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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Objective 

The goal of this doctoral research project is to develop a method to aid in monitoring the 

health status of the cervix in pregnant women for guiding patient care. This work used in vivo 

Raman spectroscopy to measure biochemical changes that occur in the cervix as it prepares for 

delivery and during post-partum repair. 

 

1.2 Specific aims 

 The leading cause of infant morbidity and mortality is preterm birth (PTB), defined as a 

birth before 37 weeks of gestation. An estimated 15 million PTBs occur globally every year, 

which costs the United States alone approximately $26 billion. Current methods for predicting 

PTB have a maximum accuracy of 50% even when multiple tests are combined. These poor 

outcomes are ultimately due to an incomplete understanding of the cascade of events leading to 

labor and parturition. 

 All cases of spontaneous PTB, regardless of etiology, require cervical ripening for 

vaginal delivery of a fetus. Despite its critical role, cervical remodeling during pregnancy and 

labor is not well understood. Prior work has established that cervical remodeling occurs weeks 

prior to uterine contractions, and therefore may be an ideal target for investigation of early 

physiologic events in the labor process.   
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 Alterations in cervical biochemistry must precede the vast mechanical changes (cervical 

thinning and dilation) that occur during parturition. Known biochemical constituents that 

significantly change include (but are not limited to) collagen, hydrophilic glycosaminoglycans, 

prostaglandins, and hydration level, resulting in decreased tensile strength and increased 

elasticity of the cervix; however, the exact mechanisms of how these molecular alterations affect 

mechanical properties is currently unknown. A tool that could non-invasively, longitudinally 

evaluate cervical remodeling on a molecular level could aid in a deeper understanding of the 

mechanisms involved in cervical maturation and consequently identify early indicators of PTB. 

 To address this need, we use Raman Spectroscopy (RS), an inelastic light scattering 

method that is capable of non-invasively extracting a biochemical fingerprint of in vivo cervical 

tissue. Raman spectra are sensitive to tissue hydration, collagen content and structure, lipids, 

proteins, and individual amino acids such as phenylalanine, all of which are known to be 

important factors in the cervical remodeling process. 

 We hypothesize that Raman spectroscopy can provide new information about cervical 

maturation by longitudinally probing dynamic biochemical changes within the in vivo pregnant 

cervix. The following aims were proposed to address this hypothesis: 

Specific Aim 1: Evaluate Raman spectral signatures from normal pregnant patients during 

pregnancy. a) Pregnant patients classified as normal were recruited. A fiber optic probe-based 

RS system was used to acquire spectra from patients during their prenatal visits. A statistical 

model was developed to analyze the Raman spectral changes as a function of gestational age, 

with the goal of characterizing Raman spectral changes during pregnancy.  

b) Pregnant patients that were admitted to the Labor and Delivery Unit at Vanderbilt University 

Medical Center for scheduled labor induction were recruited.  Raman spectra were measured 
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from the cervix every four hours until the fetal membranes ruptured or the patient or provider 

determined measurements should not be continued. At each time point that Raman spectra were 

acquired, cervical length via ultrasound and Bishop score was measured. These measures were 

correlated with Raman spectra, and a statistical model was used to analyze spectral changes over 

the course of labor. 

Specific Aim 2: Characterize the contributions of individual biochemicals on Raman spectra 

from the in vivo pregnant cervix. Raman spectra of the main biochemical components known to 

makeup cervical tissue were measured in their pure form. A linear least squares model was 

developed to estimate the contribution each biochemical component has on spectra acquired 

from in vivo cervix tissue. It was applied to spectra measured from pregnant human and mouse 

cervices acquired in Aims 1 & 3 to determine how the biochemical contributions of each 

substance changes during pregnancy. 

Specific Aim 3: Identify Raman spectral differences between wild type and abnormal pregnancy 

mouse models and correlate results to extracellular matrix remodeling and mechanical properties. 

Raman spectra of wild type mice were acquired throughout gestation. We then evaluated 

complementary mouse models with abnormal parturition phenotypes: induced preterm labor 

(lipopolysaccharide (LPS) injection and mifepristone injection), and delayed parturition 

(cyclooxygenase-1 null). Biochemical and structural properties for each mouse model were 

examined by biomechanical testing and standard collagen assays, and results were correlated 

with Raman spectral data.  

The overarching goal of this proposal was to use Raman spectroscopy to further our 

understanding of cervical remodeling during pregnancy. This technique has the unique ability to 

measure biochemical information non-invasively, over the course of pregnancy and labor. RS 
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has the potential to unveil information that has not been detectable with previous methods. New 

knowledge about this elusive process could allow for more targeted diagnostic and therapeutic 

strategies for handling preterm birth, and ultimately reduce the unacceptably high rates of infant 

morbidity and mortality.  

 

1.3 Summary of chapters 

Following the introductory chapter, Chapter 2 contains relevant background information 

on the biology and anatomy of the cervix, known physiology governing cervical remodeling 

during pregnancy and post-partum repair, review of current clinical and research tools under 

development for cervical assessment during pregnancy1, and a review of the theory, 

instrumentation, and prior biomedical applications of in vivo Raman spectroscopy. 

Chapter 3 presents the use of Raman spectroscopy to measure cervical remodeling in a 

mouse model of delayed parturition, Cox-1 null mice2. In vivo Raman spectra are compared to ex 

vivo assays including biomechanical testing, collagen, progesterone, and hydration assays, as 

well as correlations between in vivo Raman spectra and ex vivo mechanical results. This work 

demonstrates the use of Raman spectroscopy as a research tool for improved understanding of 

how the cervix remodels in normal and abnormal mouse models of pregnancy. 

In Chapter 4, the first report of using in vivo Raman spectroscopy for monitoring cervical 

remodeling in pregnant women is presented. Sixty-eight women were measured longitudinally 

throughout prenatal care and post-partum, and specialized statistical analysis methods were 

developed for visualization and analysis of the high dimensional data set. Biochemical 

contributors to the Raman signal were tracked over time, and the impact of patient variables such 

as prior pregnancy and body mass index were investigated. 
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Chapter 5 describes the development of an optical probe that can be used to measure the 

cervix of pregnant patients without the need for a speculum. In our previous work measuring 

cervical remodeling in patients, we noted that the speculum examinations that were performed 

for cervical visualization and subsequent Raman probe placement are often uncomfortable and 

sometimes painful for patients, particularly during pregnancy when the lower reproductive tract 

is under additional load from the fetus. Furthermore, Obstetrics providers do not commonly 

perform speculum examination in this population, and the incorporation of a speculum exam into 

obstetric care adds time and complexity to their workflow. Thus, the newly built device is 

designed to be inserted via digital examination in conjunction with standard cervical checks, 

minimizing added time and discomfort for the patient and provider by integrating Raman 

measurements with standard Obstetrics care. 

Chapter 6 presents the results from Raman spectral measurement of the cervix in laboring 

patients. Sixteen patients were enrolled and measured every two to four hours during labor prior 

to rupture of membranes. Changes in Raman spectra were tracked as a function of hours until 

delivery using generalized linear models.  

Chapter 7 summarizes and integrates the work presented in this dissertation, presents 

recommendations for future research and clinical translation endeavors, and describes the 

contributions of this work to science and society.  

Appendix I presents a work in progress of Raman spectroscopy investigation of two 

mouse models of preterm birth: inflammation induced with LPS, and progesterone withdrawal 

induced with mifepristone. The appendix includes results to date and recommendations for 

completion of this project.  

Appendix II includes supplementary figures from chapter 3.  
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CHAPTER 2 

 

BACKGROUND 

 

Text partially adapted from:  

CM O'Brien, E Vargis, BC Paria, KA Bennett, A Mahadevan-Jansen, and J Reese. "Raman 
spectroscopy provides a noninvasive approach for determining biochemical composition of the 
pregnant cervix in vivo." Acta Paediatrica 103.7 (2014): 715-721. 
 
 
 

2.1 The problem: preterm birth 

Fifteen million babies were born prematurely in 2010, of which, 3.1 million died as a 

result of preterm birth as shown in Figure 2.1 3. As of 2013, a tenth of all babies born in the 

United States were premature4. For those babies that survive, PTB causes a myriad of short-term 

and long-term morbidities, including underdeveloped lungs, brain, and gastrointestinal tract, and 

elevated risk for infection. In fact, PTB, low birth weight, and infant respiratory distress 

syndrome account for the most expensive hospital costs and longest length of stay compared to 

all other diagnoses including cancer 5, and contribute to the $26 billion spent on PTB-related 

medical costs annually in the United States 6. 
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Figure 2.1. Causes of the estimated 3.1 million neonatal deaths in 2010. Of note, preterm birth is 
a direct cause of 35 % of all neonatal deaths. Ref. 3. 
 
 

 
The human fetus needs at least 39 weeks to complete development and be ready to live 

without medical assistance outside of the womb; therefore, prolonging gestation to term (39 

weeks) is important to ensure health of the fetus. The American Congress of Obstetricians and 

Gynecologists recently changed the definition of term from 37 weeks to 39 weeks gestation, and 

have new classifications for “late preterm” (34-36 6/7 weeks) and “early term” (37-39 weeks) 7. 

Preterm birth syndrome is traditionally classified into two groups:  indicated and spontaneous 

preterm birth. Indicated preterm birth is initiated by the patient’s healthcare provider due to 

complications in the mother or fetus. This proposal focuses on spontaneous preterm birth 

(sPTB), which is an unexpected, spontaneous delivery. Over half of all sPTB cases have 

unknown causes 8.  

A variety of risk factors for PTB have been identified, including previous preterm birth, non-

white race, poor nutrition, drug use, and many others 9,10. Cervical insufficiency is an additional 

risk factor in which the cervix cannot withstand forces of pregnancy and ripens prematurely. 
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Although a plethora of risk factors exist for PTB, over half of sPTB cases do not fall within any 

specific high-risk category, making the management of this syndrome difficult 11.  

