervix maintains a subepithelial stroma and a dense, collagen-rich 
stroma (Fig. 1c). The nonpregnant cervix is approximately 75% hy-
drated. The solid component of the tissue is composed mainly of types 1 
and 3 fibrous collagen, elastic fibers, proteoglycans, and glycosamino-
glycans (Myers et al., 2009). The nulliparous, nonpregnant, human 
cervix is about 3–4 cm long and 2.5–3 cm in diameter - although its size 
and shape vary significantly among patients (House et al., 2009; Lou-
wagie et al., 2021). The location of the squamocolumnar junction rela-
tive to the external os is dynamic throughout a patient’s lifetime as the 
cervix grows and shrinks. Generally, parous patients have larger cer-
vixes than nulliparous patients, and premenopausal patients have larger 
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cervixes than postmenopausal patients (Prendiville and Sankaranar-
ayanan, 2017). During pregnancy, the cervical length slightly decreases 
while the outer diameter of the cervix increases (Louwagie et al., 2021). 

3. Clinical needs related to the cervix 

3.1. Preterm birth 

Preterm birth (PTB), defined as birth before 37 weeks of gestation, is 
a current clinical dilemma. PTB is the leading cause of neonatal death, 
and surviving babies often experience lifelong complications, including 
visual, learning, and hearing issues. Currently, 1 in 10 babies is born 
preterm worldwide, affecting about 15 million babies annually (Howson 
et al., 2012). PTB rates in the United States have remained above 10% 
since the 1990s (Prediction and Prevention of Spontaneous Preterm 
Birth, 2021), making it one of the highest rates compared to its economic 
peers. 

PTBs can be categorized as induced PTB or spontaneous PTBs 
(sPTBs). Induced PTB encompasses induced vaginal delivery or a ce-
sarean section before 37 weeks due to maternal or fetal indications. The 
discussion here focuses on sPTBs, which can occur with intact or a 
preterm premature rupture of membranes and accounts for 70–80% of 
all PTBs (Goldenberg et al., 2008). Etiologies of sPTBs are often multi-
factorial and do not always result from an acceleration of normal-term 
pregnancy. However, a soft, dilated cervix is the final common 
outcome of all sPTBs. Therefore, the cervix remains an essential target 
for sPTB prevention. 

A primary challenge in preventing sPTB is the inability to predict its 
occurrence, particularly early in the pregnancy when interventions are 
most effective. The current gold-standard predictor of sPTB is a sono-
graphically determined short cervix, defined as <25 mm at 24 weeks of 
pregnancy, using an endovaginal ultrasound (Iams et al., 1996). While 
many women with a short cervix do not deliver preterm (Hassan et al., 
2000), clinicians measure cervical length in patients with a history of 
sPTB to offer cerclage interventions for those with a short cervix (Pre-
diction and Prevention of Spontaneous Preterm Birth, 2021). A second 
challenge is the lack of effective prevention and management tech-
niques. If a clinician identifies a patient at high risk for PTB, current 
management methods include bed rest, cervical cerclage or pessaries, 
and vaginal progesterone. Bed rest is ineffective in preventing sPTBs, 
can inversely cause harm, and is impractical for many patients (McCall 
et al., 2013). Cervical cerclages and pessaries are interventions designed 
to oppose cervical dilation physically. A cerclage is a surgical stitch 
inserted into and around the cervix to stitch it closed. While the effec-
tiveness of cerclage in preventing sPTBs in patients without a history of 
preterm is unclear, patients with an extremely short cervix (<10 mm) 

may benefit (Berghella et al., 2017). Currently, cerclage is offered to 
patients with a history of cervical dysfunction, a history of sPTB and a 
short cervix, and to patients with dilated cervix prior to fetal viability 
(Prediction and Prevention of Spontaneous Preterm Birth, 2021). A 
pessary, a silicone ring placed around the cervix, is a less invasive 
alternative to a cerclage thought to provide physical support to the 
cervix. Recent randomized controlled trials of pessaries on singleton 
(Nicolaides et al., 2016b), singleton pregnancies with a short cervix 
(Hoffman, 2023) and twin pregnancies (Nicolaides et al., 2016a) 
demonstrate no difference in reducing the rates of sPTBs. Progesterone 
supplementation is an important intervention for preventing sPTBs 
(Care et al., 2022; De Franco et al., 2007; Hassan et al., 2011; Romero 
et al., 2012). The FDA recently withdrew hydroxyprogesterone caproate 
(Makena), an injectable synthetic form of progesterone - from the 
market after a randomized, double-blind clinical trial concluded that it 
was not effective in preventing recurrent sPTBs (Blackwell et al., 2020). 
However, micronized vaginal progesterone continues to be recom-
mended for patients with a short cervix without a history of preterm 
birth (Prediction and Prevention of Spontaneous Preterm Birth, 2021). 
The mechanisms through which progesterone supplementation prevents 
sPTBs are currently unclear. 

3.2. Other clinical needs 

Clinical needs related to the cervix exist outside of PTB. Although 
this document will not cover these topics, readers are encouraged to 
explore other reviews that cover topics including, but not limited to, 
placenta previa (Silver, 2015), cervical cancer (Abbaspour et al., 2022; 
Cadena et al., 2021; Monk et al., 2022; Small et al., 2017), and cervical 
fibroids (Nucci, 2000). 

4. Current bioengineering approaches 

This section summarizes emerging bioengineering approaches that 
address needs related to PTBs and the cervix. These approaches are 
broadly categorized as diagnostic tools, preventative tools, and mecha-
nisms of cervical remodeling and sPTBs. 

4.1. Diagnostic tools for detecting PTBs 

Advancements in diagnostic tools to detect patients at risk for sPTB 
have focused on 1.) in vivo devices (Table 1) that quantify cervical 
remodeling and 2.) biomarkers. This section provides an overview of 
these diagnostic tools. Detailed reviews on assessing cervical remodeling 
in vivo are available elsewhere (Bauer et al., 2007; Feltovich et al., 2012; 
Helmi et al., 2022; Mazza et al., 2013; O’Brien et al., 2014; Pizzella et al., 

Fig. 1. Anatomy of the cervix. a.) The cervix is located on the distal end of the uterus and protrudes into the vaginal canal. The figure here shows a nonpregnant 
uterus and cervix b.) The superior and distal ends of the endocervical canal are termed the internal and external os. The distal end of the cervix is the ectocervix. c.) 
The layers of the cervix. The cervix is a connective tissue with a collagen-dense stroma. During pregnancy, the cervix undergoes microstructural changes, as its length 
slightly decreases, and outer diameter increases. 
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2020) and on biomarkers for PTB (Bastek and Elovitz, 2013). 

4.1.1. Electrical impedance spectroscopy (EIS) 
Electrical impedance spectroscopy quantifies the impedance of a 

material, or the opposition to the electrical flow, in response to an 
applied electrical current. Biological tissue impedance depends on its 
structure and hydration, including cell volumes, cell membrane capac-
itance, intracellular and extracellular conductivity, cellular structures, 
and tissue hydration. Electrical impedance has been used in the clinical 
setting to detect cancers, including breast, cervical, and oral (Anumba 
et al., 2021). To assess the electrical impedance of the pregnant cervix, a 
cylindrical device with a typical tip diameter of 8–12 mm applies a low 
current (~10μA) to the tissue and measures tissue impedance (also 
called resistivity) in units of Ohm × m at specific frequencies. 

In clinical studies, EIS measurements at lower frequencies (4.8 kHz) 
indicate lower impedance in softer cervixes, with pregnant patients 
having lower impedance than nonpregnant patients (O’Connell et al., 
2000). Similarly, patients who deliver vaginally have lower impedance 
than those who deliver via Caesarean section (Jokhi et al., 2009) and 
patients with a favorable (ripened) cervix have lower impedance than 
patients with an unfavorable cervix (O’Connell et al., 2003). In contrast, 
other studies show higher impedance in softer cervixes across fre-
quencies (4–819 kHz), with higher impedance in third-trimester 
cervices compared to first and second-trimester cervices (Gandhi 
et al., 2006). 

