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Abstract

Preterm birth is the leading cause of neonatal mortality and morbidity worldwide. Spontaneous
preterm birth is a complex, multifactorial condition in which cervical dysfunction plays an
important role in some women. Current treatment options for cervical dysfunction include
cerclage and supplemental progesterone. In addition, cervical pessary is being studied in research
protocols. However, cerclage, supplemental progesterone and cervical pessary have well known
limitations and there is a strong need for alternate treatment options. In this review, we discuss two
novel interventions to treat cervical dysfunction: (1) injectable, silk protein-based biomaterials for
cervical tissue augmentation (injectable cerclage) and (2) a patient-specific pessary. Three-
dimensional computer simulation of the cervix is performed to provide a biomechanical rationale
for the interventions. Further development of these novel interventions could lead to new treatment
options for women with cervical dysfunction.

CLINICAL BACKGROUND

Preterm birth, defined as birth before 37 weeks of gestation, is the major contributor of
neonatal mortality and morbidity worldwide.! It can cause respiratory immaturity,
intracranial hemorrhages and infections, and these conditions can result in a range of long
term complications such as intellectual impairment, cerebral palsy, chronic lung disease,
deafness and blindness.2 The frequency and severity of adverse outcomes of children born
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preterm increase with decreasing gestational age at birth.! Preterm birth is an important
complication of both singleton and multifetal pregnancies and preventing preterm birth
remains a challenge in clinical obstetric care.l 2

The worldwide incidence of preterm birth is 11.1% which varies between countries within a
range of 5-13% and results in approximately 15 million children born preterm each year.3
The highest rates occur in Southeastern and South Asia where 13.4% of the children are
born preterm. Approximately 1.2 million preterm births occur in high-income countries, of
which more than 0.5 million occur in the United States where the estimated preterm birth
rate is 11-12%.1

Although preterm birth is a complex, multifactorial condition, in some women, cervical
dysfunction plays an important role.* The composition and structure of the cervix controls
its ability to remain closed during pregnancy to promote fetal development. In normal
delivery, cervical effacement and dilation occurs at term. In preterm delivery, cervical
effacement and dilation occurs prior to term, which can lead to a premature birth. Cervical
dysfunction is detected by measuring a short cervix with transvaginal ultrasound.>~" The risk
of preterm birth is inversely proportional to the length of the cervix, with a shorter cervix
conferring a higher risk.%

Various treatment strategies to prevent preterm birth in women with suspected dysfunctional
cervix have been studied, including cervical cerclage, cervical pessary and progesterone.8
However, these treatment strategies are not effective in all patient populations at risk for
preterm birth. There remains a strong need for alternative, effective therapies for preventing
preterm birth in women with a dysfunctional cervix. In this review we discuss two novel
interventions to treat cervical dysfunction that are currently being studied; injectable, silk
protein-based biomaterials for cervical tissue augmentation (injectable cerclage) and a
patient-specific pessary. We also demonstrate a three-dimensional computer simulation of
the interventions to provide a biomechanical rationale for efficacy. These complementary
interventions aim to address the pathogenesis of cervical dysfunction and to support the
native, physiological properties of the cervix.

INJECTABLE BIOMATERIAL FOR CERVICAL AUGMENTATION

Cervical remodeling

In spontaneous preterm birth, the final common event is softening, shortening and dilation of
the cervix, also referred to as cervical remodeling. Cervical remodeling relates to both
changes in (1) the material properties of the stroma (i.e. softening) and (2) the anatomical
shape of the cervix (i.e. shortening, effacement, dilation).# There is a strong relationship
between cervical remodeling and the organization and composition of the cervical
extracellular matrix (ECM). The cervical ECM plays a key role in the maintenance of
appropriate mechanical function of the cervix.? Excessive cervical softening appears to be
related to preterm birth.? Preventing excessive softening, i.e. reestablishing the normal
properties of the stroma, is a promising clinical target for the development of interventions
that aim to prevent cervical dysfunction and preterm birth.*
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Cervical cerclage

Currently, a cervical cerclage is an important treatment option for the prevention of preterm
birth in women with suspected cervical dysfunction.19-13 The fact that cervical cerclage is
an effective treatment for a short cervix!3 suggests that cervical dysfunction is causally
related to preterm birth in some women. A cervical cerclage is a surgical procedure in which
a suture is placed in the stroma to provide added support for the cervix, as proposed by
Shirodkar in 19551 and by McDonald in 195715, Although cerclage was efficacious in
some studies, 3 no efficacy was seen in other studies.1® In twins, cerclage may be associated
with increased risk.1’ Moreover, placing a cerclage is not without risk. Complications of
cerclage include preterm premature rupture of membranes (PPROM), infection, preterm
labor, suture displacement, and bleeding.18 In addition, cerclage is associated with an
increased risk of cervical laceration, both in nulliparous and multiparous women.1®

