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Abstract

The molecular changes that occur with cervical remodelling during pregnancy are not completely
understood. This paper reviews Raman spectroscopy, an optical technique for detecting changes in
the pregnant cervix, and reports preliminary studies on cervical remodelling in mice that suggest
that the technique provides advantages over other methods. Conclusion: Raman spectroscopy is
sensitive to biochemical changes in the pregnant cervix and has high potential as a tool for
detecting premature cervical remodelling in pregnant women.

Keywords
cervix; pregnancy; parturition; preterm birth; cervical remodelling

Preterm birth (PTB), defined as delivery before 37 weeks of gestation, occurs in
approximately 12% of pregnancies in the United States and is the leading cause of infant
mortality and (1-3). Temporary and long-term morbidity of the infant can result, costing an
estimated $26 billion each year in the US (1). Preterm birth is traditionally classified into
two groups: indicated preterm birth and spontaneous preterm birth. The former is induced
labour or caesarean section, initiated by the patient's healthcare provider due to
complications in the mother or fetus, and the latter occurs spontaneously with over half of
the cases having an unknown cause, which is the syndrome focused on in this paper (4).
Poor understanding of cervical remodelling in preparation for labour and delivery is a
contributory factor to the unacceptably high rates of spontaneous preterm birth over the past
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30 years. However, the preterm birth rate has shown small and steady decreases since 2007
in the United States (5-8).

Current clinical practice for assessing preterm birth risk begins by completing a detailed
medical history to account for risk factors such as previous preterm birth. Transvaginal
ultrasound measurements of the cervix have demonstrated that a short cervix (less than
25mm prior to 24 weeks of gestation) is correlated with an increased risk for preterm birth
(9). Patients with a history of preterm birth are recommended to have transvaginal
ultrasound measurements every two weeks from 16 to 23 weeks of gestation (10). If a short
cervix is identified, cervical cerclage (sewing the cervix closed), or prescribing progesterone
may be recommended based on the patient's history and current situation (10, 11). Such
interventions based upon cervical length measures have significantly reduced preterm birth
and perinatal death rates. These measurements have also demonstrated that cervical
shortening occurs weeks to months before subsequent preterm birth, suggesting that the
cervix might be a prime source of important early information about preterm birth risk.
Clinicians need tools that can quantitatively and objectively obtain biochemical information
from the cervix, so that they can assess the risk of premature remodelling to have adequate
time to intervene. In vivo Raman spectroscopy has the potential to provide such a tool.
Preliminary findings highlighted in this paper demonstrate the ability of this technique to
detect biochemical changes in the pregnant mouse cervix over the course of gestation and
identify features that signify impending parturition.

Novel methods to evaluate the pregnant cervix

Clinical methods that have been explored as ways to estimate risk for preterm birth include
cervical length by ultrasound, cervical Bishop score, fetal fibronectin screening, measuring
salivary estriol levels and monitoring uterine contractions (9, 12-15). Of all these methods,
cervical length measures have demonstrated the highest accuracy for predicting preterm
delivery. However, reports vary considerably across different studies (16). Furthermore,
none of these methods provide biochemical information that could be vital in characterising
the microstructural and molecular processes that govern cervical remodelling and determine
the aetiology of preterm labour.

In addition to exploring Raman spectroscopy as a method of monitoring cervical change,
researchers have identified other technology that can evaluate the cervix to accurately
predict preterm birth. These methods employ optical, ultrasonic and electrical phenomena to
noninvasively interrogate state of the cervical tissue (Table 1). An in-depth review of these
methods can be found in Feltovich et al (5).

Electrical Methods

Electrical methods have classically been utilised for investigating myometrial contractions,
but the assessment of fundamental electrical properties are now being applied to help
understand the pregnant cervix. Electrical impedance is a measure of the resistance to
electrical flow and is specific to the material being evaluated. This property was measured in
the cervix of pregnant women and a correlation was found between the electrical impedance
and cervical hydration state (17). While this is a promising method to measure cervical
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hydration, it is limited in its ability to monitor other biochemical and structural changes
occurring in the cervix during pregnancy.

Acoustic Methods

Ultrasound is a well established clinical technique traditionally used to track the progress of
fetal development and quantify the progression of pregnancy. Multiple research groups are
developing techniques that aim to capture new information using ultrasound. For example,
signal attenuation in transvaginal ultrasound images of the cervix has been shown to
correlate with cervical hydration level, exploiting the increasing hydration of cervical tissue
in preparation for parturition (18). And backscattered power loss, a variation of ultrasound,
measures acoustic scatterers, such as collagen, from different steering angles and the
detected signal can provide information regarding the alignment of scatterers within the
sample. This method has demonstrated that preferential alignment, presumably of collagen,
is present in the cervix and that it may be able to detect slight alterations in collagen
alignment associated with cervical remodeling (19).