Recently, the ability of EIS to predict sPTB was assessed in a pro-
spective study of 365 patients. EIS slightly outperformed other PTB as-
sessments, including cervical length and fetal fibronectin (FFN) 
measurements. The study concluded that combining EIS with these 
measurements and a history sPTBs improved the accuracy of these 
predictions (Anumba et al., 2021). In summary, EIS provides an objec-
tive measure of cervical stiffness, but its ability to predict sPTB still 
needs to be determined. Incorporating EIS with other objective mea-
sures, like cervical length and FFN, holds promise. 

4.1.2. Light-induced fluorescence (LIF) 
Light-induced fluorescence (LIF) takes advantage of the natural 

fluorescence of collagen due to the molecular collagen crosslink, pyr-
idinoline (Garfield et al., 1998, 2001; Schlembach et al., 2009). Typi-
cally, an optical device, termed the Collascope, measures the LIF of the 
cervix. The Collascope measures about 3 mm in diameter and 14 cm long 
and is placed on the ectocervix for about 10 s (Garfield et al., 1998). The 
Collascope then returns a fluorescence spectrum, and the peak of this 
spectrum (typically at around 390 nm) is normalized by a reference peak 
to calculate a LIF ratio as a measure of mature, crosslinked collagen with 

lower peaks correlating with a softer or ripened cervix. Clinically, LIF 
measurements decrease with progressing gestation (Maul et al., 2003; 
Zheng et al., 2020) and increase postpartum (Zheng et al., 2020). LIF 
ratios also decrease with labor induction with prostaglandins (Fittkow 
et al., 2005) and correlate positively with time to delivery (Maul et al., 
2003). These data suggest that stronger, unripened cervixes have more 
crosslinked collagen and, thus, higher LIF measurements. The Colla-
scope has not been tested in PTB patients, and therefore, its predictive 
value remains unclear. Etemadi and colleagues combined the EIS and 
LIF into one device, BirthAlert (Etemadi et al., 2013). Though the pre-
sented data are preliminary, they demonstrated its proof of concept in 
high-risk pregnant women. Currently, we know little about collagen 
crosslink changes in pregnant cervices, and quantitative measurements 
of nonpregnant human cervixes demonstrate crosslink heterogeneity, 
specifically from the inner endocervical canal to the outer layers of the 
cervix (Zork et al., 2015). Therefore, the location of the Collascope 
measurements could be a critical factor in LIF measurements of the 
cervix. 

4.1.3. Second harmonic generation 
Due to the appreciated role of cervical collagen remodeling during 

pregnancy, second harmonic generation is a popular method to assess 
collagen fiber structure. Typically, second harmonic generation images 
are taken of fresh or frozen, sliced cervical tissue samples from ex vivo 
animal and human cervical tissue (Akins et al., 2010; Moghaddam et al., 
2022; Myers et al., 2009). Currently, the only in vivo device that utilizes 
SHG to assess the cervix has been tested in mice (Zhang et al., 2012). 
This study compared in vivo SHG images against ex vivo images of mouse 
cervix. Further, they demonstrated the ability to image ex vivo 
nonpregnant and pregnant human cervixes. Further, SHG signal and 
image analysis have allowed quantitative, objective data measurements. 
Therefore, this technology holds promise for assessing the in vivo human 
cervix during pregnancy. 

4.1.4. Raman spectroscopy 
Raman spectroscopy is an optical technique that characterizes the 

inelastic scattering of photons by matter. An incident photon collides 
with molecules within the sample, shifting the photon’s energy level and 
yielding a molecular fingerprint of samples. Typically, the Raman 
spectra generate multiple peaks associated with molecular bonds, which 
can be analyzed to determine the biochemical composition of a sample 
(O’Brien et al., 2014). 

A Raman spectroscopy device developed for clinical assessment of 
the cervix consists of a 6.3 mm diameter probe placed on 3–5 locations 
around the ectocervix for 3 s each, totaling <10 min per visit (O’Brien 
et al., 2019). In a longitudinal study tracking 68 patients through the 
first, second, and third trimesters with a 6-week postpartum follow-up, 
Raman measurements showed significant changes in specific biochem-
ical signatures, including decreasing collagen peaks and increasing 
blood peaks indicating more vascularization during pregnancy (O’Brien 
et al., 2018). In a follow-up study, the Raman spectra were acquired at 4 
hour intervals throughout labor until membrane rupture in 30 patients 
during labor. As labor progressed, signatures associated with collagen 
and ECM matrix proteins decreased, blood signatures increased, as did 
signatures associated with lipid-based molecules (Masson et al., 2022). 
Although Raman’s ability to predict PTB has yet to be assessed, the 
“molecular fingerprint” aspect of Raman makes it a promising device 
that provides not only objective clinical assessments but also informs 
cervical remodeling mechanisms during pregnancy. Of note, Raman has 
been successfully used to detect precancer diagnosis in the human cervix 
(Mahadevan-Jansen et al., 1998). 

4.1.5. Ultrasound shear wave speed (SWS) 
Shear wave elastography is a technique where ultrasound images are 

used to measure tissue stiffness. Discussions on other elastography 
methods to assess the cervix is available (Fruscalzo et al., 2016). With 

Table 1 
In vivo devices for assessing cervical remodeling. CL: Cervical length; FFN: fetal 
fibronectin.   

Device dimensions Measurement 
outputs 

PTB prediction? 

Electrical 
Impedance 

Tip diameter, 8–12 
mm 

Tissue hydration Slightly 
outperforms CL 
and FFN 

Light-induced 
fluorescence 

Tip diameter, 3 mm Mature 
(crosslinked) 
collagen 

Not yet tested 

Second 
Harmonic 
Generation 

Not yet developed 
for humans 

Collagen fiber 
structure 

Not yet tested 

Raman 
spectroscopy 

Tip diameter, 6.3 
mm 

Molecular 
fingerprint 

Not yet tested 

Shear wave 
elastography 

Transvaginal 
ultrasound probe or 
around a finger 

Quantitative 
measure of tissue 
stiffness 

Associated with 
PTB 

Cervical 
Aspiration 

Tip diameter, 8 mm Quantitative 
measure of tissue 
stiffness 

In clinical trials  
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shear wave elastography, the measured shear wave speed reflects a 
measure of tissue stiffness since waves travel faster in stiffer materials, 
and a significant advantage is an ability to create a “stiffness map” of the 
imaged area (Feltovich et al., 2012). An early feasibility study on ex vivo 
cervical samples demonstrated higher SWS in unripened (stiffer) than 
ripened cervices (Carlson et al., 2014). Several cross-sectional studies 
show decreased SWS with progressing gestation, indicating cervical 
softening (Carlson et al., 2018; Hernandez-Andrade et al., 2014, 2018; 
Muller et al., 2015; Ono et al., 2017) and decreased SWS in patients who 
deliver preterm (Feng et al., 2022; Hernandez-Andrade et al., 2018; 
Muller et al., 2015). A recent longitudinal study on patients demon-
strated reduced SWS with gestation (Carlson et al., 2019). Recent work 
has also focused on further analysis of the ultrasound images to design of 
biomarkers based on this technique (Guerrero et al., 2019), which holds 
promise for assessing tissue microstructure using this technique. 

4.1.6. Other optical techniques 
In addition to the techniques described above, engineers are devel-

oping emerging optical methods to quantify cervical changes during 
pregnancy. Some examples include quantification of water content 
using near-infrared spectroscopy (Qu et al., 2018), the addition of a 
polarizer to a standard colposcope to quantify collagen content and 
anisotropy (Chue-Sang et al., 2018), combining ultrasound elastography 
with a force sensor to quantify stress-strain relationships (Hu et al., 
2023), and diffusion tensor MRI to image cervical collagen microstruc-
ture (Qi et al., 2021). 