It is hypothesized that a cervical cerclage prevents premature cervical remodeling by
providing support to the cervix. The exact mechanism, however, by which a cerclage
provides support and prevents premature cervical remodeling remains unclear. In addition, a
cerclage does not address excessive cervical softening, which likely relates to cerclage
failure in some women. A comprehensive understanding of the complex process of cervical
remodeling and the relationship between biochemical and mechanical properties of the
cervix could lead to a more effective intervention to prevent spontaneous preterm birth.4

Cervical shortening — cause or consequence of preterm birth

Whether a short cervix causes preterm birth or is a consequence of a different
pathophysiology is difficult to determine in individual patients. When a cerclage is not
successful, it suggests either (1) the cerclage did not provide adequate support or (2) the
cause was unrelated to cervical dysfunction. The most common pathophysiology associated
with cervical shortening is infection and inflammation. Among women with clinically
diagnosed cervical insufficiency (defined as cervical dilation = 1.5 cm), the risk of
intrauterine infection is 8 — 51%.20: 21 Among women with a short cervix, the levels of
inflammatory cytokines (i.e. MMP-8, IL-6) are increased.22-24 In addition, the risk of
adverse pregnancy outcomes are increased when cervical dysfunction and intrauterine
infection/inflammation are present.20 21, 23,24

Although infection and inflammation may be present in cases of cervical dysfunction, it is
difficult to know the natural history of ascending infection in pregnancy. It is possible that
ascending infection leads to subsequent cervical shortening/insufficiency. It is also possible
that infection occurs as a consequence of a short cervix. If ascending infection is a
consequence of a short cervix, a therapy that prevents cervical shortening could help prevent
ascending infection. A hypothesis of this research is that, in some cases, a short cervix leads
to an impaired cervical barrier to infection. We advocate for the importance of a detailed
study of cervical biomechanics of cervical shortening, which could reveal interventions that
provide better support for the cervix compared with present therapies. Improved
interventions for the cervix could not only treat cases of cervical insufficiency but also
prevent ascending infection in cases where a short cervix is the cause.
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Preventing cervical shortening — insights from biomechanical modeling

Although a short cervix plays a central role in the management of women at risk for preterm
birth, a detailed understanding of the deformation mechanisms leading to a short cervix is
lacking.* 25 Insight into the key variables that influence cervical deformation can be gained
from biomechanical modeling.2: 27 Studies of cervical biomechanics demonstrate that
cervical shortening is a complex biomechanical problem influenced by multiple variables
including anatomical geometry, cervical loading and cervical material properties.26: 27 In
particular, it is known that the cervical material properties soften during the course of
pregnancy28 and excessive cervical softening likely leads to preterm shortening and dilation.
The central hypothesis our work is that a treatment that improves the functional performance
of the cervical tissue could prevent cervical shortening and hence preterm birth. This
concept is demonstrated in an initial biomechanical simulation model showing improving
stromal properties reduces the amount of cervical stretching at the internal os (Figure 1). As
a first attempt to test this hypothesis, we developed a prototype, injectable, silk-based gel to
be used for cervical tissue augmentation.29-31

Injectable cerclage

Silk fibroin is a fibrous protein that is naturally derived and displays remarkable mechanical
properties, chemical flexibility and biocompatibility.32 Purified silk protein can be processed
into biodegradable gels with tunable mechanical properties, which are important features for
a treatment for pregnancy.32 The physical properties of silk biomaterials can be further
modified by blending with other materials to meet functional demands and can therefore suit
a wide range of biomedical applications.34-36 In a recent report, Brown and colleagues
studied a range of injectable silk-based materials for cervical augmentation.3! In this study,
purified silk protein solutions were crosslinked by an enzyme catalyzed reaction to form
elastic biomaterials, which were formulated to match the intrinsic properties of cervical
tissue during pregnancy.3! From 108 different silk biomaterial formulations that were
screened for mechanical properties in pregnant and non-pregnant tissue, two optimized
formulations were further evaluated for biocompatibility, facile injection and in vitro
degradation. In vitro degradation of these formulations was studied using concentrated
protease solution, which showed tunable control of degradation rate based on the hydrogel
formulation. In addition, cervical fibroblasts cultured on these biomaterials were
proliferative and metabolically active. Furthermore, in vitro injection of human cervical
tissue required low injection force and showed that tissue volume could be increased without
significant influence on cervical stiffness. These elastic silk gels are a promising initial
prototype for augmentation of cervical tissue during pregnancy.3?