The physician’s goals in managing a patient with symptoms of labor before 37 weeks 

therefore are to: 1) Diagnose true preterm labor; 2) Identify treatable etiologies of preterm labor; 

and 3) Enact measures to halt preterm labor.  Tocolytic agents are one way of delaying labor 

although all such agents have side effects, and no tocolytic can delay delivery indefinitely. 

However, increasing gestational age by even a few days can have a monumental impact on 

improving neonatal outcome 12. In addition to tocolytics, corticosteroids have been used to 

improve respiratory and other outcomes in preterm infants by increasing production of surfactant 

by the infant’s alveoli. Surfactant reduces the surface tension of alveoli, requiring a lower 

pressure difference to inflate and deflate the lungs, ultimately making it easier for the infant to 

breathe 13. Finally, antibiotics are commonly prescribed in case the patient has a subclinical 

infection, shown to be correlated with sPTB in many cases 13. The efficacy of the 

aforementioned pharmaceutical agents’ increases when administered early, pointing to the need 

for recognizing early signs of PTB 12.  Being able to diagnose and “treat” preterm labor as early 

as possible is the greatest chance that preterm neonates have to be healthy.   

Various clinical methods have been explored to estimate PTB risk, including monitoring 

uterine activity with a tocodynamometer, following salivary estriol levels, measuring cervical 

length using transvaginal ultrasound, calculating cervical Bishop score via digital examination 

(Table 2.1), screening cervicovaginal fluids for the presence and quantification of fetal 

fibronectin (fFN) and inflammatory markers, and rapid testing of inflammatory markers in 

amniotic fluid 14-22. Combined cervical length and fFN measurements have yielded relatively 

high sensitivity and specificity 23 for predicting sPTB, however, these studies report large ranges 
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of findings and have low positive predictive value 23. Furthermore, these methods provide little 

information regarding the etiology of preterm labor 24. Therefore, early detection of sPTB risk 

should ideally include clues to the cause of preterm labor, as well as provide quantitative risk 

assessment. 

 

Table 2.1. Bishop score rubric 

 

 

2.2 The cervix 

While labor and parturition are coordinated processes involving many systems and organs for 

proper function, the cervix may be an ideal target to investigate for early signs of PTB. 

Regardless of etiology, all instances of sPTB with vaginal delivery require passage through the 

cervix (Figure 2.2). This fact is not trivial, as the cervix is a rigid structure with little elasticity at 

the beginning of pregnancy, incapable of dilating a few millimeters, let alone multiple 

centimeters. Ultrasound measurements of cervical length have demonstrated that cervical 

ripening occurs weeks prior to uterine contractions 25, supporting investigation of cervical 

remodeling to determine PTB risk.  
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Figure 2.2. Schematic of cervical effacement and dilation throughout labor. (Image courtesy of 
Mayo Foundation for Medical Education and Research) 

 
 

Anatomically, the cervix is a cylindrical shaped organ located at the bottom-most part of 

the uterus. The cervix extends into the vagina, and has a canal termed the endocervical canal 

through which a baby descends during delivery (Figure 2.3). The outer portion of the cervix is 

termed the ectocervix. The cervix has an inner diameter on the order of millimeters, and is 

typically ~4.5 cm in length 26. The angle between the uterus and the cervical canal (termed the 

uterocervical angle) aids in distributing the fetal load and prevents forces from gravity being 

aligned with the endocervical canal. 
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Figure 2.3. Illustration of the reproductive organs during pregnancy. (Courtesy of Stanford 
Children’s Health) 
 

 

The cervix consists mainly of a dense extracellular matrix that is infiltrated by fibroblasts, 

immune cells, blood vessels, and a small amount of smooth muscle estimated to comprise 10-15 

% of the stroma 27-29. The functional role of the smooth muscle is currently under debate, as the 

cells are distributed throughout the cervix and rarely form bundles, potentially limiting 

contractile power 30. However, a new hypothesis proposes that the smooth muscle in the cervix 

serves as a sphincter, helping to keep the cervix closed until term31. The most abundant 

component of the ECM is fibrillar collagen, accounting for 90% of the matrix proteins in the 

cervix. Collagens type I and III make up 70% and 30% of collagen proteins respectively. The 

majority of the tensile strength in the cervix comes from collagen cross-links, specifically strong 

trivalent pyridinoline and weak divalent nonpyridinoline cross-links. Strong cross-links are 

prevalent in non-gravid cervix tissues and correspond with high stiffness32. Elastin, another load-
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bearing fibrillar protein, is found most densely around the external os29. Reports from human 

cervical tissue dissections found few elastin fibers in the stroma or at the internal os which had 

higher smooth muscle content29. Matricellular proteins facilitate collagen fiber assembly and 

fibrillogenesis33, and mice with null mutations of matricellular proteins such as thrombospondin 

2 have increased cervical extensibility and increased expression of matrix metalloproteinase 2 

(MMP)34. All five glycosaminoglycans (GAGs) including the unsulfated GAG hyaluronan, and 

sulfated GAGs chondroitin sulfate, dermatan sulfate, heparin sulfate, and keratin sulfate are 

found in the cervix extracellular matrix and aid in binding water, adding to the viscoelasticity of 

cervix tissue35,36. In the non-pregnant cervix, the mean hydration is 75.5%, whereas pregnant 

cervix tissues are 81% hydrated37. The outside of the cervix is lined with squamous epithelium 

while the endocervical canal is lined with mucus-secreting columnar epithelium28 which serve as 

barriers to infection. Their junction is termed the squamo-columnar junction.  

The hormonal environment affects the extracellular matrix and biomechanical properties 

of the cervix tissue, as demonstrated by variations in internal os diameter during the female 

menstrual cycle38. Further evidence was recently reported in wild type ovarectomized female 

mice which were treated with either estrogen or progesterone39; mice treated with progesterone 

had significantly greater maximum stiffness, strength, and yield stress compared to mice injected 

with estrogen or mice without treatment39,40. In addition, the hormone relaxin promotes cervical 

growth by stimulating epithelial cell and fibroblast growth and by preventing apoptosis41; 

animals with relaxin deficiencies have significantly reduced wet weight and cervix 

circumference at term compared to controls42.  
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2.3 Cervical remodeling during pregnancy 

Current understanding of cervical changes during pregnancy is limited compared to our 

knowledge of other aspects of uterine biology, particularly in cases of cervical insufficiency and 

PTB. It is known that the normal process of cervical remodeling consists of four distinct stages 

with variable lengths between patients (Figure 2.4) 43. In the first stage, termed “softening,” the 

cervix has increased distensibility due to hydration and vascularity increase as well as collagen 

reorganization 43. The next stage, “ripening,” involves increased accumulation of 

glycosaminoglycans, resulting in a further increase in cervix tissue hydration and collagen 

solubility 29. The third stage is called “cervical dilation” is characterized by rapid changes in 

mechanical properties caused by MMPs acting on the extracellular matrix. After the delivery of 

the fetus, the cervix immediate begins the “repair” phase which includes inflammatory wound 

healing response. Collagen remodeling occurs in all phases of cervical maturation, and has been 

identified as the most important constituent governing mechanical strength in the cervix 44,45.  A 

firm relationship has been established between the extent of collagen cross-linking and tensile 

strength in the pregnant mouse cervix 46 and human cervix tissues 37,47,48.  
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Figure 2.4. Plot representing biochemical changes and distensibility over pregnancy. Ref. 41. 
 
 
 
2.3.1 The softening phase 

 In women, increased cervix distensibility occurs within a month of conception, whereas 

in mice it occurs by day 12 of a 19.5 day pregnancy49. In early pregnancy, estrogen levels are 

low and progesterone levels are high. Immature fibrillar collagens are synthesized but the 

enzymes that facilitate cross-linking are down regulated, and increased levels of MMPs reduce 

levels of existing maturely cross-linked collagens32,46, contributing to the reduced stiffness 

observed in the softening phase. In mouse studies, collagen content and hydration levels were the 

same as  non-gravid tissues, however collagen solubility was significantly higher on day 12, 
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indicating that the increased distensibility observed in this phase is primarily due to changes in 

the types of collagen cross-links49.    

 

2.3.2 The ripening/dilation phase 

 The majority of cervical remodeling studies are performed in mice, and due to the short 

timeframe of the dilation phase most reports group the ripening and dilation phases together. 

Decreases in progesterone and increased estrogen transition the cervix into the ripening phase, 

where collagen fibers become dispersed and the cervix hydration significantly increases (Figure 

2.5). This increased hydration is thought to be caused by elevated levels of hyaluronan (HA), 

hydrophilic molecules that are upregulated during the ripening phase50,51. In early mouse 

pregnancy, HA contributed to 17% of the total GAGs in the cervix, whereas during the ripening 

phase HA comprised 71% of the total GAG content51. Macrophages, neutrophils, and monocytes 

are observed in the ripening phase, and were previously thought to increase matrix 

metalloproteinases (MMPs) and degrade the extracellular matrix; however, high levels of 

inflammatory genes and MMPs are not observed52. The mucosal epithelia proliferate during the 

ripening phase and serve as protective barrier by secreting antimicrobials, cytokines, and 

attracting inflammatory cells to fight potential pathogens (Figure 2.5) 35,36. Further study 

specifically targeting the dilation phase is needed. 
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Figure 2.5. Schematic depicting extracellular matrix changes in the mouse cervix during 
pregnancy, adapted from Ref. 34. 
 
 

2.3.3 The repair phase 

Studies in mice and women indicate that the repair phase is similar to a wound healing 

process. Immune cells infiltrate the cervix and become activated, and a variety of 

proinflammatory genes are expressed 52-54. Microarray analyses have also identified upregulation 

of matrix cross-linking and collagen synthesis genes, as is expected to help the cervix regain its 

strength 55,56. Longitudinal studies are lacking to observe the process of cervical repair over time. 