4.1.7. Cervical aspiration 
Unlike the above optical and imaging techniques, cervical aspiration 

is an in vivo technique designed to assess cervical mechanical properties. 
With cervical aspiration, a device with a tip diameter of 8 mm is inserted 
into the vaginal canal and placed onto the orifice of the ectocervix. The 
device then applies negative pressure to aspirate a portion of the ecto-
cervix and measures the resulting deformation, similar to micropipette 
aspiration used to measure the mechanical properties of cells (Hoch-
muth, 2000). The current version of the aspiration device applies a 
continuous negative pressure until it achieves a 4 mm tissue displace-
ment such that a smaller closure pressure would correspond to a softer 
cervix. 

In clinical studies, cervical aspiration measurements demonstrate 
decreasing tissue stiffness throughout gestation (Bauer et al., 2009), 
beginning in the early first trimester (Badir et al., 2013). Recently, the 
start-up company Pregnolia (Switzerland, https://en.pregnolia.com) 
commercialized the cervical aspiration device. A recent clinical study 
with the Pregnolia system demonstrated softer cervixes in high-risk 
patients with ultrasound-indicated cerclage in the second trimester 
(Stone and House, 2023). This device is currently in clinical trials in 
Europe and the United States (SoftCervix - in Europe NCT02037334, 
ATOPS - United States, NCT03865108, Cervical Stiffness Measurement 
in Cervical Insufficiency - United States, NCT04158401); therefore, 
more stiffness assessments, specifically in sPTB patients are 
forthcoming. 

4.1.8. Biomarkers 
Biomarkers are objective, quantifiable, and reproducible medical 

measurements collected from a patient (Strimbu and Tavel, 2010). 
Specifically for the cervix, fetal fibronectin (FFN) concentration in cer-
vicovaginal fluid and cervical length are common biomarkers used to 
identify women at risk for sPTB (Son and Miller, 2017). FFN is a 
glycoprotein produced by the fetal cells, often described as a “biological 
glue” that binds the amniotic sac to the uterine lining. High levels of FFN 
are detected in the cervical vaginal fluid before 22 weeks of gestation are 
associated with sPTB. Cervical length, assessed through transvaginal 
ultrasound, is defined as the closed length of the cervix between the 
internal and external os. Typically, cervical lengths <25 mm before 24 
weeks of gestation are associated with PTB. However, both biomarkers 

are not used to screen for sPTB because of the low positive predictive 
value of high FFN (14% for sPTB <37 weeks; 5.6% for sPTB <32 weeks) 
and cervical length (20.8% for sPTB <37 weeks and 8.6% for sPTB <32 
weeks) in an observational study of 9410 nulliparous women with 
singleton pregnancies (Esplin et al., 2017). 

Reflecting the changes in FFN (along with other possible molecules), 
cervical mucus properties change with labor and between normal and 
preterm birth patients. For example, hyaluronic acid concentration in-
creases and its molecular weight decrease during labor (Obara et al., 
2001), women at high risk for PTB have a more extensible and perme-
able cervical mucus (Critchfield et al., 2013), and microsphere perme-
ability between low and high-risk women are different (Smith-Dupont 
et al., 2017). Further, recent work has suggested interactions between 
the vaginal microbiome and cervical vaginal mucus properties (Zierden 
et al., 2023). Together, these findings suggest exciting opportunities for 
cervical mucus composition or properties as a potential avenue for 
identifying biomarkers for sPTBs. 

4.2. Preventative tools for PTBs 

PTB prevention in patients remains elusive, as current strategies, 
including cerclage, pessaries, and progesterone supplementation, 
cannot prevent uterine contractions, cervical funneling, shortening, and 
dilation once it starts. One of the most exciting areas of bioengineering 
advancements in PTB includes novel tools for the prevention sPTB 
(Koullali et al., 2017). For example, researchers are developing an 
injectable cerclage as an alternative to a surgical cerclage. This therapy 
injects a silk, biocompatible hydrogel into the cervix to augment the 
tissue. In a preclinical study, the authors compared the injectable cerc-
lage to a traditional cerclage in rabbits. They injected the injectable 
cerclage at gestation day 14 of a 31–32 day gestation and found that the 
injectable cerclage increased the tissue volume while maintaining 
native, compressive mechanical properties without triggering additional 
inflammatory response or preterm birth (Zhang et al., 2020). In addi-
tion, there are ongoing efforts to develop a medical device to improve 
upon the cerclage to prevent sPTBs (House et al., 2023). 

In another recent preclinical study, Hoang and co-workers developed 
a progesterone nanosuspention that successfully prevented preterm 
birth in a mouse model (Hoang et al., 2019). The authors demonstrated 
that this new delivery mechanism was more effective than vaginal gel 
administration, a standard clinical method for progesterone delivery. 
Further, gene expression and histological analysis of the cervix showed 
similarities between the treated mice and gestation-matched controls. 
These results suggest an opportunity for bioengineers to design novel 
drug-delivery techniques to address sPTBs. For more discussion on this 
topic, the reader is referred to the review article by the authors (Zierden 
et al., 2021). 

4.3. Identifying mechanisms of cervical remodeling 

An obstacle in predicting, preventing, and treating sPTB is the 
limited understanding of the mechanisms involved in normal and 
pathological cervical remodeling. This limited understanding restricts 
the efficacy of the diagnostic tools and identifying appropriate therapies 
for individual patients. Therefore, considerable bioengineering efforts 
have focused on understanding of the mechanisms behind normal and 
abnormal cervical remodeling. This section highlights some of these 
advancements. 

4.3.1. Cervical mechanics (structure and function) 
A significant effort in understanding cervical remodeling mecha-

nisms has focused on understanding how changes in the cervical 
microstructure (structure) during pregnancy result in mechanical 
property changes (function). Although much of this work utilizes rodent 
models of pregnancy (Mahendroo, 2012; Word et al., 2007; Yoshida 
et al., 2019), which provide access to accurately timed tissue samples 
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throughout pregnancy, the discussion here focuses on efforts by bio-
engineers to assess the structure-function relationships of the human 
cervix. 

The three-dimensional, anisotropic structure of the cervix makes 
mapping the microstructure across the cervical anatomy challenging. 
Bioengineers have applied emerging imaging techniques to map the 
complex microstructure of the cervix to address this knowledge gap. 
Magnetic tensor diffusion tensor imaging (DTI) on ex vivo (Weiss et al., 
2006) and in vivo (Fujimoto et al., 2013) nonpregnant human uteri have 
revealed fiber architecture throughout the uterus and cervix, including 
circumferentially and longitudinally aligned fiber zones. A recent DTI 
study on in vivo nonpregnant and early pregnant uteri demonstrated 
structural differences in the uterine architecture, including decreased 
fiber density and length (Zhang and Chen, 2020). Other studies have 
focused on correlating microstructure to mechanical properties, typi-
cally on ex vivo axial cervical slices, using second harmonic generation 
(Hao et al., 2018; Myers et al., 2009), X-ray diffraction (Aspden, 1988a), 
and optical coherence tomography (OCT) (Gan et al., 2015; Yao et al., 
2016). In particular, OCT analysis allows for quantitative analysis of 
local fiber orientation and dispersion to track heterogeneous fiber 
structures and heterogeneous changes during pregnancy. An advantage 
of OCT imaging is its non-destructive feature, allowing subsequent 
mechanical testing on the same sample to inform or validate 
sample-specific mechanics. For example, Shi et al. used OCT to deter-
mine fiber orientation, subsequently mechanically tested the tissue 
samples with indentation, and used the OCT data to inform an inverse 
finite element analysis to determine cervical material properties (Shi 
et al., 2019). 