Finally, ultrasound-based elastography probes the mechanical properties of tissue by
comparing images acquired before and during deformation to estimate stiffness of the tissue
(20). Studies comparing induction patients revealed that those patients who had successful
induction had a significantly higher elasticity index, indicating softer tissue, than patients
with unsuccessful induction (20). While ultrasound provides valuable structural information
about the pregnant cervix, these methods have limited spatial resolution and cannot elucidate
the biochemical and molecular dynamics that might provide insight into the parturition
process.

Mechanical Methods

Direct mechanical testing of the pregnant cervix has been conducted using two main
methods. Researchers have developed an aspiration device that estimates cervical stiffness
by measuring the pressure required to displace cervical tissue by a preset amount and results
from this work have demonstrated the ability to detect decreasing levels of stiffness over the
course of pregnancy (21). Other groups have developed cervical dilators that measure
cervical resistance index, which is the force required to dilate the cervix by a total of 8mm
(22). Significant differences in cervical resistance index, between non-pregnant patients
without abnormal obstetric history and non-pregnant patients with history of spontaneous
mid-trimester abortions have been reported.

Some investigators have developed mathematical models to specifically understand the
mechanical changes that occur in the in vivo cervix during pregnancy and parturition. These
models could potentially use indirect measures of mechanical properties collected from
other optical, acoustic, electrical and mechanical methods to model the changes that occur
during pregnancy. Such models could allow individual patient parameters to be used to
predict patient outcome and assess risk of preterm birth (23, 24). These methods offer
important biomechanical information, but cannot be used to monitor molecular changes that
may help to determine new information regarding the cervical remodelling process.
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Optical Methods

Three primary methods have been explored to study preterm birth using optical techniques.
The collascope, a device that excites collagen and measures light-induced fluorescence, can
monitor the state of collagen in the cervix during pregnancy (25). Collagen is a natively
fluorescent protein, with insoluble collagen having higher fluorescent intensity than soluble
collagen. Because collagen solubility increases as the cervix ripens, the intensity of light-
induced fluorescence changes with advancing gestation (25-27). This technique has been
applied in mice as well as humans and results have shown that fluorescence intensity
decreases as parturition approaches (25-27).

In addition to being an intrinsically fluorescent protein, collagen type 1 is capable of second
harmonic generation and can produce a strong signal with very little background if excited
at the appropriate wavelengths. This technique has been used to study the cervix of pregnant
mice in vivo and has been demonstrated in ex vivo human cervical samples. It is capable of
producing high resolution images of cervical collagen and the results have verified that the
collagen networks in the cervix become increasingly disorganised with advancing gestation
(28, 29).

Near-infrared spectroscopy has been used to monitor haemoglobin, water and optical
scatterers in the pregnant cervix, by measuring the diffuse reflectance of light at various
near-infrared wavelengths. From these measurements, the researchers calculate the optical
properties that can be used to estimate concentrations of biological absorbers, such as
haemoglobin and water, and determine the relative density of structural interfaces
encountered such as cells and collagen (30, 31). Preliminary studies found increasing values
for light scattering and haemoglobin over the course of pregnancy and observed an increase
in cervical hydration during cervical ripening with misoprostol (30, 31). These methods
highlight the strength of optical techniques for capturing both biochemical and structural
information from the pregnant cervix.

While each method described offers important pieces of information regarding cervical
remodeling, such as tissue hydration, collagen structure or tissue stiffness, none of these
methods can provide information on all three components, as displayed in Table 1. Raman
spectroscopy applied to the in vivo cervix has the ability to address each of these areas
simultaneously.

Biomedical applications using Raman spectroscopy

Raman spectroscopy is an optical technique based on the Raman effect, defined by an
exchange of energy between incident photons and scattering molecules. This technique
yields sample-specific molecular fingerprints, from which the sample composition and, in
some cases structure, can be ascertained. When an incident photon collides with a molecule
with a specific vibrational mode, energy may be transferred from the molecule to the photon
or vice versa. Energy differences resulting from the changing vibrational modes are found in
the scattered photons. Therefore, a Raman spectrum consists of peaks which correspond to
the different vibrational modes of scattered molecules (Figure 2a). In general, these peaks
are spectrally narrow and correlate with defined molecules. The peaks of a Raman spectrum
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are usually associated with certain bonds in specific molecules and can be used to determine
a sample's biochemical composition.