 

2.3.4 Preterm cervical remodeling 

 Preterm birth has multiple causes24 and investigations in animal models of pregnancy 

have shown that cervical remodeling physiology in progesterone withdrawal-mediated and 

inflammation-induced preterm birth are both distinct physiological processed compared to 
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term57-61 (Figure 2.6). Cervix tissues from mice with inflammation induced preterm birth (LPS 

treated57,61) have infiltration of neutrophils57 and M1 and M2 macrophages61, elevated levels of 

inflammatory cytokines and MMPs57,58,61,62, and a dispersed, losely packed collagen matrix with 

no change in tissue wet weight. Mice in the progesterone withdrawal treatment group have 

increased monocytes57, increased tissue wet weight, and increased expression of MMP-8.   

 

 
Figure 2.6. Schematic depicting immune cell population in the mouse cervix during term, 
preterm labor, and post-partum, adapted from Ref. 35. 
 
 
 

2.4 Novel methods to study cervical remodeling 

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 14-17,63. Of all these 

methods, cervical length measures have demonstrated the highest accuracy for predicting 

preterm delivery. However, reports vary considerably across different studies 64. Furthermore, 

none of these methods provide biochemical information that could be vital in characterising the 
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microstructural and molecular processes that govern cervical remodeling and determine the 

etiology of preterm labor. 

In addition to clinically used methods, researchers have identified other technologies that 

can evaluate the cervix to accurately predict preterm birth. These methods employ optical, 

ultrasonic, mechanical, and electrical phenomena to non-invasively interrogate state of the 

cervical tissue (Table 2.2). An in-depth review of these methods can be found in Feltovich et al. 

65. 

 

Table 2.2. Developing technologies for analysis of the pregnant cervix 

Technique Collagen 
structure? 

Tissue 
hydration? 

Tissue 
elasticity/ 
stiffness? 

Electrical Impedance    
Acoustic Attenuation    
Elastography    
Backscattered power loss    
Mechanical testing    
Near-infrared spectroscopy    
Second harmonic generation    
Laser-induced fluorescence    
Raman Spectroscopy    

 

 

2.4.1 Electrical Methods  

Electrical methods have classically been utilized 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 
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cervical hydration state 66. While this is a promising method to measure cervical hydration, it is 

limited in its ability to monitor other biochemical and structural changes occurring in the cervix 

during pregnancy. 

 

2.4 2 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 67. 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 68.  

Finally, ultrasound-based elastography probes the mechanical properties of tissue by 

comparing images acquired before and during deformation to estimate stiffness of the tissue 69. 

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 69. 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.  
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2.4.3 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 pre-set amount and results from 

this work have demonstrated the ability to detect decreasing levels of stiffness over the course of 

pregnancy 70. 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 71. 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 48,72. These methods offer important biomechanical 

information, but cannot be used to monitor molecular changes that may help to determine new 

information regarding the cervical remodeling process.  

 

2.4.4 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 

autofluorescence, can monitor the state of collagen in the cervix during pregnancy 73. Collagen is 
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a natively fluorescent protein, with insoluble collagen having higher fluorescent intensity than 

soluble collagen73. Because collagen solubility increases as the cervix ripens, the intensity of 

light-induced fluorescence changes with advancing gestation 73-75. This technique has been 

applied in mice as well as humans and results have shown that fluorescence intensity decreases 

as parturition approaches 73-75. 

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 76,77.   

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 78,79. 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 78,79.  
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2.5 The need 

Incomplete understanding of cervical remodeling and the parturition process is the culprit 

behind unacceptably high prevalence, morbidity, and mortality caused by preterm birth. This 

prevents us from developing effective diagnostics and therapeutic interventions because we do 

not know what their targets should be. Therefore, if we hope to improve these outcomes we must 

expand our understanding of these events. Unfortunately, classically used basic science methods 

have not yet been able to solve this problem, partially due to their invasive nature. Few methods 

have offered the ability to monitor cervical changes over time within the same subject, while 

fewer have been capable of probing the biochemical micro-environment that evolves during 

pregnancy. Thus, there is a need for new approaches that can track these biochemical markers in 

vivo to improve our understanding of the cervical remodeling process on a biochemical scale and 

potentially enable in vivo human cervix monitoring. 

 

2.6 In vivo 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 due to excitation to 

higher vibrational energy levels (Figure 2.7).   
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Figure 2.7. Top: Jablonski diagram depicting energy transitions for Rayleigh scattering and 
vibrational absorption and scattering phenomena. Bottom: Illustration of the Raman Effect: the 
excitation wavelength (blue, higher energy photon) interacts with the molecule and sets it into 
vibration, and scatters at a lower energy (red, lower energy photon). The difference in energy 
between the excitation and scattered photon is the Raman shift. 
 
 

The Raman shift (n (cm-1)) is calculated based on the simple equation: 

n=
1

𝜆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
 - 1
𝜆𝑠𝑖𝑠𝑖𝑖𝑖𝑠𝑖𝑖

      (Eqn. 2.1) 

which shows that the Raman shift is a relative change in energy based on the incident 

wavelength of light. This allows excitation with a variety of laser sources which will all produce 

the same relative Raman shift. 



24 
 

 Not all molecules have the ability to Raman scatter; molecules must undergo a change in 

polarizability upon interaction with the incident light in order for a Raman event to occur. 

Infrared (IR) absorption, a complementary vibrational spectroscopy technique, requires 

molecules to change their dipole moment upon light interaction for IR absorption to occur. Thus, 

some molecules are Raman active, some are IR active, some can undergo both Raman and IR 

phenomena, and some molecules do not experience either.  

Raman and IR spectroscopies yield sample-specific molecular fingerprints, from which 

the sample composition and, in some cases structure, can be ascertained. However, IR absorption 

is limited for biomedical applications because strong absorption of water molecules severely 

limits penetration depth. Thus, Raman spectroscopy has been much more widely used in 

biomedical applications.  

A Raman spectrum consists of peaks which correspond to the different vibrational modes 

of molecules from which photons were inelastically scattered (Figure 2.8). In general, these 

peaks are spectrally narrow and correlate with defined molecules. The peaks of a Raman 

spectrum are associated with certain bonds in specific molecules and can be used to determine a 

sample’s biochemical composition.  
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Figure 2.8. A Raman spectrum, generated by plotting all collected Raman scattered photons as a 
histogram with peaks representing molecular bonds within the sample. 
 
 

 To perform Raman spectroscopy, multiple pieces of equipment must be used. First, 

excitation upon the sample must be performed with a narrow band laser in order to calculate the 

shift between excited and scattered photons. After excitation, the scattered photons are collected 

by optical objectives or fiber optic probes and typically focused down to a small collimated 

beam. This beam is normally sent through a physical slit and then to a dispersion element such as 

a prism or grating. The slit minimizes the distance between photons of the same energy hitting 

the dispersion element. The closer in space the photons are when hitting the dispersion element, 

the higher the spectral resolution of the photons onto the detector. Therefore, small slit widths 

improve spectral resolution, but reduce light throughput. Dispersion elements spread out the 

scattered light onto the detector as a function of wavelength, such that each column of pixels on 

the detectors can be mapped to specific wavelengths of light. Detectors vary depending upon the 

excitation wavelength used. For biochemical applications with excitation at 660 or 785 nm, 
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silicon CCD detectors are most commonly used. For higher wavelengths, InGaAs detectors are 

used owing to their higher quantum efficiency in the infrared. Due to low signal intensity 

inherent to Raman scattering, all elements in a Raman spectroscopy system are designed to be 

highly efficient. Raman spectrographs minimizing the number of optical elements throughout 

which the light must pass and the detectors are typically cooled to -50 °C or lower to reduce 

thermal noise.   

 

2.7 Prior work using in vivo Raman spectroscopy for detection of disease 

Raman spectroscopy has been used for decades to detect disease and cancer-specific 

signals in various organs and soft tissues such as the cervix, bladder 80,81, oesophagus 82,83, skin 

84,85, breast 86, gastrointestinal tract 87, and cervix 88, and in vivo human trials using Raman 

spectroscopy have recently been reviewed by Pence et al. 89. Development of a fiber optic probe 

has enabled its use in vivo 88 with applications in many organ systems in animal models as well 

as humans.  

Raman spectroscopy has been successfully applied to the in vivo cervix for the diagnosis 

of cervical dysplasia88,90. This technique displayed remarkable accuracy for detecting cervical 

abnormalities and was able to classify normal, and high-grade dysplasia with high accuracy 91. 

However, low grade dysplasia demonstrated a poorer sensitivity. In an attempt to improve 

classification of low grade dysplasia, the effect of hormonal status on Raman spectra was 

evaluated 92. Spectra from non-gravid patients with normal Pap testing results were classified 

based on hormonal status with 98% accuracy 92. Accounting for hormonal status in dysplasia 

patients resulted in an increase in classification accuracy from 88% to 94% 93. To further 

improve classification accuracy, four more patient variables were studied: body mass index 
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(BMI), obstetric history, ethnicity, and socioeconomic status, of which only obstetric history and 

BMI were found to have an impact on Raman spectra 94. 

Raman spectroscopy has also been used to detect strains of HPV, an infection that is 

correlated with nearly all cases of cervical cancer 95,96. Spectral analysis has been performed on 

cultured cells, such as primary human keratinocytes, CaSki, HeLa, SiHa and C33A cells, as well 

as ex vivo cervical cells from patients who were screened for HPV infection at Vanderbilt 

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 95,96.  

 

2.8 Raman spectroscopy as a tool to investigate cervical remodeling during pregnancy 

The cervix must transform from a stiff, rigid structure into a soft, distensible passageway 

for successful delivery of a fetus 43. 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 97. 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 93,98-100. To establish the feasibility of 

using this method for detecting biochemical changes in the cervix during pregnancy, a pilot 

study was conducted in mice 101. 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 
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as post-partum one day after delivery. Measurements were made using a custom fiber optic 

probe that was gently inserted into the vagina and pressed against the cervix of anesthetised 

mice. Figure 2.9A illustrates the Raman spectra obtained from the in vivo mouse cervix over the 

19-day mouse gestational cycle 101. In nongravid mice, subtle spectral changes were found to 

differ between phases of the estrous cycle 101.  