Preliminary animal study

Biocompatibility and feasibility of cervical injections were studied in timed-pregnant New
Zealand White rabbits, which is an accepted animal model to study biochemical changes of
the cervix during pregnancy.37-39 Sterile, sonicated silk was prepared as previously
described.30 Injections were performed via a midline laparotomy approach according to an
IACUC approved protocol. Cervical injections were performed on gestational day 15. A
laparotomy was performed and the vagina was brought to the abdomen. The wall of the
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vagina was incised to allow direct visualization of the two cervices. Using a 20 gauge
needle, approximately 0.5 mL of sonicated silk hydrogel was injected into the cervical
stroma (Figure 2A and 2B). Outcomes were compared to 4-0 Mersilene suture (Figure 2C),
which was chosen as a control because it is a common non-absorbable suture used for
cervical cerclage. After the cervical procedure, the vagina and abdomen were closed.
Cervical treatments were well tolerated; no preterm birth was seen. Silk gel was grossly
visualized within the cervical tissue both after injection and at sacrifice, which occurred at
day 27 (Figure 2B and 2D). Histology revealed multifocal deposits of silk gel surrounded by
a thin wall of macrophages, lymphocytes, plasma cells, eosinophils, and occasional
multinucleated giant cells. A similar response was seen around the suture control (Figure 2E
and 2F). The histological changes appear consistent with a mild foreign body response.
These preliminary results in a limited number of animals demonstrate that cervical injections
were well tolerated by pregnant rabbits. However, data regarding biodegradation or labor
outcomes /n vivo are currently lacking and will be assessed in future studies.

PATIENT SPECIFIC PESSARY

Arabin pessary

The cervical pessary is a flexible silicone device known since 1959 when it was used in
women with recurrent miscarriage.*? The exact mechanism of the cervical pessary remains
unknown, yet it has been hypothesized that the pessary relieves the pressure on the internal
cervical os by changing the position of the cervical canal and distributing the weight of the
uterus and fetus.?! Hence, the pessary may have the potential to prevent premature
shortening and dilatation of the cervix, and premature rupture of the membranes. Another
proposed mechanism is that the pessary might support the immunological barrier between
chorioamnion-extraovular space and the vaginal microbiological flora.#2 However, the
clinical effect of a cervical pessary in the prevention of preterm birth in both singleton and

multifetal pregnancies remains unclear since conflicting results have been published so
far 4246

A preliminary biomechanical computational analysis of the pessary demonstrates the device
applies contact forces on the outer surface of the cervix to close the cervical canal.*’ This
application results in a complex and heterogeneous loading of the cervix that ultimately
reduces the amount of tissue stretching at the internal os and increases the amount of tissue
compression at the outer surface.#’ In other words, the pessary squeezes the cervix to force
closure of the canal. The squeezing action causes tissue compression, and the magnitude of
tissue compression depends on the mismatch of pessary and cervix diameters. The biological
and functional consequences of this change in tissue loading remain to be determined.
Additionally, a biomechanical analysis of multiple cervical canal angle scenarios
demonstrates that when the cervical canal is perfectly aligned with the longitudinal uterine
axis the mechanical load is better distributed and the tissue stretching at the internal os is at
its minimum. Conversely, if the cervical angle is moved posterior, away from the uterine
axis, the amount of tissue stretching at the internal os increases with no sizable reduction of
pressure on the cervix (Figure 1).48
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Patient specific pessary

A patient-specific cervical pessary may prevent preterm birth by a similar mechanism to the
Arabin pessary, with additional advantages. The basis of a patient-specific pessary is a
custom-fit device to maternal anatomy to ensure a reduction of contact pressure on the outer
cervix and a reduction of tissue stretching at the internal os by cervical canal alignment with
the uterine axis (Figure 1).48 Every pregnancy can have a vastly different anatomy,*° leading
to drastically different mechanical loading patterns on the lower uterine segment, fetal
membranes, and internal os of the cervix.*® The Arabin pessary currently comes in 9
standard sizes, which may not be an exact fit for all patients, resulting in a pessary that is too
loose, tight, short, or tall, leading to discomfort and misplacement of load support. With the
acceleration of additive manufacturing processes for flexible surgical-grade materials® and
computational models of the biomechanical environment of pregnancy,*® a custom-fit
pessary device that beneficially distributes the mechanical load is feasible.