A first step to understanding the mechanical function of the cervix 
involves characterizing its physiologically relevant material properties. 
As mentioned, the cervix has a layered, heterogeneous, and anisotropic 
(direction-dependent) structure. Further, the cervix undergoes extensive 
deformations, dilating from 1 to 10 cm during labor. Therefore, rigorous 
characterization of its mechanical properties requires location and di-
rection-specific, large deformation mechanical testing that typically 
requires ex vivo testing. However, access to human tissue samples, 
particularly throughout pregnancy, is challenging. Therefore, ex vivo 
mechanical data for the human cervix only exist for nonpregnant and 
pregnant term tissue. Additionally, the term pregnant cervix is often 
acquired from patients during a Caesarean section due to placenta 
accreta or percreta, conditions in which the placenta invades the uterine 
wall and may not reflect typical term conditions. 

Reflecting the known microstructure, the mechanical properties of 
the cervix are nonlinear, viscoelastic, anisotropic, and heterogeneous 
(Fernandez et al., 2013; Myers et al., 2010, 2008; Birgitte S Oxlund et al., 
2010; Oxlund et al., 2010; Petersen et al., 1991; Yao et al., 2014). These 
mechanical features have been demonstrated through uniaxial tension 
and compression load-unload and stress-relaxation tests (Myers et al., 
2008, 2010), compressive indentation (Yao et al., 2014), and hydraulic 
permeability tests that quantify flow resistance of the tissue (Fernandez 
et al., 2013). In general, the tensile and compressive stiffness of the 
cervix decreases (Myers et al., 2008, 2010; Yao et al., 2014), and the 
permeability of the cervix increases (Fernandez et al., 2013) during 
gestation. One biomechanical study of cervical biopsy samples in 
nonpregnant women with a history of cervical insufficiency demon-
strated no difference in the tensile strength of the tissue (Oxlund et al., 
2010). 

Bioengineers utilize constitutive modeling to connect the cervical 
structure to mechanical function. Generally, constitutive models, or 
mathematical relationships between deformation and stress, span from 
phenomenological to mechanistic models. For example, Aspden pre-
sented mathematical frameworks to model the cervix as a fiber- 
composite material (Aspden, 1988b) and to relate cervical mechanical 
properties to collagen fiber orientation (Aspden, 1988a). Myers et al. 
(2015) proposed a constitutive modeling framework incorporating fiber 
dispersion to model changes in collagen fibers organization with 

pregnancy and demonstrated the ability to capture equilibrium 
compression and tensile mechanical data. Other work has focused on the 
viscoelastic response of the cervix using the classic phenomenological 
models (Callejas et al., 2021; Peralta et al., 2015). Recently, Shi et al. 
incorporated multiscale structures from the intramolecular crosslink 
level, fiber dispersion, and fiber orientation to capture the 3D aniso-
tropic equilibrium response of the human cervix (Shi et al., 2022). 

While most of the research has focused on the passive mechanical 
properties cervix, recent work has highlighted the possible role of 
smooth muscle cell contractility, particularly at the internal os. Vink and 
co-workers (Vink et al., 2021) demonstrated that cervical smooth mus-
cle cells (cSMCs) isolated from patients with premature cervical failure 
do not have inherent contractility defects. Instead, they found that 
cSMCs exhibit decreased contractility when exposed to soft ECM and 
suggested a critical “sphincter” role of the cSMCs at the internal os to 
prevent funneling. However, previous measurements of the contractile 
properties of the nonpregnant cervix did not indicate differences be-
tween the internal and external os (Petersen et al., 1991). These active 
properties of the cervix are an interesting and relatively unexplored 
topic. 

Finally, bioengineers use finite element modeling to understand how 
material property changes affect cervical dilation (Mahmoud et al., 
2013; Westervelt and Myers, 2017). In these models, constitutive re-
lationships are applied to isolated cervical geometry (Gou et al., 2020) 
or patient-derived anatomies that include the uterus and cervix from 
imaging data, such as MRI (Fernandez et al., 2015) or ultrasound 
(Louwagie et al., 2021; Westervelt et al., 2017). Continued de-
velopments with these techniques have the exciting potential to incor-
porate patient-specific anatomical and mechanical changes (informed 
by the in vivo tools outlined previously) to predict the trajectory and 
timing of cervical dilation during pregnancy. 

4.3.2. Hormonal, inflammatory, and mechanical effects on cervical 
remodeling 

Another open question related to cervical remodeling is: how or what 
cues do cells respond to remodel the cervix? To answer this question, 
House and co-workers used a 3-D tissue culture system as a platform to 
investigate how cervical fibroblasts respond to hormones and remodel 
their environment. They found that dynamically loading the constructs 
increased collagen and sulfated glycosaminoglycan synthesis leading to 
a stiffer matrix (House et al., 2010), increasing progesterone concen-
trations led to less collagen synthesis (House et al., 2014), while the 
addition of progesterone and estrogen also decreased collagen produc-
tion leading to a softer matrix (House et al., 2018). 

In a different study, Shukla et al. (2018) investigated the effects of 
progesterone and IL-beta, a proinflammatory cytokine, on ECM 
remodeling, cell traction force generation, cell-ECM adhesion, and tissue 
contractility. They found that IL-β treatment reduced cell traction force 
and cell-ECM adhesion, reducing cell-level contractility. At the same 
time, progesterone did not affect cell traction force and cell contractility 
while increasing cell-ECM adhesion. Together, these experimental data 
suggest the responsiveness of cervical fibroblasts to adapt to hormonal, 
inflammatory, and mechanical cues. How these cues interact, however, 
is unclear and would be an interesting topic to investigate, especially 
given the dynamic hormonal, inflammatory, and mechanical environ-
ment of pregnancy. 

5. Future approaches and open areas related to the cervix and 
PTB 

As summarized above, bioengineers have and continue to contribute 
solutions for PTB centered around the cervix. This section suggests open 
areas of research that bioengineers are now well-positioned to address. 
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5.1. Cervical mechanobiology 

Based on the efforts towards characterizing the mechanics of the 
cervix, we are starting to understand how much the cervix remodels in 
vivo. Data from in vitro experiments have provided insight into what cues 
cervical cells respond to. However, how cells integrate these cues to 
remodel the cervix is less clear. Cells are known mechanosensors. When 
they sense changes in mechanics, for example, increased stretch or 
stress, these signals will trigger a biochemical response, triggering 
signaling pathways that ultimately lead to various behaviors, including, 
but not limited to, cell growth, differentiation, shape changes, apoptosis, 
or transcriptional changes (Vogel and Sheetz, 2006). Importantly, cells 
can partially adapt to changes in mechanics by remodeling their ECM 
through matrix protein deposition, rearrangement, or removal to return 
to a homeostatic mechanical state (Humphrey et al., 2014). In addition 
to mechanics, cells respond to hormonal and inflammatory cues, which 
also trigger similar responses. 

During pregnancy, uterine cavity volumes increase dramatically, 
from <10 mL in the nonpregnant state to 20,000 mL by the end of 
pregnancy. Simultaneously, pregnancy hormone levels continually 
change (Tulchinsky et al., 1972), as do immune responses (Mor and 
Cardenas, 2010). In other tissue organs and systems, emerging engi-
neering approaches integrate biological and mechanical cues to eluci-
date how cells respond to mechanical cues and remodel their 
environment. For example, tissue engineering and in vitro experimental 
methods where cervical cells are seeded on 3-D tissue constructs under 
different levels, directions, and patterns of stretch and different types 
and levels of hormones or cytokines could characterize how cervical 
cells respond to mechanical, hormonal, and inflammatory cues. These 
data would generate a set of “rules” that cervical cells follow to inform 
computational approaches, like agent-based modeling, a common 
method to understand other remodeling processes, including infarct 
remodeling (Richardson and Holmes, 2016; Rouillard and Holmes, 
2014), tendon wound healing (Chen et al., 2018), and arterial remod-
eling in response to hypertension (Hayenga et al., 2011). 