 

 

Figure 2.9. (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-1 (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. 95. 
 
 

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 2.9B), that correlates well with 

decreasing tensile strength and increasing cervical distensibility (Figure 2.9C) as parturition 

nears 101. In addition, as the cervix collagen matrix becomes solubilised with advancing 

gestational age (Figure 2.10B), the full-width at half maximum value at the 1650 cm-1 peak 
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increases 101. These changes, as measured using the Raman spectroscopy, indicate that this 

technique can indirectly probe the mechanical properties of the in vivo pregnant cervix.  

 

 
Figure 2.10. (A) In vivo Raman spectroscopy of the cervix. (B) Trichrome stains of the pregnant 
mouse cervix at early (d4) and late gestation (d19); collagen is densely packed at the beginning 
and reorganizes in preparation for delivery. 
 

 

The late stages of cervical remodeling 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 2.11A, as 

well as the 1440 cm -1 lipid bond and Amide I and III bonds (1660 cm-1 and 1265 cm-1, 

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 2.11B). This shift illustrates 

the value of Raman spectroscopy for prediction of impending delivery.   
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Figure 2.11. (A) Raman peak at 1300 cm-1 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. 
 

 

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 offers many advantages of 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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CHAPTER 3 

 

IN VIVO RAMAN SPECTRAL ANALYSIS OF IMPAIRED CERVICAL REMODELING IN A 

MOUSE MODEL OF DELAYED PARTURITION 

 

Text partially adapted from:  

CM O’Brien, JL Herington, N Brown, IJ Pence, BC Paria, JC Slaughter, J Reese, and A 
Mahadevan-Jansen. "In vivo Raman spectral analysis of impaired cervical remodeling in a mouse 
model of delayed parturition." Scientific Reports 7 (2017). 

 
 
 

3.1 Abstract  

Monitoring cervical structure and composition during pregnancy has high potential for 

prediction of preterm birth (PTB), a problem affecting 15 million newborns annually. We use in 

vivo Raman spectroscopy, a label-free, light-based method that provides a molecular fingerprint 

to non-invasively investigate normal and impaired cervical remodeling. Prostaglandins stimulate 

uterine contractions and are clinically used for cervical ripening during pregnancy. Deletion of 

cyclooxygenase-1 (Cox-1), an enzyme involved in production of these prostaglandins, results in 

delayed parturition in mice. Contrary to expectation, Cox-1 null mice displayed normal uterine 

contractility; therefore, this study sought to determine whether cervical changes could explain 

the parturition differences in Cox-1 null mice and gestation-matched wild type (WT) controls. 

Raman spectral changes related to extracellular matrix proteins, lipids, and nucleic acids were 

tracked over pregnancy and found to be significantly delayed in Cox-1 null mice at term. A 

cervical basis for the parturition delay was confirmed by other ex vivo tests including decreased 

tissue distensibility, hydration, and elevated progesterone levels in the Cox-1 null mice at term. 
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In conclusion, in vivo Raman spectroscopy non-invasively detected abnormal remodeling in the 

Cox-1 null mouse, and clearly demonstrated that the cervix plays a key role in their delayed 

parturition.  

 

3.2  Introduction 

Pregnancy, labor, and the delivery of offspring (parturition) are highly regulated 

processes in all species. However, the mechanisms underlying the progression to term or preterm 

birth and onset of labor remain incompletely understood. Spontaneous preterm birth is 

considered a clinical syndrome that has multiple causes, including infection, cervical 

insufficiency, uterine over-distension, and others 24. In all instances, cervical remodeling and 

dilation are required for successful expulsion of the fetus 65. The cervix is endowed with 

important structural properties that ensure a tightly closed womb until the fetus is ready for 

delivery, and to act as a barrier against external infection. At the beginning of pregnancy, the 

cervix is a stiff, rigid cylinder with a highly cross-linked extracellular matrix that provides 

mechanical strength to maintain cervical closure 43,65. Over the course of pregnancy, this 

collagen-dense matrix is transformed into a compliant structure that allows passage of a fetus. 

Normal cervical remodeling during pregnancy involves a significant transition in mature to 

immature collagen cross-links 32, a reduction in proteoglycans which control packing of collagen 

fibrils, a significant increase in the glycosaminoglycan hyaluronan 51, and a significant increase 

in tissue hydration 50,102. Circulating as well as local hormone/endocrine levels are known to 

orchestrate these cervical changes 35,43,49,103,104, but a full understanding remains elusive. 
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Cyclooxygenase (Cox)-derived prostaglandins (PGs) serve as key signaling molecules 

during pregnancy 105-107. PGF2α plays an important role in the involution of the ovarian corpus 

luteum (luteolysis) in mice and subsequent decline in progesterone signaling leading to uterine 

contractions 105,108,109. However, there is conflicting evidence for PGs as mediators of cervical 

ripening. Topical prostaglandin E (PGE) application is a potent stimulus for the induction of 

cervical ripening in women and animal models 103,110-113, and PGs are required for cervical 

maturation during inflammation-induced preterm birth in mice 114. Conversely, expression of 

Cox-1 and Cox-2 enzymes in the cervix is not increased at term in normal mouse models of 

pregnancy and neither are the concentrations of PGs or their receptors 114. Furthermore, PG 

concentrations in cervical mucus do not increase prior to parturition in women 115-117. In addition, 

seminal fluid has high levels of PGs but has not been shown to promote cervical ripening 118. A 

greater understanding of PG-mediated changes in the cervix is needed to clearly understand 

normal remodeling physiology and reduce adverse pregnancy outcomes. 

Classical research approaches for investigating physiology are too invasive to be used in 

pregnant women; therefore, animal models inform much of our current knowledge regarding 

hormone/endocrine factors in pregnancy and cervical maturation 119,120. Two cyclooxygenase 

isoforms, Cox-1 and Cox-2, are responsible for catalyzing arachidonic acid to form prostaglandin 

H2 (PGH2), which is promptly converted by various synthases into specific PG species. Cox-1 is 

generally considered a constitutively expressed enzyme, whereas Cox-2 is induced in response to 

inflammation and other stimuli but is otherwise not active during pregnancy. Mice lacking the 

gene encoding Cox-1 (Ptgs1) exhibit delayed parturition 105,106,121,122. Previous reports in mice 

suggest that the absence of prostaglandins normally produced by Cox-1 prevent luteolysis and 

therefore the fall in circulating progesterone, thereby explaining the delay in parturition 122. 
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However, recent work from our group has shown that the uterus contracts normally in Cox-1 null 

mice 123, leaving the reason for parturition delay unanswered. Herein, we hypothesized that 

abnormal cervical maturation, rather than impaired uterine contractility, plays a key role in the 

parturition delay of Cox-1 knockout (KO) mice.  

To investigate cervical remodeling in Cox-1 KO mice throughout parturition, we 

employed a non-invasive method capable of probing the cervical microenvironment 

longitudinally in vivo. As previously discussed, numerous innovative cervical assessment tools 

that span optical, acoustic, electrical, and direct mechanical approaches have been developed 

1,65,124. These tools have already improved our understanding of cervical remodeling in term and 

preterm birth. A few of these techniques are directly sensitive to biochemical composition. 

Fluorescence spectroscopy has also been used to measure collagen concentration and solubility 

in women and animal models 73,125, which has consistently shown decreasing fluorescence 

intensity throughout pregnancy. Diffuse reflectance spectroscopy has measured significant 

increases in water and decreases in hemoglobin after application of prostaglandins for cervical 

ripening 126, as well as changes in optical properties based on hormonal status 127 and stage of 

pregnancy 79. Second harmonic generation, an optical imaging method that probes fibrillar 

collagen, has confirmed increasing collagen dispersion throughout pregnancy in ex vivo human 77 

and mouse studies 76,128. More recently, optical coherence tomography was used to measure the 

three dimensional structure of collagen fibrils in the human uterine cervix, and found higher 

dispersion in excised pregnant tissues than non-pregnant samples 129. These studies have yet to 

be performed in vivo, but contribute to increasing our understanding of collagen’s role in cervical 

remodeling during pregnancy.  
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In this paper, we present the application of Raman spectroscopy, a real time light-based 

approach that probes biochemical information of tissues in vivo, to study the pregnant cervix. 

Raman spectroscopy measures inelastically scattered photons generated by light interaction with 

molecular bonds. Each molecule has specific vibrational frequencies, and Raman-scattered light 

can be analyzed to determine the type of molecules present in any target tissue. Raman 

spectroscopy is sensitive to proteins, water, nucleic acids, lipids, and carbohydrates, and 

measures these markers simultaneously with high specificity 130-133. Raman spectroscopy was 

first applied to the in vivo cervix in the context of cervical dysplasia detection134.  While 

conducting optimization of cervical dysplasia detection algorithms, it was discovered that Raman 

spectroscopy is sensitive to the effects of hormonal status on healthy cervical tissue 135-137. These 

findings led to the investigation of longitudinal biochemical changes that can be measured by 

Raman spectroscopy in the cervix during pregnancy in vivo, both in mouse models and human 

subjects 1,138. 

The goal of this study was to non-invasively test the hypothesis that cervical remodeling, 

rather than uterine contractility, is impaired in Cox-1 KO mice and contributes to their delayed 

parturition phenotype. In vivo Raman spectroscopy was used to determine whether biochemical 

differences exist in the cervix of Cox-1 KO mice during pregnancy compared to wild type (WT). 