Raman spectroscopy has been used for decades to detect disease and cancer-specific signals
in various organs and soft tissues such as the cervix, as discussed in the next section, bladder
(32, 33), oesophagus (34, 35), skin (36, 37), breast (38) and gastrointestinal tract (39). The
spectral changes between normal and cancerous areas are usually due to an increase in
cellular nucleic acid content and other molecules in the environment of the tumour, such as
glycogen and collagen. Those studies interrogated both in vitro samples and in vivo animal
models and human subjects with a wide variety of success.

Raman spectroscopy has been used to measure the composition and mechanical properties
of healthy and diseased bone (40). When studying bone, measures such as mineral-to-matrix
ratio and collagen quality are used to correlate tissue biochemistry to biomechanical
properties. These calculated values are being investigated as sensitive predictors of bone
fracture risk for osteoporosis patients. Raman spectroscopy has also proven useful for
detecting early signs of tooth decay, due to differences in phosphate peaks within Raman
spectra compared to X-rays, and will potentially lead to early intervention, decreased cavity
rates and dental expenses (41).

Finally, Raman spectra can be collected and analysed in real-time. As such, Raman
spectroscopy is valuable for disease detection in clinic and hospital settings to detect
disease. Raman spectroscopy has been used in combination with endoscopy to diagnose
abnormal or malignant areas of the gastrointestinal tract with high sensitivity and specificity
(42), so that affected areas can be diagnosed and then removed during endoscopy, without
the need for additional surgery. Patients undergoing routine cervical cancer screening can be
given a diagnosis at the time of their visit, which could allow patients to be treated on the
same day as their evaluation (43). Together, these studies demonstrate the potential use of
Raman spectroscopy as a see-and-treat optical method for real-time detection of disease and
guiding patient care.

Raman spectroscopy for detection of cervical disease

A number of molecules that are important for softening and remodelling the cervix during
pregnancy can be distinguished by their individual Raman spectrum. Some of these
biochemical components include collagen, water content, glycogen, elastin and even specific
amino acids, such as phenylalanine, which can all be detected using Raman spectroscopy
(44-47). The sensitivity of Raman spectroscopy has been used previously by many research
groups, including ours, to detect changes in the cervix associated with dysplasia, hormonal
changes, and infection with different strains of the human papilloma virus (HPV). Many
groups have studied the use of Raman spectroscopy to effectively detect cervical dysplasia
in both in vitro and in vivo samples (48-50).

We recently demonstrated that Raman spectroscopy can be used to detect changes in cervix
biochemistry (Figure 1a) (44, 51). Raman spectroscopy has been used to detect cervical
precancerous lesions in vivo, distinguishing between normal, inflammation, low-grade
dysplasia and high-grade dysplasia areas with classification accuracy rates of over 97%.
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Such high classification rates only occurred after normal changes in hormonal levels were
taken into consideration, demonstrating that Raman spectra are influenced by hormones,
permanent effects of pregnancy and delivery and malignancy-associated changes (43).

Raman spectroscopy has also been used to detect strains of HPV, an infection that is
correlated with nearly all cases of cervical cancer (50, 52). Spectral analysis has been
performed on cultured cells, such as primary human keratinocytes, CaSki, HelLa, SiHa and
C33A cells, as well as ex vivo cervical cells from patients who were screened for HPV
infection at VVanderbilt University. Classification accuracies from 89% to 100% for the
cultured cells and 98.5% for the patient samples were found using discrimination
algorithms, such as principal component analysis and sparse multinomial logistic regression
(50, 52).

The success of these studies in the cervix and other biological applications demonstrate that
Raman spectroscopy is a sensitive tool that can be used to detect changes in specific
biochemical components in tissues and cells. Findings from our lab and other research
groups have laid the foundation for the development of Raman spectroscopy as a tool for
detecting biochemical changes occurring in the cervix during pregnancy.

Raman spectroscopy as a tool to investigate cervical remodelling during

pregnancy

The cervix must transform from a stiff, rigid structure into a soft, distensible passageway for
successful delivery of a fetus (53). The mechanisms that lead to this transformation are not
fully understood, particularly in patients who experience spontaneous preterm birth. Known
biochemical constituents that undergo dramatic changes include an increase in cervical
hydration, hydrophilic glycosaminoglycans, collagen solubility, prostaglandin release and
inflammatory cells (Figure 1b) (54). These changes, among others, result in reduced tensile
strength and increased elasticity of the cervix, which lead to the successful passage of the
fetus.