Finally, another important aspect of mechanobiology is the feedback 
loop where tissue and cell growth and remodeling, in turn, alter in vivo 
mechanical cues, thus modifying future behavior. Bioengineers have 
developed computational approaches for other tissue systems to un-
derstand these feedback loops. For example, the kinematic growth 
framework (Rodriguez et al., 1994) has been widely used in 

cardiovascular research to understand how cell growth (through hy-
pertrophy or hyperplasia) and mechanical loading affect in vivo elastic 
stretch, representing the stretches that cells experience. To incorporate 
hormonal and mechanical interactions, we developed a multiscale 
model that couples a cell-signaling network model to a kinematic 
growth framework to simulate heart growth during pregnancy (Yoshida 
et al., 2022). Alternatively, agent-based models can be coupled to finite 
element models to simulate this mechanical feedback loop. Leveraging 
these new computational approaches and integrating them with existing 
mechanical models would allow biological and mechanical data inte-
gration and enable bioengineers, clinicians, and biologists to collaborate 
to understand how the significant mechanical and biological changes 
interact to drive cervical remodeling and mechanical function during 
pregnancy (Fig. 2). 

5.2. Cervical structure and uterine interactions 

While the passive mechanics of the cervical stroma is well charac-
terized, understanding the full mechanical function of the cervix – 
including how it prevents funneling and dilation – likely requires an 
appreciation of its whole structure. For example, the cervical epithelium 
is an immunologic and physical barrier (Nallasamy and Mahendroo, 
2017). In mice, a disruption in the cervical epithelial organization alone 
increases susceptibility to PTB (Akgul et al., 2014). Further, two PTB 
mouse models (hormone-mediated through RU486 and 
inflammation-mediated through lipopolysaccharide, LPS) exhibit 
distinct mechanical and ECM structures, yet both mouse models lead to 
premature cervical dilation and delivery (Jayyosi et al., 2018; Will-
cockson et al., 2018). Finally, recent reports of cervical smooth muscle 
cell populations (Vink et al., 2016), its altered contractility in response 
to substrate stiffness (Vink et al., 2021), and altered fibroblast-ECM 
adhesion in response to cytokines and progesterone (Shukla et al., 
2018) suggest that other mechanisms besides ECM remodeling could be 
involved in sPTB. Therefore, considering its layered structure and mul-
tiscale mechanical behavior to connect cell-level mechanics to tissue 
mechanics could provide more insight into how the cervix behaves at the 
organ level. 

Second, the cervix is not an isolated organ. Its connection to the 
uterus is a critical aspect of its mechanical behavior. During pregnancy, 
the uterus grows and stretches to accommodate the growing fetus, likely 
affecting the mechanical loading of the cervix. During the first stage of 

Fig. 2. Understanding cervical mechanobiology during pregnancy. Pregnancy presents dynamic changes in biology (hormones, immune response, etc.) and 
mechanics (from the growing fetus). These cues affect cervical cell (fibroblasts, smooth muscle cells, etc.) behavior and resulting cell and extracellular matrix (ECM) 
growth and remodeling, but how the cues interact are unclear. Further, changes in cell and ECM growth and remodeling can feedback to alter cell-level mechanics 
and potentially biological responses. Understanding these feedback loops can help answer how the cervix remodels itself during normal and pathological pregnancies. 
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labor, the uterus produces forceful contractions that pull on, thin, efface, 
and dilate the cervix. Further, recent studies demonstrate a gradient of 
smooth muscle cells – comprising 50–60% of the tissue at the internal 
and approximately 10% at the external os (Vink et al., 2016). Therefore, 
understanding the mechanical interactions between the uterus and 
cervix is important for pregnancy biomechanics. A limitation in under-
standing the mechanical interactions between the uterus and the cervix 
is that uterine biomechanics, particularly its growth and remodeling 
during pregnancy, is currently understudied (Myers and Elad, 2017). 
Understanding how the structure-function relationship changes of the 
uterus, lower uterine segment, and cervix work together could help 
identify better therapies for preventing cervical dilation. 

5.3. Precision medicine for pregnancy 

There are multiple etiologies of PTB that can differ between patients 
(Frey and Klebanoff, 2016; Goldenberg et al., 2008; Vink and Feltovich, 
2016). Therefore, effective solutions for diagnosing and treating PTB 
likely require patient-specific considerations. For example, computa-
tional approaches that can account for patient-specific biology, anat-
omy, and physiology could help us understand which specific PTB 
etiologies a patient might experience or which drugs or interventions 
would be most effective for preventing PTB (Quinney et al., 2014). 

CRediT authorship contribution statement 

Kyoko Yoshida: Visualization, Conceptualization, Writing - original 
draft, Writing - review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgements 

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors. 

References 

Abbaspour, A., Casillas, A.L., McGregor, S.M., Kreeger, P.K., 2022. Bioengineering 
approaches to improve gynecological cancer outcomes. Curr. Opin. Biomed. Eng. 22, 
100384 https://doi.org/10.1016/j.cobme.2022.100384. 

Akgul, Y., Word, R.A., Ensign, L.M., Yamaguchi, Y., Lydon, J., Hanes, J., Mahendroo, M. 
S., 2014. Hyaluronan in cervical epithelia protects against infection-mediated 
preterm birth. J. Clin. Invest. 124, 5481–5489. 

Akins, M.L., Luby-Phelps, K., Mahendroo, M.S., 2010. Second harmonic generation 
imaging as a potential tool for staging pregnancy and predicting preterm birth. 
J. Biomed. Opt. 15, 26020. 

Anumba, D.O.C., Stern, V., Healey, J.T., Dixon, S., Brown, B.H., 2021. Value of cervical 
electrical impedance spectroscopy to predict spontaneous preterm delivery in 
asymptomatic women: the ECCLIPPx prospective cohort study. Ultrasound Obstet. 
Gynecol. 58, 293–302. https://doi.org/10.1002/uog.22180. 

Aspden, R.M., 1988a. Collagen organisation in the cervix and its relation to mechanical 
function. Collagen Relat. Res. 8, 103–112. 

Aspden, R.M., 1988b. The theory of fiber-reinforced composite-materials applied to 
changes in the mechanical-properties of the cervix during pregnancy. J. Theor. Biol. 
130, 213–221. 

Badir, S., Mazza, E., Zimmermann, R., Bajka, M., 2013. Cervical softening occurs early in 
pregnancy: characterization of cervical stiffness in 100 healthy women using the 
aspiration technique. Prenat. Diagn. 33, 737–741. 

Bastek, J.A., Elovitz, M.A., 2013. The role and challenges of biomarkers in spontaneous 
preterm birth and preeclampsia. Fertil. Steril. 99, 1117–1123. https://doi.org/ 
10.1016/j.fertnstert.2013.01.104. 

Bauer, M., Mazza, E., Nava, A., Zeck, W., Eder, M., Bajka, M., Cacho, F., Lang, U., 
Holzapfel, G.A., 2007. In vivo characterization of the mechanics of human uterine 
cervices. Ann. N. Y. Acad. Sci. 1101, 186–202. 

Bauer, M., Mazza, E., Jabareen, M., Sultan, L., Bajka, M., Lang, U., Zimmermann, R., 
Holzapfel, G.A., 2009. Assessment of the in vivo biomechanical properties of the 
human uterine cervix in pregnancy using the aspiration test. Eur. J. Obstet. Gynecol. 
Reprod. Biol. 144, S77–S81. 