Additionally, we examined whether Raman spectra could be correlated with changes in 

biomechanical properties of the cervix including stiffness and distensibility in WT and Cox-1 

KO mice. Finally, ex vivo biochemical assays were performed to validate results obtained from 

in vivo Raman spectroscopy. 
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3.3 Methods 

3.3.1 Animals 

All experiments involving animals were conducted in accordance with the regulations 

described in the NIH Guide for the Care and Use of Laboratory Animals, using protocols 

approved by Vanderbilt University Medical Center’s Institutional Animal Care and Use 

Committee (IACUC). Two groups of mice were investigated, CD-1 wild type (Jackson 

Laboratory) and Cox-1 null 121. The Cox-1 null mouse was outbred to the CD-1 strain for 10 

generations 105. Animals were housed under a 12 hour dark-light cycle. Timed matings were 

conducted in the evenings and the presence of a post-copulatory plug the following morning 

defined gestation day 1. Wild type mice in this colony typically deliver on the evening of day 19 

(designated d19.5). Six time points during pregnancy were investigated for each mouse 

genotype; WT mice were measured on days 4, 12, 15, 18, 19, and non-gravid, whereas Cox-1 

KO mice were measured on days 4, 12, 15, 19, 20, and non-gravid. Non-gravid mice were 

measured in the diestrus phase of the estrous cycle as determined by vaginal lavage.  

 

3.3.2 In situ hybridization 

Eleven micrometer thin frozen uterine sections were obtained from WT and Cox-1 KO 

mice and mounted on the same glass slides and in situ hybridization was performed as previously 

described 139.  
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3.3.3 Ex vivo myometrial contractility 

Uterine myometrial strips were collected post-mortem, and used in an ex vivo isometric 

contractility assay as previously described 140.  

 

3.3.4 Raman spectroscopy 

A portable, fiber optic probe-based Raman spectroscopy system was used (Fig. 3.2E) for 

all Raman measurements acquired. The system consisted of an imaging spectrograph (Holospec 

f/1.8i, Kaiser Optical Systems, Ann Arbor, MI) coupled to a thermoelectrically cooled CCD 

camera (PIXIS: 256BR, Princeton Instruments, Princeton, NJ). A 785 nm diode laser (Innovative 

Photonic Solutions, Monmouth Junction, NJ) delivered 80 mW of power through a custom made 

fiber optic probe (Fig. 3.2D) (EmVision, Loxahatchee, FL) to the cervix.  

The system was wavelength calibrated using a neon-argon lamp, and naphthalene and 

acetaminophen standards were used to determine the exact excitation wavelength for subsequent 

Raman shift calculations. The system was corrected for spectral response using a tungsten lamp 

that was calibrated by the National Institute of Standards and Technology. Spectra were 

smoothed using a Savitzky-Golay filter, background subtracted, and fluorescence subtracted 

using a modified polynomial fit method previously described 141.   

During measurements, all room lights were turned off. For in vivo experiments, animals 

were anesthetized using isoflurane, and the vaginal cavity and cervix were rinsed gently using 

saline. A small speculum tube was inserted to improve visualization of the mouse cervix and 

ensure contact of the fiber probe with the proper tissues during measurements (Fig. 3.3A-C). A 

range of 5-10 spectra were taken at multiple locations around the ectocervix of each mouse with 
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an integration time of 3 seconds per measurement. For ex vivo experiments, the cervix was 

excised and immediately measured using an integration time of 10 seconds. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

3.3.5 Raman data analysis 

Processed, non-normalized Raman spectra were used for data analysis. The signal to 

noise ratio (SNR) and adipose tissue signal from each Raman spectrum was calculated, and 

spectra with low signal (less than 100 counts at the 1440 cm-1 peak) as well as spectra with high 

adipose content (greater than 1800 counts at the 1440 cm-1 peak) were removed from analysis. 

Raman spectra were averaged by each mouse for display in Figures 3.2 & 3.3. Ratios from 

Raman peaks were calculated prior to averaging, and the results were subsequently averaged for 

each mouse. Peak ratios sensitive to ECM, lipids, and nucleic acids were plotted using the mean 

and standard error for each mouse model and gestation. Ratios were used as a way to normalize 

and make comparisons across many data sets that have varying levels of signal intensity and 

SNR. Student t-tests (two-sided) were performed to determine statistical significance (α=0.05) 

between WT and Cox-1 KO mice at each gestation measured.  

Using the RMS package, Raman spectra were modeled using generalized linear models 

in the R software. The rate of change of various Raman peak ratios and NNLS coefficients over 

gestation were modeled and the WT and Cox-1 KO curves were compared. In this analysis, the 

Raman peak ratio or NNLS coefficient of interest was the dependent variable, whereas the 

gestation time and mouse model were independent variables. To account for signal intensity 

fluctuations, the spectral intensity (measured as the intensity of the 1440 cm-1 peak) was added as 

another independent variable which acts as a baseline offset. The time variable was modeled as a 

restricted cubic spline with three nodes to allow for non-linear behavior with respect to time. The 
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last time point for each model (WT=19, Cox-1 KO =20) was assigned an indicator variable that 

allowed for the capture of significant changes at the end of pregnancy. The mouse model was set 

as a factor variable. To account for heteroscedasticity, the robust covariance function created in 

the RMS package (‘robcov’) was used to adjust the standard errors. Finally, to evaluate 

interactions between the gestation time and mouse model, an ANOVA was performed on the 

generated curves from the developed regression model. 

Non-negative least squares analysis was performed to determine the contributions of 3 

different biochemical components as a function of gestation and mouse model 86,142,143.  This 

analysis follows the equation  

Y = β*X + ε         (Eqn. 3.1) 

 where the design matrix X was filled with pure biochemical spectra (collagen type-I (Sigma), 

adipose tissue (collected from mouse abdomen post-mortem), and water), and the tissue 

spectrum being analyzed in Y. The optimum coefficients β that minimize the error ε were 

determined for each spectrum. For this analysis, NNLS regression was performed (MATLAB) 

such that components could not have a negative contribution on a spectral fit. For this study, the 

term “residual’ was defined as the difference between the “observed spectrum” and the “fitted 

spectrum”. A negative residual meant that in certain regions of the spectrum, the “fitted 

spectrum” was of greater intensity than the “observed spectrum.” None of the NNLS coefficients 

were calculated to be negative. The residuals per spectrum were summed and all spectra with a 

summed residual higher than 0.3 were removed from further analysis. The average coefficients 

for each biochemical component were calculated as a function of mouse model and gestation. 

Spearman correlations were performed on four Raman peak ratios and the collagen NNLS 

coefficient which were compared with biomechanical measures.  
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3.3.6 Ex vivo biomechanical testing 

Cervical tissue was excised post-mortem by cutting perpendicularly across the 

uterocervical junction where the uterine horns converge into the cervical canal. All vaginal tissue 

was removed and the dimensions of the cervical tissue were measured. The freshly excised 

cervical tissue was immediately placed in oxygenated Krebs Bicarbonate buffer at 37 °C for 10 

minutes to equilibrate. Next, the tissue underwent stress-relaxation testing using a Radnoti Organ 

Bath System. This method allowed assessment of the viscoelastic behavior of each cervical 

tissue. The system was calibrated by recording force (measured in volts) with no added weight 

and with a 100 gram test weight, and the measured voltage was converted to force (mass x 

gravity). The tissue was then mounted on two stainless steel triangular hooks and attached to a 

force transducer with a mechanical drive. The hooks were slowly pulled apart until tension in the 

tissue was measured, after which the separation between the hooks was reduced to determine the 

“initial dilation” of the cervical tissue without strain-induced stress. This baseline distance 

(initial dilation) was recorded for each specimen, and then the stress-relaxation testing protocol 

was initiated as follows. The cervical tissue remained in an unloaded state for four minutes, and 

then experienced a strain of 0.1 mm/s for a total of ten seconds (one mm displacement), after 

which the strain was held constant for four minutes. This protocol was repeated until tissue 

failure, defined as the displacement at which sudden loss of stress is experienced by the tissue 

under tensile loading 144, as shown in Fig. 3.5A. This process was controlled using stepper 

motors (Applied Motion Products) that were programmed with an Arduino Uno board. Recorded 

data was converted into stress based on the cross-sectional area of the tissues. Total dilation was 

calculated as the initial dilation plus displacement during biomechanical testing prior to tissue 

failure. Equilibrium stiffness was calculated for each tissue by plotting the average stress from 
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the last 30 seconds of each stress cycle and generating a curve. The slope of the linear region of 

each curve was calculated as a simple measure of stiffness, as well as a model fit to the following 

exponential model described by Timmons et al 114:  

Stress=(A/B)*[exp(cervical opening*B)-1]      (Eqn. 3.2) 

where the parameters A and B measure the stiffness at small and large displacements, 

respectively. The impulse stiffness was calculated for each tissue by plotting the maximum stress 

achieved from each stress cycle and generating a curve, which was similarly evaluated by taking 

the slope in the linear region, and a fit to the exponential model. Statistical analysis was 

performed on initial dilation, total dilation, equilibrium stiffness A and B coefficients, and 

impulse stiffness A and B coefficients using t-tests (* indicates p<0.05). 

 

3.3.7 Ex vivo biochemical assays  

For all ex vivo biochemical assays, cervical tissues were excised post-mortem, 

immediately flash frozen with Super Friendly FREEZE’IT (Fisher Scientific) and then placed in 

-80 °C.  

Progesterone concentrations were measured by the Endocrine Technologies Support Core 

(ETSC) at the Oregon National Primate Research Center (ONPRC, Beaverton, OR) using 

extraction-radioimmunoassay (RIA) 145. Tissue samples were weighed and homogenized in 1 ml 

PBS, then extracted with 6 ml diethyl ether, dried under forced air stream and re-dissolved in 

assay buffer (0.1% gel-PBS). Progesterone values were corrected for extraction losses 

determined by radioactive trace recovery performed simultaneously with sample extraction, 

which ranged between 95.3-96.8% (n=3). The assay range for the P4-extraction RIA was 5-750 

pg/tube. The intra-assay variation for the assays ranged from 5.8%-8.9% and inter-assay 
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variation was 7.3%. Overall inter-assay variation for extraction-RIAs in the ETSC is less than 

15%.  