Raman spectroscopy is sensitive to tissue hydration, collagen content and structure, cell
density, lipids, proteins and some individual amino acids (44-47). To establish the feasibility
of using this method for detecting biochemical changes in the cervix during pregnancy, a
pilot study was conducted in mice (55). In vivo Raman spectra were acquired from
nongravid and pregnant wild type mice at multiple time points during pregnancy (full term =
19 days), as well as post-partum one day after delivery. Measurements were made using a
custom fibre optic probe that was gently inserted into the vagina and pressed against the
cervix of anesthetised mice. Figure 2a illustrates the Raman spectra obtained from the in
vivo mouse cervix over the 19-day mouse gestational cycle (55). In nongravid mice, subtle
spectral changes were found to differ between phases of the oestrous cycle (55).

Biomechanical tests were performed on excised cervical tissues of the same mice at different
gestational ages to determine whether any Raman peaks correlated with mechanical
properties as a function of gestational age. One important trend observed was the decrease in
intensity at 1308 cm™1, a peak indicative of lipids (Figure 2b), that correlates well with
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decreasing tensile strength and increasing cervical distensibility (Figure 2c¢) as parturition
nears (55). In addition, as the cervix collagen matrix becomes solubilised with advancing
gestational age (Figure 1b), the full-width at half maximum value at the 1650 cm™! peak
increases, as shown in Figure 2a (55). These changes, as measured using the Raman
spectroscopy, indicate that this technique can indirectly probe the mechanical properties of
the in vivo pregnant cervix.

The late stages of cervical remodelling were characterised by acquisition of the Raman
spectra from term gestation mice on day 19, starting approximately 12 hours before the time
of expected delivery and then every two hours until delivery. As delivery approached,
Raman spectra exhibited decreasing intensities in the 1300 cm -1 lipid peak depicted in
Figure 3a, as well as the 1440 cm -1 lipid bond and Amide I and 111 bonds (1660 cm and
1265 cm™L, respectively) (not shown). Such changes did not occur at earlier time points
during pregnancy, as can be observed in measurements taken from day 15 mice (Figure 3b).
This shift illustrates the value of Raman spectroscopy for prediction of impending delivery
(Figure 3a).

In summary, Raman spectroscopy is a powerful, non-invasive method that has the potential
to quantitatively measure a number of biochemical components and properties, such as
collagen cross-linking, tissue hydration and tissue elasticity, that can be correlated with
cervical remodeling that occurs with pregnancy. While employing multiple methods to
evaluate the pregnant cervix is advisable, the preliminary results discussed here demonstrate
that Raman spectroscopy is a technique that can combine many of the previous methods and
has high potential to make an important clinical impact. The main advantage of this
approach is the clinical applicability of Raman spectroscopy as has been demonstrated in
cervical dysplasia. Using a clinical Raman system, we have initiated studies in human
subjects to both monitor the dynamic biochemical changes that occur in the cervix
throughout pregnancy and determine the predictive capability of this technique for
translation into clinical use.
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Figure 1.
(A) Invivo Raman spectroscopy of the cervix. (B) Trichrome stains of the preghant mouse

cervix at early (d4) and late gestation (d19); collagen is densely packed at the beginning and
reorganizes in preparation for delivery.
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Figure 2.
(A) Raman spectra of the in vivo mouse cervix over the course of gestation (gray regions

p<0.1). (B) Change in Raman spectral intensity at 1308 cm™ (n=5 per time point). (C)
Cervical stiffness, measured from stress-strain curves (*p<0.01, n=5 per time point). Raman
spectroscopy for this peak and cervical compliance are in strong agreement. Adapted with
permission from ref. 51.

Acta Paediatr. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

O'Brien et al.

>

Normalized Mean Intensity (a. u.)

Page 14

Lipids 1300 cm’ B Control Peak Intensities
S 10
4.9 1 S 1003 peak
8
’% M 1265 peak
o
3.9 1 E 6 1302 peak
{ o=t
g 4 1440 peak
. Sl W oW oMW
’ ® 2 X 1660 peak
g ¢ ¥ & ¥ ¥ X1740peak
1.9 A r - Eo
1285 1300 1315 z 0 2 4 6 8
Raman Shift (cm™) Time (hours)
Figure 3.

(A) Raman peak at 1300 cm! indicative of lipids from d19 mice (n=5) monitored every two
hours, starting 12 hours prior to delivery. (B) Six Raman peaks plotted from d15 mice (n=5,

representative plot) monitored every two hours for a total of eight hours; intensities are
stable over time.
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Developing technologies for analysis of the pregnant cervix

Table 1

Technique Collagen structure? | Tissue hydration? | Tissue elasticity/stiffness?
Acoustic Attenuation v

Electrical Impedance v

Elastography v
Light-induced fluorescence v

Second harmonic generation v

Near-infrared spectroscopy v

Backscattered power loss v

Mechanical testing v

Raman spectroscopy v v v
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