Berghella, V., Ciardulli, A., Rust, O.A., To, M., Otsuki, K., Althuisius, S., Nicolaides, K.H., 
Roman, A., Saccone, G., 2017. Cerclage for sonographic short cervix in singleton 
gestations without prior spontaneous preterm birth: systematic review and meta- 
analysis of randomized controlled trials using individual patient-level data. 
Ultrasound Obstet. Gynecol. 50, 569–577. https://doi.org/10.1002/uog.17457. 

Blackwell, S.C., Gyamfi-Bannerman, C., Biggio, J.R., Chauhan, S.P., Hughes, B.L., 
Louis, J.M., Manuck, T.A., Miller, H.S., Das, A.F., Saade, G.R., Nielsen, P., Baker, J., 
Yuzko, O.M., Reznichenko, G.I., Reznichenko, N.Y., Pekarev, O., Tatarova, N., 
Gudeman, J., Birch, R., Jozwiakowski, M.J., Duncan, M., Williams, L., Krop, J., 
2020. 17-OHPC to prevent recurrent preterm birth in singleton gestations (prolong 
study): a multicenter, international, randomized double-blind trial. Am. J. Perinatol. 
37, 127–136. https://doi.org/10.1055/s-0039-3400227. 

Cadena, I., Chen, A., Arvidson, A., Fogg, K.C., 2021. Biomaterial strategies to replicate 
gynecological tissue. Biomater. Sci. 9, 1117–1134. https://doi.org/10.1039/ 
D0BM01240H. 

Callejas, A., Melchor, J., Faris, I.H., Rus, G., 2021. Viscoelastic model characterization of 
human cervical tissue by torsional waves. J. Mech. Behav. Biomed. Mater. 115, 
104261 https://doi.org/10.1016/j.jmbbm.2020.104261. 

Care, A., Nevitt, S.J., Medley, N., Donegan, S., Good, L., Hampson, L., Tudur Smith, C., 
Alfirevic, Z., 2022. Interventions to prevent spontaneous preterm birth in women 
with singleton pregnancy who are at high risk: systematic review and network meta- 
analysis. BMJ, e064547. https://doi.org/10.1136/bmj-2021-064547. 

Carlson, L.C., Feltovich, H., Palmeri, M.L., Dahl, J.J., Munoz Del Rio, A., Hall, T.J., 2014. 
Estimation of shear wave speed in the human uterine cervix: cervical shear wave 
speed. Ultrasound Obstet. Gynecol. 43, 452–458. https://doi.org/10.1002/ 
uog.12555. 

Carlson, L.C., Hall, T.J., Rosado-Mendez, I.M., Palmeri, M.L., Feltovich, H., 2018. 
Detection of changes in cervical softness using shear wave speed in early versus late 
pregnancy: an in vivo cross-sectional study. Ultrasound Med. Biol. 44, 515–521. 
https://doi.org/10.1016/j.ultrasmedbio.2017.10.017. 

Carlson, L.C., Hall, T.J., Rosado-Mendez, I.M., Mao, L., Feltovich, H., 2019. Quantitative 
assessment of cervical softening during pregnancy with shear wave elasticity 
imaging: an in vivo longitudinal study. Interf. Focus 9, 20190030. https://doi.org/ 
10.1098/rsfs.2019.0030. 

Chen, K., Hu, X., Blemker, S.S., Holmes, J.W., 2018. Multiscale computational model of 
Achilles tendon wound healing: untangling the effects of repair and loading. PLoS 
Comput. Biol. 14, e1006652 https://doi.org/10.1371/journal.pcbi.1006652. 

Chue-Sang, J., Holness, N., Gonzalez, M., Greaves, J., Saytashev, I., Stoff, S., 
Gandjbakhche, A., Chernomordik, V., Burkett, G., Ramella-Roman, J.C., 2018. Use of 
Mueller matrix colposcopy in the characterization of cervical collagen anisotropy. 
J. Biomed. Opt. 23, 1. https://doi.org/10.1117/1.JBO.23.12.121605. 

Critchfield, A.S., Yao, G., Jaishankar, A., Friedlander, R.S., Lieleg, O., Doyle, P.S., 
McKinley, G., House, M., Ribbeck, K., 2013. Cervical mucus properties stratify risk 
for preterm birth. PLoS One 8, e69528. 

De Franco, E.A., O’Brien, J.M., Adair, C.D., Lewis, D.F., Hall, D.R., Fusey, S., Soma- 
Pillay, P., Porter, K., How, H., Schakis, R., Eller, D., Trivedi, Y., Vanburen, G., 
Khandelwal, M., Trofatter, K., Vidyadhari, D., Vijayaraghavan, J., Weeks, J., 
Dattel, B., Newton, E., Chazotte, C., Valenzuela, G., Calda, P., Bsharat, M., Creasy, G. 
W., 2007. Vaginal progesterone is associated with a decrease in risk for early preterm 
birth and improved neonatal outcome in women with a short cervix: a secondary 
analysis from a randomized, double-blind, placebo-controlled trial. Ultrasound 
Obstet. Gynecol. 30, 697–705. 

Esplin, M.S., Elovitz, M.A., Iams, J.D., Parker, C.B., Wapner, R.J., Grobman, W.A., 
Simhan, H.N., Wing, D.A., Haas, D.M., Silver, R.M., Hoffman, M.K., Peaceman, A.M., 
Caritis, S.N., Parry, S., Wadhwa, P., Foroud, T., Mercer, B.M., Hunter, S.M., Saade, G. 
R., Reddy, U.M., 2017. Predictive accuracy of serial transvaginal cervical lengths and 
quantitative vaginal fetal fibronectin levels for spontaneous preterm birth among 
nulliparous women. for the nuMoM2b Network JAMA 317, 1047. https://doi.org/ 
10.1001/jama.2017.1373. 

Etemadi, M., Chung, P., Heller, J.A., Liu, J.A., Rand, L., Roy, S., 2013. Towards 
BirthAlert—a clinical device intended for early preterm birth detection. Biomed. 
Eng. IEEE Transac. 60, 3484–3493. 

Feltovich, H., Hall, T.J., Berghella, V., 2012. Beyond Cervical Length: Emerging 
Technologies for Assessing the Pregnant Cervix, vol. 207, pp. 345–354. 

Feng, Q., Chaemsaithong, P., Duan, H., Ju, X., Appiah, K., Shen, L., Wang, X., Tai, Y., 
Leung, T.Y., Poon, L.C., 2022. Screening for spontaneous preterm birth by cervical 
length and shear-wave elastography in the first trimester of pregnancy. Am. J. 
Obstet. Gynecol. 227 https://doi.org/10.1016/j.ajog.2022.04.014, 500.e1-e14.  

Fernandez, M., Vink, J.Y., Yoshida, K., Wapner, R.J., Myers, K.M., 2013. Direct 
measurement of the permeability of human cervical tissue. J. Biomech. Eng. 135 
https://doi.org/10.1115/1.4023380. 

Fernandez, M., House, M., Jambawalikar, S., Zork, N., Vink, J., Wapner, R., Myers, K.M., 
2015. Investigating the mechanical function of the cervix during pregnancy using 
finite element models derived from high-resolution 3D MRI. Comput. Methods 
Biomech. Biomed. Eng. 1–14. 

Fittkow, C.T., Maul, H., Olson, G., Martin, E., MacKay, L.B., Saade, G.R., Garfield, R.E., 
2005. Light-induced fluorescence of the human cervix decreases after prostaglandin 
application for induction of labor at term. Eur. J. Obstet. Gynecol. Reprod. Biol. 123, 
62–66. https://doi.org/10.1016/j.ejogrb.2005.03.006. 