For cervical hydration and collagen content assays, tissues were weighed, and then 

lyophilized overnight. After freeze-drying, the tissues were weighed again. Based on these 

measurements, water content was determined as (wet weight/(wet weight+dry weight)). Next, a 

standard collagen extraction procedure was performed as previously described 49. To quantify 

collagen content, a hydroxyproline assay was performed per manufacturer’s instructions 

(BioVision, Milpitas, CA).  

 

3.4 Results 

3.4.1 The uterus contracts normally during delayed parturition in Cox-1 KO mice 

Examination of Cox-1 (Ptgs1) and Cox-2 (Ptgs2) messenger ribonucleic acid (mRNA) 

expression on the day of expected delivery (day 19) in WT mice (Fig. 3.1A) revealed strong Cox-

1 expression in the uterine luminal epithelium (LE) but low expression in the cervix; Cox-2 

expression was low throughout the lower uterine segment. The timing of delivery was 

significantly delayed (p = 0.0001) in Cox-1 KO compared to WT mice (Fig. 3.1B). Despite 

strong Cox-1 expression in the uterus, representative tracings from ex vivo spontaneous uterine 

contractility experiments show that contraction patterns (Fig. 3.1C), and contractile activity (area 

under the curve of contractions per unit time) did not differ between WT and Cox-1 KO uteri on 

gestation day 15, 19, or comparison of WT day 19 versus Cox-1 KO day 20 (Fig. 3.1D). Thus, 

normal uterine function during delayed parturition suggests that the cervix may contribute to the 

delay, providing motivation for studying cervical remodeling in this model.                            
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Figure 3.1: Cox-1 expression in the pregnant mouse uterus, and the effect of global Cox-1 
deletion on parturition and uterine contractility. A) In situ hybridization of 35S-labeled Cox-1 
and Cox-2 in WT day 19 mouse uterus. B) Timing of delivery was recorded from pregnant WT 
and Cox-1 KO mice (*p=0.0001). C) Representative ex vivo contractility tracings of myometrial 
strips from pregnant mice on the indicated days of pregnancy. D) Recordings of myometrial 
contractility (n=5-11 mice per group) were analyzed for area under the curve (AUC). Mean ± 
SEM. 
 

3.4.2 Raman spectral signatures from wild type and Cox-1 KO cervices deviate at the time of 

parturition 

An approach for using Raman spectroscopy to assess the biochemical status of the cervix 

over time in WT and Cox-1 KO mice was developed. Raman spectra were acquired in vivo from 

the cervix of non-gravid (NG) and pregnant WT and Cox-1 KO mice using a portable Raman 
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spectroscopy system (Fig. 3.2A-E). Measurements were taken from multiple sites on the 

ectocervix with the aid of a speculum (Fig. 3.2B-C) for visualizing the probe location. A custom-

built fiber optic Raman probe was used for spectral acquisition and a 3 second integration time 

was used for each spectrum. Average peak-normalized spectra (normalized to 1440 cm-1 peak for 

spectral visualization purposes only, all subsequent statistical analysis was performed on non-

normalized spectra) were plotted for each mouse model over the course of pregnancy (n=8-10 

mice per group, per time point) (Fig. 3.2F-G). Regions of interest (gray bands, Fig. 3.2F-G) that 

showed maximum differences were identified for further analysis (Figs. 3.3-4). 

 

 
Figure 3.2: In vivo Raman spectroscopy system for cervical assessment during pregnancy. A) 
Illustration showing the placement of the Raman spectroscopy fiber optic probe against the 
ectocervix of the mouse. B) Mouse cervix visualized using a speculum. C) In vivo Raman 
spectroscopy during measurement of mouse cervix. D) Raman spectroscopy fiber optic probe. E) 
Image of in vivo Raman spectroscopy system. Average Raman spectra from different time points 
during pregnancy in WT (F) and Cox-1 KO (G) mice. Gray boxes indicate regions that were 
highlighted in Figures 3.3-4. 
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Ratios of multiple Raman peaks were calculated and plotted as a function of gestation 

day and mouse model to quantitatively evaluate spectral changes over time. Of the various peaks 

analyzed, the 1304 cm-1 peak increased while the 1265 cm-1 peak decreased throughout gestation 

(dashed lines in Fig. 3.3A-B). The 1304 cm-1 to 1265 cm-1 Raman peak ratio tentatively assigned 

to lipid/protein change 130,131 increased starting at day 12 in both mouse models, however, the 

rate of change was higher and reached a larger ratio in the WT compared to the Cox-1 KO (Fig. 

3.3C) (p<0.05). Furthermore, a sharp decrease was observed in the WT on day 19 of pregnancy 

(p<0.05), but this decrease did not occur in the Cox-1 KO until day 20 (Fig. 3.3C). The trends 

seen in other Raman peaks at 1003 cm-1 (phenylalanine 130), 1440 cm-1 (lipids 131), and 1657 cm-1 

(proteins 130) are displayed in Figure 3.4. To test the generalizability of the Raman spectral 

changes measured over pregnancy, as well as provide curve analysis and interpolation between 

measured points, a generalized linear model was developed (Fig. 3.3D). The 1304/1265 cm-1 

peak ratio model showed similar features to the data presented in Fig. 3.3C, and revealed highly 

significant changes as a function of gestational age (p<0.0005) and mouse model (p<0.0005).  
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Figure 3.3: Raman spectral bands change with pregnancy and are delayed in the Cox-1 KO 
mouse compared to WT. Average Raman spectra from the 1265 cm-1 peak (blue dashed line) and 
1304 cm-1 peak (blue dashed line) during different time points of pregnancy in WT (A) and Cox-
1 KO (B) mice. C) Mean ± SEM of the 1304 cm-1 to 1265 cm-1 peak ratio as a function of 
gestation in WT and Cox-1 KO mice (p-<0.05). D) Modeled longitudinal trajectories of the 1304 
cm-1 to 1265 cm-1 Raman peak ratio. 
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Figure 3.4: Average Raman spectra from the 1003 cm-1 peak (A & B), 1440 cm-1 peak (C & D), 
and 1657 cm-1 peak (E & F) during different pregnancy time points in WT and Cox-1 KO mice. 
Spectra were peak-normalized to the 1440 cm-1 peak for ease of visualization. 
 
 

Besides 1304/1265 cm-1, multiple peak ratios displayed significantly different trajectories 

over the course of pregnancy between WT and Cox-1 KO mice. Fig. 3.5A shows the trajectory of 

the 1265 cm-1/1440 cm-1 ratio which gradually decreased until day 12 in both mouse models. The 

WT showed a steeper decrease from day 12 to day 18, but then sharply increased on day 19. The 

Cox-1 KO did not decrease as steeply and not until day 15 before sharply increasing on day 20. 

The three phases of spectral change may be analogous to the softening, ripening and dilation 

phases43 in WT and Cox-1 mice but with a delay in the ripening to dilation transition in the Cox-

1 KO mice. The 1265/1440 cm-1 ratio model showed significant changes over the course of 
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pregnancy (p<0.0005) and as a function of mouse model ((p<0.0005), as well as in the 

interaction between gestation and mouse model (p<0.05) (Fig 3.5B).  

 

 

Figure 3.5: Raman spectra reveal delayed remodeling in the Cox-1 KO mouse at term. Mean ± 
SEM (A) and modeled longitudinal trajectories (B) of the 1657 cm-1 to 1440 cm-1 peak ratio. 
Mean ± SEM (C) and modeled longitudinal trajectory (D) of the non-negative least squares 
model collagen coefficient as a function of gestation in WT and Cox-1 KO mice. 
 
 

A non-negative least squares (NNLS) analysis was performed to understand the 

biochemical basis of the in vivo Raman spectra. Pure spectra were collected from collagen I, 
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water, and adipose tissue which revealed characteristic fingerprints, demonstrating molecular 

specificity (Figure 3.6).  

 

 
Figure 3.6: Non-negative least squares components and model fits. Raman spectra of A) collagen 
I, B) water, and C) mouse adipose tissue. D) Overlay of representative cervical tissue spectrum 
(black), least squares fit (red), and the residual (blue). E) Pure spectra multiplied by their fit 
coefficients from the tissue spectrum in D, with their fit coefficients inlaid in the plot. 
 
 
 

Although adipose tissue is not known to be present within the cervix, it is likely that 

surrounding fat pads such as the inguinal, perigonadal, and lower pelvic fat pads were detected in 

some of the Raman spectra146, and as such adipose was incorporated into the NNLS model. A 

representative cervical tissue spectrum (black) was fit using the NNLS model (red) developed 

using the pure component spectra, and then overlaid with the residual (blue) (Figure 3.6D). The 
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residual was small and fluctuated above and below zero. Furthermore, the least squares fit was 

decomposed such that the contribution from each component was easily seen (Figure 3.6E). The 

contribution of collagen in Raman signals decreased over the course of pregnancy starting on day 

12 in WT and Cox-1 KO mice. WT levels steadily declined until day 18 and then spiked on day 

19, but Cox-1 KO levels plateaued  at day 15 and increased on day 19 and 20 (Fig. 3.5C). The 

collagen coefficient was also analyzed using the developed generalized linear model (Fig. 3.5D), 

and revealed significant changes over gestation (p<0.0001), but no significant differences were 

reported between mouse models. To verify this result without the influence of adipose tissue, the 

cervix was excised from non-gravid and day 19 WT mice and Raman spectra were obtained. The 

spectra were fit to the NNLS model which revealed that the collagen coefficient was lower on 

day 19 of pregnancy (Figure 3.7), similar to the in vivo results. 