As mentioned previously, the length of the cervix is proportional to one’s risk of preterm
birth.6 Two recent studies investigating cervical angle correlation to PTB showed conflicting
results. One study found that an extreme posterior angle is associated with PTB,%1 while the
other did not find any correlation.>2 The discrepancy in these clinical studies highlights the
fact that the mechanisms causing cervical shortening and subsequent preterm birth is
multifactorial. A recent biomechanical computational study exploring cervical anatomical
and stroma material properties found the largest amount of cervical tissue stretching is found
for a soft cervix (i.e. a cervix that has gone through biochemical remodeling) and an acute
posterior cervical canal angle (Figure 1).48 Changing the acute angle alone, such that the
cervical canal aligns with the uterine longitudinal axis, gives an 8.8% relative reduction in
cervical tissue stretching. Changing the stromal material properties alone, such that the
cervix is made of a stiffer material, gives a 67% relative reduction in cervical tissue
stretching. Changing both the cervical canal angle and the stroma material properties gives a
70% relative reduction in cervical tissue stretching. These computational results suggest a
multifactorial approach may be effective to reducing the amount of cervical tissue
deformation and stretching and highlight the multifactorial nature of the biomechanical
environment of the cervix.

How to design a patient specific pessary

A patient-specific pessary can be designed by obtaining a patient’s anatomy via
transabdominal and transvaginal ultrasound and creating a complementary device that
appropriately tilts the cervix in the correct direction and fits onto the outer cervix to
compress the cervical canal with minimal contact pressure. A custom-fit device requires
material anatomy dimensions such as the cervical length, anterior uterocervical angle,
external cervical diameter, and height of the vaginal canal. A custom pessary should have:
(1) an inner diameter that matches the outer diameter of the patient, with an inner diameter
lip that has a surface area reaching down the cervical length to reduce contact pressure and
(2) a device height that accounts for vaginal canal dimensions and cervical canal angle such
that the device can align the cervix with the uterus and the device can reach as close to the
internal os as possible. The device can then be validated by running a computational
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simulation of the device geometry placed within a computer model of the patient’s anatomy
to verify that it will truly reduce the mechanical loading on the cervix.

CONCLUSION AND FUTURE DIRECTIONS

Greater understanding of the molecular, biochemical and biomechanical function of the
cervix will enhance our understanding of the physiological process of cervical function in
term and preterm delivery. This multidisciplinary approach opens the field for novel
interventions, such as the injectable cerclage and personalized pessary, which aim to
interfere with the underlying mechanism of premature cervical softening, shortening and
dilation.* For these preventive interventions to be useful in clinical care, a clear diagnosis of
cervical dysfunction/insufficiency is critical to identify patients at risk for spontaneous
preterm birth. Yet, due to the lack of objective findings and criteria for the diagnosis of
cervical insufficiency, the identification of women with a dysfunctional cervix remains a
challenging task for care givers. This challenge reflects the complexity of preterm birth in
which multiple pathways seem to be involved. Multidisciplinary collaboration involving
clinicians, biologists and engineers, could promote a better understanding of the mechanisms
underlying cervical dysfunction leading to preterm birth. In addition, a multidisciplinary
approach to the dilemma of preterm birth could lead to novel interventions that could be
used in the prevention of preterm birth.
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Figure 1. Computer simulation results of improving cervical stroma material and cervical angle
The increase in stromal material stiffness and the alignment of the cervical canal with the

uterine axis reduces the amount of tissue stretching at the internal os. Percentages indicate
the volume ratio of the internal os that is above 8% tensile strain under intrauterine pressure
of 8.67kPA. Details of the finite element model are found in Westervelt et al., 2017.48 A soft
and stiff cervix are assigned collagen fiber moduli of 1.71kPa and 769kPa, respectively.
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(A) Before injection (B) After injection (C) Cervical suture
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Figure 2. Cervical augmentation with silk
(A) Two separate cervices in rabbit before injection; (B) Silk immediately after injection,

gestational day 15; (C) Cervical 4-0 Mersilene suture; (D) Injected silk after sacrifice,
gestational day 27; (E) Mild foreign body inflammatory response to silk biomaterial; (F)
Mild foreign body inflammatory response to 4-0 Mersilene suture.
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