K. Yoshida                                                                                                                                                                                                                                        

https://doi.org/10.1016/j.cobme.2022.100384
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref2
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref2
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref2
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref3
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref3
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref3
https://doi.org/10.1002/uog.22180
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref5
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref5
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref6
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref6
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref6
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref7
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref7
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref7
https://doi.org/10.1016/j.fertnstert.2013.01.104
https://doi.org/10.1016/j.fertnstert.2013.01.104
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref9
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref9
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref9
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref10
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref10
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref10
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref10
https://doi.org/10.1002/uog.17457
https://doi.org/10.1055/s-0039-3400227
https://doi.org/10.1039/D0BM01240H
https://doi.org/10.1039/D0BM01240H
https://doi.org/10.1016/j.jmbbm.2020.104261
https://doi.org/10.1136/bmj-2021-064547
https://doi.org/10.1002/uog.12555
https://doi.org/10.1002/uog.12555
https://doi.org/10.1016/j.ultrasmedbio.2017.10.017
https://doi.org/10.1098/rsfs.2019.0030
https://doi.org/10.1098/rsfs.2019.0030
https://doi.org/10.1371/journal.pcbi.1006652
https://doi.org/10.1117/1.JBO.23.12.121605
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref21
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref21
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref21
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref22
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref22
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref22
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref22
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref22
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref22
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref22
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref22
https://doi.org/10.1001/jama.2017.1373
https://doi.org/10.1001/jama.2017.1373
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref24
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref24
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref24
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref25
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref25
https://doi.org/10.1016/j.ajog.2022.04.014
https://doi.org/10.1115/1.4023380
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref28
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref28
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref28
http://refhub.elsevier.com/S2665-9441(23)00010-X/sref28
https://doi.org/10.1016/j.ejogrb.2005.03.006


Current Research in Physiology 6 (2023) 100107

8

Frey, H.A., Klebanoff, M.A., 2016. The epidemiology, etiology, and costs of preterm 
birth. Semin. Fetal Neonatal Med. 21, 68–73. https://doi.org/10.1016/j. 
siny.2015.12.011. 

Fruscalzo, A., Mazza, E., Feltovich, H., Schmitz, R., 2016. Cervical elastography during 
pregnancy: a critical review of current approaches with a focus on controversies and 
limitations. J. Med. Ultrason. 43, 493–504. https://doi.org/10.1007/s10396-016- 
0723-z. 

Fujimoto, K., Kido, A., Okada, T., Uchikoshi, M., Togashi, K., 2013. Diffusion tensor 
imaging (DTI) of the normal human uterus in vivo at 3 tesla: comparison of DTI 
parameters in the different uterine layers. J. Magn. Reson. Imag. 38, 1494–1500. 
https://doi.org/10.1002/jmri.24114. 

Gan, Y., Yao, W., Myers, K.M., Vink, J.Y., Wapner, R.J., Hendon, C.P., 2015. Analyzing 
three-dimensional ultrastructure of human cervical tissue using optical coherence 
tomography. Biomed. Opt Express 6, 1019–1090. 

Gandhi, S.V., Walker, D., Milnes, P., Mukherjee, S., Brown, B.H., Anumba, D.O.C., 2006. 
Electrical impedance spectroscopy of the cervix in non-pregnant and pregnant 
women. Eur. J. Obstet. Gynecol. Reprod. Biol. 129, 145–149. https://doi.org/ 
10.1016/j.ejogrb.2005.12.029. 

Garfield, R.E., Chwalisz, K., Shi, L., Olson, G., Saade, G.R., 1998. Instrumentation for the 
diagnosis of term and preterm labour. J. Perinat. Med. 26, 413–436. https://doi.org/ 
10.1515/jpme.1998.26.6.413. 

Garfield, R.E.R.E., Maul, H.H., Shi, L.L., Maner, W.W., Fittkow, C.C., Olsen, G.G., 
Saade, G.R.G.R., 2001. Methods and devices for the management of term and 
preterm labor. Ann. N. Y. Acad. Sci. 943, 203–224. 

Goldenberg, R.L., Culhane, J.F., Iams, J.D., Romero, R., 2008. Epidemiology and causes 
of preterm birth. Lancet 371, 75–84. https://doi.org/10.1016/S0140-6736(08) 
60074-4. 

Gou, K., Topol, H., Demirkoparan, H., Pence, T.J., 2020. Stress-swelling finite element 
modeling of cervical response with homeostatic collagen fiber distributions. 
J. Biomech. Eng. 142, 081002 https://doi.org/10.1115/1.4045810. 

Guerrero, Q.W., Feltovich, H., Rosado-Mendez, I.M., Santoso, A.P., Carlson, L.C., Zea, R., 
Hall, T.J., 2019. Quantitative ultrasound parameters based on the backscattered 
echo power signal as biomarkers of cervical remodeling: a longitudinal study in the 
pregnant rhesus macaque. Ultrasound Med. Biol. 45, 1466–1474. https://doi.org/ 
10.1016/j.ultrasmedbio.2018.12.004. 

Hao, J., Yao, W., Harris, W.B.R., Vink, J.Y., Myers, K.M., Donnelly, E., 2018. 
Characterization of the collagen microstructural organization of human cervical 
tissue. Reproduction 156, 71–79. https://doi.org/10.1530/REP-17-0763. 

Hassan, S.S., Romero, R., Berry, S.M., Dang, K., Blackwell, S.C., Treadwell, M.C., 
Wolfe, H.M., 2000. Patients with an ultrasonographic cervical length ≤15 mm have 
nearly a 50% risk of early spontaneous preterm delivery. Am. J. Obstet. Gynecol. 
182, 1458–1467. 

Hassan, S.S., Romero, R., Vidyadhari, D., Fusey, S., Baxter, J.K., Khandelwal, M., 
Vijayaraghavan, J., Trivedi, Y., Soma-Pillay, P., Sambarey, P., Dayal, A., Potapov, V., 
O’Brien, J., Astakhov, V., Yuzko, O., Kinzler, W., Dattel, B., Sehdev, H., Mazheika, L., 
Manchulenko, D., Gervasi, M.T., Sullivan, L., Conde-Agudelo, A., Phillips, J.A., 
Creasy, G.W., Trial, for the P., 2011. Vaginal progesterone reduces the rate of 
preterm birth in women with a sonographic short cervix: a multicenter, randomized, 
double-blind, placebo-controlled trial. Ultrasound Obstet. Gynecol. 38, 18–31. 

Hayenga, H.N., Thorne, B.C., Peirce, S.M., Humphrey, J.D., 2011. Ensuring congruency 
in multiscale modeling: towards linking agent based and continuum biomechanical 
models of arterial adaptation. Ann. Biomed. Eng. 39, 2669–2682. https://doi.org/ 
10.1007/s10439-011-0363-9. 

Helmi, H., Siddiqui, A., Yan, Y., Basij, M., Hernandez-Andrade, E., Gelovani, J., Hsu, C.- 
D., Hassan, S.S., Mehrmohammadi, M., 2022. The role of noninvasive diagnostic 
imaging in monitoring pregnancy and detecting patients at risk for preterm birth: a 
review of quantitative approaches. J. Matern. Fetal Neonatal Med. 35, 568–591. 
https://doi.org/10.1080/14767058.2020.1722099. 

Hernandez-Andrade, E., Aurioles-Garibay, A., Garcia, M., Korzeniewski, S.J., 
Schwartz, A.G., Ahn, H., Martinez-Varea, A., Yeo, L., Chaiworapongsa, T., Hassan, S. 
S., Romero, R., 2014. Effect of depth on shear-wave elastography estimated in the 
internal and external cervical os during pregnancy. J. Perinat. Med. 42, 549–557. 
https://doi.org/10.1515/jpm-2014-0073. 

Hernandez-Andrade, E., Maymon, E., Luewan, S., Bhatti, G., Mehrmohammadi, M., 
Erez, O., Pacora, P., Done, B., Hassan, S.S., Romero, R., 2018. A soft cervix, 
categorized by shear-wave elastography, in women with short or with normal 
cervical length at 18–24 weeks is associated with a higher prevalence of spontaneous 
preterm delivery. J. Perinat. Med. 46, 489–501. https://doi.org/10.1515/jpm-2018- 
0062. 