 

 
Figure 3.7: Non-negative least squares collagen coefficients obtained from excised non-gravid (n=8) 
and day 19 (n=4) WT cervix tissues. Plotted as mean ± SEM, (p=0.05). 
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3.4.3 Wild type and Cox-1 KO ex vivo cervical biomechanical properties deviate at the end of 

pregnancy 

After performing in vivo Raman spectroscopy, the cervices of select mice (n=8-9 per 

group, per time point) were excised for paired ex vivo biomechanical testing to determine 

whether mechanical properties changed in response to altered tissue biochemistry with 

pregnancy. A defined tissue displacement protocol was followed for biomechanical testing (Fig. 

3.8A). Representative data from a WT day 15 cervix that underwent stress-relaxation testing is 

shown in Fig. 3.8B; red circles indicate the impulse stress experienced by the tissue for each 

increase in displacement and provides information regarding the elastic nature of the tissue. Blue 

circles indicate the equilibrium stress that cervical tissues maintained after a strain, providing 

information on viscous properties.  
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Figure 3.8: Cox-1 KO mice have less distensible cervices at term than WT. A) Displacement 
protocol used for biomechanical stress relaxation tests. B) Representative data from stress-
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relaxation biomechanical tests. Red circles highlight the maximum impulse stress observed for 
each displacement; blue circles highlight the equilibrium stress observed four minutes post 
displacement. C) Average stress-relaxation recordings from WT day 19, Cox-1 KO day 19, and 
Cox-1 day 20 cervical tissues. D) Inset of the average stress-relaxation data from the first three 
displacements. E-F) Average exponential fits to the impulse stiffness and equilibrium stiffness 
results from WT day 19, Cox-1 KO day 19, and Cox-1 KO day 20 cervical tissues, *p<0.05 
compared to day 19 WT. G) Unloaded dilation of ex vivo cervical tissues from WT and Cox-1 
KO mice across gestation (n=8-10 per group, per time point). H) Total dilation of ex vivo 
cervical tissues prior to tissue failure.  
 

 

Average raw data generated from WT day 19, Cox-1 KO day 19, and Cox-1 day 20 mice 

segregated into distinct groups (Fig. 3.8C-D). Over the first three displacements performed (Fig. 

3.8D), Cox-1 day 19 tissues experienced the greatest amount of stress per millimeter of 

displacement, followed by the Cox-1 day 20 tissues, and then WT day 19 tissues, which 

exhibited a smaller degree of stress, particularly at the first two displacements.  

 The impulse and equilibrium stress were modeled using an exponential curve 

described by Timmons et al. 114 to compare the stiffness of the cervical tissues in WT and Cox-1 

KO mice. The stresses were significantly greater in the gestation day 19 Cox-1 KO tissues 

compared to day 19 WT and day 20 Cox-1 KO (Fig. 3.8E-F). The A and B coefficients were 

significantly higher in Cox-1 KO day 19 tissues compared to WT day 19 and Cox-1 KO day 20 

(Table 4.1, p<0.05), indicating that the Cox-1 KO tissues experienced greater stress at small and 

large displacements, respectively. Taken together, these data (Fig. 3.8A-F) indicate that the Cox-

1 KO cervix is more rigid at term, but becomes more like the compliant WT cervix after one 

additional day of gestation. 
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Initial dilation of the cervical os measured in excised, unloaded tissues was significantly 

different (p<0.05) between time-matched WT and Cox-1 KO mice on gestation day 15 and 19, as 

well as between day 18 WT and day 19 Cox-1 KO (Fig. 3.8G). However, day 19 WT compared 

to day 20 Cox-1 KO was not significantly different, indicating catch-up dilatability of the post-

mature Cox-1 KO cervix under baseline conditions. Total cervical dilation (initial dilation + 

displacement at failure during stress-relaxation testing) was measured across gestation (Fig. 

3.8H). On day 19 of pregnancy, the WT cervix was able to dilate to a greater extent than Cox-1 

KO before tissue failure occurred (p<0.05). No difference was observed between the day 19 WT 

and day 20 Cox-1 KO cervices, suggesting eventual catch-up of KO tissues as the parturition 

delay continued. 

 

Table 3.1: Coefficients of the cervix viscoelasticity model 
Model: Stress=(A/B)*[exp(cervical opening*B)-1] 
  

Equilibrium 
stiffness 

A  +/- SEM B  +/- SEM 
d19 WT 253.49 78.85 0.26 0.02 
d19 COX-1 KO *520.62 153.41 0.18 0.03 
d20 COX-1 KO 380.61 111.49 0.19 0.03 

     
Impulse Stiffness A  +/- SEM B +/- SEM 
d19 WT 678.82 232.65 0.42 0.05 
d19 COX-1 KO *1512.47 491.83 0.45 0.12 
d20 COX-1 KO 849.36 375.92 0.39 0.12 

Significant differences were observed between the Cox-1 KO day 19 and WT day 19 
tissues among the A parameters in both the equilibrium and impulse stiffness curves (p<0.05). 
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3.4.4 In vivo Raman spectra correlate with ex vivo biomechanical measures 

Multiple Spearman correlations were computed between Raman spectral features and 

mechanical measures (Fig. 3.9). The black box highlights correlations between Raman spectra 

and biomechanical properties of the cervix where strong positive correlations (bright red) and 

strong negative correlations (bright blue) were observed. Many of these comparisons were 

statistically significant, with the highest correlations coming from the Raman spectral collagen 

coefficient (p<0.005 for all biomechanical comparisons), followed by the 1304/1265 cm-1 

lipid/protein ratio (p<0.05 for all biomechanical comparisons).  
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Figure 3.9: In vivo Raman data correlate with ex vivo biomechanical properties. Spearman 
correlation matrix containing four Raman peak ratios and a non-negative least squares 
component representative of collagen signatures for comparison to the impulse stiffness, impulse 
x intercept, equilibrium stiffness, equilibrium x intercept, initial opening, total dilation, and 
maximum stress measures obtained during biomechanical testing. 
 
 
 
3.4.5 Cervix progesterone levels remain elevated in Cox-1 KO mice at the end of pregnancy 

Progesterone levels are elevated during pregnancy to maintain a quiescent state in mice. 

Cervical tissue progesterone levels were measured using radioimmunoassay detection in WT 

mice on gestation day 17 to determine progesterone levels prior to the onset of labor, on 

gestation day 19 to measure pre-parturition levels, and on day 19.5 to measure levels at the time 
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of active labor. Similarly, Cox-1 KO cervical tissues were measured on gestation days 17, 19, 

and 19.5, as well as gestation day 20 due to delayed parturition (Fig. 3.10A). As expected, 

gestation day 17 progesterone values were the highest in both WT and Cox-1 KO pregnant mice 

since luteolysis had not yet occurred. On gestation day 19, progesterone levels declined in both 

WT and Cox-1 KO mice compared to day 17 (p<0.001) although Cox-1 KO levels remained 

significantly elevated compared to WT (p<0.005). On gestation day 19.5, progesterone levels 

were significantly lower (p<0.05) in the WT group compared to time-matched Cox-1 KO mice. 

While Cox-1 KO mice still had higher mean progesterone levels on gestation day 20 compared 

to WT mice on gestation day 19.5, the difference was not statistically significant (p=0.13).   

 

  



59 
 

 

Figure 3.10: Ex vivo biochemical assays of cervix composition show delayed remodeling and 
Cox-1 KO mice. A) Cervix progesterone levels. B) Water content. C) Total collagen. D) 
Collagen concentration (μg/mg wet weight). Plotted as mean ± SEM, *p<0.05 compared to day 
19 WT. 
 
 
 
3.4.6 Tissue hydration and collagen content significantly differ at term gestation 

In order to validate the results obtained from in vivo Raman spectroscopy, we performed 

ex vivo biochemical assays to measure tissue hydration and collagen content in cervix samples 

from WT and Cox-1 KO mice. Gestation day 19 WT mice had significantly greater water content 

than Cox-1 KO mice on day 19 (p<0.05) but not day 20 as indicated by these assays (Fig. 

3.10B). An established collagen assay based on hydroxyproline content was used to determine 
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the total collagen content (micrograms of collagen per tissue) (Fig. 3.10C). Total collagen slowly 

increased from day 15 within both WT and Cox-1 KO mice. However, significantly higher 

(p<0.01) levels of collagen were detected in WT mice on day 19, which was eventually achieved 

in the Cox-1 KO mice on day 20 of gestation. No significant differences were observed between 

WT and Cox-1 KO cervical tissues in collagen concentration (Fig. 3.10D) for any time points 

examined.  

 

3.5 Discussion 

Prostaglandins are key regulators of multiple aspects of female reproduction, including 

uterine contractility, and cervical ripening in inflammation-induced preterm birth 114,147,148. 

Impaired luteolysis and prevention of the expected progesterone decline in Cox-1 KO mice is 

currently considered the mechanism for delayed parturition in these mice 122 and similar models 

of prolonged gestation 108,122,149-153. Despite speculation of suppressed uterine contractility of 

Cox-1 KO mice, we observed unhindered uterine contractility despite a 2-3 day delay in delivery 

of offspring, indicating that uterine contractility is not the basis for delayed parturition and 

suggests that impaired cervical remodeling may be responsible for preventing normal birth 

timing 123. We used Raman spectroscopy to show for the first time that parturition-related 

changes in biochemical composition of the cervix are delayed in Cox-1 mice. This optical 

technique correlates to biomechanical measures of cervical rigidity and can be used to non-

invasively stage maturation of the cervix over the course of pregnancy and in the pre-parturition 

period leading up to birth.  