Hoang, T., Zierden, H., Date, A., Ortiz, J., Gumber, S., Anders, N., He, P., Segars, J., 
Hanes, J., Mahendroo, M., Ensign, L.M., 2019. Development of a mucoinert 
progesterone nanosuspension for safer and more effective prevention of preterm 
birth. J. Contr. Release 295, 74–86. https://doi.org/10.1016/j.jconrel.2018.12.046. 

Hochmuth, R.M., 2000. Micropipette aspiration of living cells. J. Biomech. 33, 15–22. 
https://doi.org/10.1016/S0021-9290(99)00175-X. 

Hoffman, M., 2023. Randomized trial of cervical pessary for short cervix in singleton 
pregnancies. Am. J. Obstet. Gynecol. 228, S5–S6. https://doi.org/10.1016/j. 
ajog.2022.11.009. 

House, M., Bhadelia, R.A., Myers, K.M., Socrate, S., 2009. Magnetic resonance imaging of 
three-dimensional cervical anatomy in the second and third trimester. Eur. J. Obstet. 
Gynecol. Reprod. Biol. 144 (Suppl. l), S65–S69. 

House, M., Sanchez, C.C., Rice, W.L., Socrate, S., Kaplan, D.L., 2010. Cervical tissue 
engineering using silk scaffolds and human cervical cells. Tissue Eng. 16, 
2101–2112. https://doi.org/10.1089/ten.tea.2009.0457. 

House, M., Tadesse-Telila, S., Norwitz, E.R., Socrate, S., Kaplan, D.L., 2014. Inhibitory 
effect of progesterone on cervical tissue formation in a three-dimensional culture 
system with human cervical fibroblasts. Biol. Reprod. 90, 18. 

House, M.D., Kelly, J., Klebanov, N., Yoshida, K., Myers, K., Kaplan, D.L., 2018. 
Mechanical and biochemical effects of progesterone on engineered cervical tissue. 
Tissue Eng. Part A 00. https://doi.org/10.1089/ten.TEA.2018.0036 ten. 
TEA.2018.0036.  

House, M., Campbell, D., Craigo, S., 2023. The cx device: benchtop testing of a medical 
device to treat cervical insufficiency. Am. J. Obstet. Gynecol. 228, S198. https://doi. 
org/10.1016/j.ajog.2022.11.369. 

World Health Organization, March of Dimes, Save the Children, Howson, C.P., 
Kinney, M.V., Lawn, J.E., 2012. Born Too Soon: the Global Action Report on Preterm 
Birth. Geneva.  

Hu, P., Zhao, P., Qu, Y., Maslov, K., Chubiz, J., Tuuli, M.G., Stout, M.J., Wang, L.V., 
2023. Quantification of Cervical Elasticity during Pregnancy Based on Transvaginal 
Ultrasound Imaging and Stress Measurement. 

Humphrey, J.D., Dufresne, E.R., Schwartz, M.A., 2014. Mechanotransduction and 
extracellular matrix homeostasis. Nat. Rev. Mol. Cell Biol. 15, 802–812. https://doi. 
org/10.1038/nrm3896. 

Iams, J.D., Goldenberg, R.L., Meis, P.J., Mercer, B.M., Moawad, A., Das, A., Thom, E., 
McNellis, D., Copper, R.L., Johnson, F., Roberts, J.M., 1996. The length of the cervix 
and the risk of spontaneous premature delivery. National institute of child health 
and human development maternal fetal medicine unit network. N. Engl. J. Med. 334, 
567–572. 

Jayyosi, C., Lee, N., Willcockson, A., Nallasamy, S., Mahendroo, M., Myers, K., 2018. The 
mechanical response of the mouse cervix to tensile cyclic loading in term and 
preterm pregnancy. Acta Biomater. 78, 308–319. https://doi.org/10.1016/j. 
actbio.2018.07.017. 

Jokhi, R.P., Brown, B.H., Anumba, D.O., 2009. The role of cervical Electrical Impedance 
Spectroscopy in the prediction of the course and outcome of induced labour. BMC 
Pregnancy Childbirth 9, 40. https://doi.org/10.1186/1471-2393-9-40. 

Koullali, B., Westervelt, A.R., Myers, K.M., House, M.D., 2017. Prevention of preterm 
birth: novel interventions for the cervix. Semin. Perinatol. 41, 505–510. https://doi. 
org/10.1053/j.semperi.2017.08.009. 

Louwagie, E.M., Carlson, L., Over, V., Mao, L., Fang, S., Westervelt, A., Vink, J., Hall, T., 
Feltovich, H., Myers, K., 2021. Longitudinal ultrasonic dimensions and parametric 
solid models of the gravid uterus and cervix. PLoS One 16, e0242118. https://doi. 
org/10.1371/journal.pone.0242118. 

Mahadevan-Jansen, A., Mitchell, M.F., Ramanujamf, N., Malpica, A., Thomsen, S., 
Utzinger, U., Richards-Kortumt, R., 1998. Near-infrared Raman spectroscopy for in 
vitro detection of cervical precancers. Photochem. Photobiol. 68, 123–132. https:// 
doi.org/10.1111/j.1751-1097.1998.tb03262.x. 

Mahendroo, M.S., 2012. Cervical remodeling in term and preterm birth: insights from an 
animal model. Reproduction 143, 429–438. 

Mahmoud, H., Wagoner Johnson, A., Chien, E.K., Poellmann, M.J., McFarlin, B., 2013. 
System-level biomechanical approach for the evaluation of term and preterm 
pregnancy maintenance. J. Biomech. Eng.-Transac. ASME 135, 21009. 

Martyn, F., McAuliffe, F.M., Wingfield, M., 2014. The role of the cervix in fertility: is it 
time for a reappraisal? Hum. Reprod. 29, 2092–2098. https://doi.org/10.1093/ 
humrep/deu195. 

Masson, L.E., O’Brien, C.M., Gautam, R., Thomas, G., Slaughter, J.C., Goldberg, M., 
Bennett, K., Herington, J., Reese, J., Elsamadicy, E., Newton, J.M., Mahadevan- 
Jansen, A., 2022. In vivo Raman spectroscopy monitors cervical change during 
labor. Am. J. Obstet. Gynecol. 227 https://doi.org/10.1016/j.ajog.2022.02.019, 
275.e1-e14.  

Maul, H., Olson, G., Fittkow, C.T., Saade, G.R., Garfield, R.E., 2003. Cervical light- 
induced fluorescence in humans decreases throughout gestation and before delivery: 
preliminary observations. Am. J. Obstet. Gynecol. 188, 537–541. https://doi.org/ 
10.1067/mob.2003.94. 

Mazza, E., Parra-Saavedra, M., Bajka, M., Gratacos, E., Nicolaides, K., Deprest, J., 2013. 
In vivoassessment of the biomechanical properties of the uterine cervix in 
pregnancy. Prenat. Diagn. 34, 33–41. 

McCall, C.A., Grimes, D.A., Lyerly, A.D., 2013. “Therapeutic” bed rest in pregnancy. 
Obstet. Gynecol. 121, 1305–1308. 

Moghaddam, A.O., Lin, Z., Sivaguru, M., Phillips, H., McFarlin, B.L., Toussaint, K.C., 
Johnson, A.J.W., 2022. Heterogeneous microstructural changes of the cervix 
influence cervical funneling. Acta Biomater. 140, 434–445. https://doi.org/ 
10.1016/j.actbio.2021.12.025. 

Monk, B.J., Enomoto, T., Kast, W.M., McCormack, M., Tan, D.S.P., Wu, X., González- 
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