Although prostaglandins are widely regarded as essential molecules for cervical ripening, 

our data showing restricted Cox expression in the pregnant mouse cervix corroborate recent 
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unexpected findings by Timmons et al. 114 where low levels of Cox-1 and Cox-2 expression and 

low cervical prostaglandin levels were noted during normal pregnancy. Cervix prostaglandin 

levels were increased in the immediate post-partum period, likely related to heightened Cox 

expression or via prostaglandin synthesis in nearby uterine tissues (Fig. 3.1), which then bind 

and activate cervix prostaglandin receptors 154. While upregulation of Cox-2 can partially 

compensate for the absence of Cox-1 in the uterus 155, we previously showed that prostaglandin 

levels were at the lower limits of detection in Cox-1 KO uteri 105. Interestingly, our present study 

showed that deletion of Cox-1 did not impair uterine contractions (Fig. 3.1 C-D). It was 

previously thought that Cox-1-derived prostaglandins directly stimulate myometrial contractility 

or that PGF2α acts on the corpus luteum, leading to subsequent luteolysis, progesterone fall, and 

uterine activation for labor 156. The compensatory mechanisms enabling normal uterine 

contractions in Cox-1 KO mice are not yet fully understood, but support an impaired cervical 

remodeling hypothesis that was tested in the current study. 

In vivo Raman spectroscopy revealed significant changes in the biochemical makeup of 

the cervix over the course of pregnancy. Highly significant differences observed in Cox-1 KO 

compared to WT cervices near term provide the first evidence supporting impaired cervical 

remodeling as a novel factor responsible for the parturition delay in Cox-1 KO mice. In 

particular, Cox-1 KO mice show a gradual increase in the 1304 cm-1/1265 cm-1 peak ratio 

compared to a non-linear increase in the WT peak ratio over pregnancy, with a sharp decrease at 

term in WT and one day after term in Cox-1 KO (Fig. 3.3). The peak at 1265 cm-1 decreased 

linearly over pregnancy, which is assigned to the Amide III vibration (C-N stretching and N-H 

in-plane bending from peptide backbone) present in various structural proteins, as well as in-

plane cis double bond ═C-H bending from lipid molecules such as adipose tissue and 
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phospholipids 131,157. The 1304 cm-1 peak is assigned to scissoring and twisting vibrations of CH3 

groups in lipids 131, but also has overlap with spectral bands in actin, elastin, and nucleic acids 

130,133,158,159. Thus, this ratio is tentatively assigned as a lipid-to-protein ratio and may be 

indicative of an increase in collagen disorganization relative to cellular content in the softening 

and ripening stages of pregnancy.  

A reduced rate of change in the 1265 cm-1/ 1440 cm-1 ratio was observed in the ripening 

phase in Cox-1 KO mice compared to WT (Fig. 3.5A-B). The 1440 cm-1 peak is characteristic of 

CH2/CH3 scissoring in lipids 131. Collagen and other extracellular matrix proteins break down 

over the course of pregnancy 32 and are likely responsible for the observed decrease in this ratio 

as pregnancy advanced. Significant changes over the course of pregnancy were also noted in the 

NNLS collagen coefficient (Fig. 3.5C-D), where both WT and Cox-1 KO levels significantly 

decreased starting on day 12 of pregnancy. The collagen concentration is known to decrease 

during pregnancy 49,160, which aligns with results from both the in vivo and ex vivo Raman 

spectra. In contrast to the peak ratios, the Cox-1 KO collagen coefficient did not sharply rise at 

term, nor were significant differences found between WT and Cox-1 KO mice at term, indicating 

that sharp changes observed prior to parturition in Figs. 3.3 and 3.5A-B may not be centered on 

collagen. It should be noted that although the pure components measured for the developed 

NNLS model account for a large amount of the variability observed in the collected data set, not 

all of the potential biochemical contributors to the measured Raman signal are incorporated. 

Additional cervical components include but are not limited to actin, elastin, glycosaminglycans, 

and nucleic acids 27,28,43, and likely contribute to the sharp changes observed prior to delivery in 

both WT and Cox-1 KO mice in the Raman peak ratios (Fig. 3.3C and 3.5A), and WT mice in 

the NNLS analysis (Fig. 3.5C). 
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Differences observed in Raman spectra were supported by ex vivo biomechanical tests 

(Fig. 3.8), which showed that the cervix of day 19 Cox-1 KO mice had significantly higher 

impulse stiffness and equilibrium stiffness compared to day 19 WT. Possible explanations for the 

impulse stiffness include higher levels of collagen crosslinks in the Cox-1 KO tissue at term 32, 

whereas less dispersion of collagen fibers and less hydrated cervical stroma could prevent 

viscous relaxation resulting in higher equilibrium stiffness 44,48. Furthermore, Cox-1 KO day 19 

tissues were less compliant in both unloaded states (initial dilation) as well as the maximum 

stretch-induced dilation state (total dilation or ultimate cervical compliance) compared to day 19 

WT cervices. The latter two measures offer complementary information. Initial dilation reflects 

tissue compliance without application of any external force (other than gravity) similar to 

cervical dilation assessment in non-laboring women. For example, pregnant women with cervical 

dilation < 3 cm require additional force to produce dilation sufficient for parturition compared to 

women dilated to 8 cm (maximum of 10 cm for complete dilation), even if both patients have an 

equally softened cervix. Although the in vivo cervix is always under load 161, our experiments 

isolated the cervix from surrounding tissue forces and pressure from the fetus to provide 

information on inherent cervical distensibility. Total dilation, which yields the maximum stretch 

cervical tissue can withstand prior to tissue failure, is similar to the requirement for human 

cervical dilation to 10 cm. Regardless of cervical diameter at the onset of labor, delivery will not 

be successful until complete dilation is achieved, and is therefore an absolute, not relative 

requirement for parturition. Together, this information confirms that normal transition to the 

cervical dilation phase was delayed in Cox-1 KO mice, resulting in reduced capacity to reach the 

final dilation needed to successfully deliver at term.  
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Successful passage of a fetus depends on achievement of cervical remodeling and 

complete cervical dilation. Currently, physical and biomechanical assessments are the most 

commonly used measures of cervical remodeling. Here, we showed that Raman peak ratios and 

changes in biochemical composition of the cervix correlate with biomechanical properties and 

physical changes in cervical stiffness and compliance (Fig. 3.9). The highest correlation 

observed was between the Raman collagen coefficient and the initial dilation. Fibrillar collagens 

largely govern the mechanical properties of cervical tissue, supporting the feasibility of using 

Raman measurements to interrogate cervical maturation during the quiescent phase of pregnancy 

and with impending parturition. Biochemistry is known to play a key role in mechanical 

properties 44,47,48; however, biochemistry alone cannot fully capture the structure and packing of 

all molecules that contribute to biomechanical properties. As such, pairing Raman spectroscopy 

with another structurally-focused modality could greatly improve the determination of 

mechanical properties in vivo. Engineering models of cervical biomechanics 162 and biochemical 

inputs determined via Raman spectroscopy could be valuable additions when applying such 

models towards non-invasive assessment of cervical tissue.  

Ex vivo biochemical assays similarly revealed differences between WT and Cox-1 KO 

cervical tissues at the end of pregnancy. Significantly higher progesterone levels were noted in 

Cox-1 KO mice on day 19 compared to WT, however unlike previous reports 122, progesterone 

levels clearly fell in both groups, albeit not to the same extent. This suggests the possibility of a 

progesterone-mediated delay in cervical dilation, similar to two other mouse models of delayed 

parturition in which systemic progesterone levels remain elevated: Steroid 5a-reductase type-1 

knockout mice and Tg/Tg mice with an insertion in chromosome 6 149,152. Water content rose 

significantly on the final day of pregnancy in WT mice, which was not observed in the Cox-1 
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KO day 19 tissues. Cervical hydration typically increases over the course of pregnancy, 

particularly in the ripening/dilation phase 49,50,102. Similarly, total collagen per cervical tissue rose 

significantly on the final day of gestation in WT mice compared to Cox-1 KO, however collagen 

levels in the day 20 Cox-1 KO cervix eventually caught up to day 19 WT levels (Fig. 3.10C).  

One limitation of this study is the contribution of adipose tissue to the in vivo Raman 

spectra collected from the cervix. Multiple steps were taken to minimize the influence of adipose 

tissue whilst maintaining information from the cervix, including an automated system for 

removing spectra that had high adipose content (spectra with the 1440 cm-1 peak >1800 counts). 

In addition, the generalized linear model incorporates the 1440 cm-1 signal intensity as a model 

variable so that the non-adipose content could be independently analyzed. This allowed for 

prediction of how the spectra would change over gestation given a constant adipose contribution. 

This method can be used for other applications where an additional signal is interfering with 

spectra from a desired location, including interference from adipose tissue and bone. Beyond 

quantitative data exclusion (by pre-determined criteria) and post-processing analysis, a variety of 

hardware solutions could be used to minimize the variability introduced by adipose. Use of a 

custom Raman fiber optic probe that is focused to superficial tissue depths could reduce 

contribution from deep adipose layers 163. Furthermore, a spatially offset probe design could 

provide depth-resolved information with minimal signal from adipose tissue reaching the low 

source-detector distance fibers 164. Finally, use of a lower wavelength such as 680 nm or 532 nm 

would inherently limit the penetration depth of the laser light, and therefore reduce contribution 

from adipose tissue located behind the cervix, however visible excitation sources are likely to 

lead to greater tissue heating and autofluorescence signal generation 165. 
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In summary, we identified delayed cervical remodeling in pregnant Cox-1 KO mice as an 

underlying mechanism for prolonged gestation. Specifically, in vivo Raman spectroscopy 

detected significant differences between WT and Cox-1 KO cervical tissues during pregnancy, 

particularly in peaks representative of proteins and lipids. Spectral analysis correlated with 

biochemical changes, biomechanical testing, and reduced cervical dilation in Cox-1 KO mice at 

term. This study underscores the importance of studying the cervix in the context of abnormal 

parturition, which remains a relatively under-investigated organ. Difficulty obtaining molecular 

information from cervical tissue without compromising pregnancy has driven new innovation, 

including in vivo Raman spectroscopy. As a non-invasive, real-time technique that can be 

performed longitudinally, biochemical differences that occur throughout pregnancy can be 

detected without tissue injury or potential harm. Our study demonstrates that this technique, 

which has been used in a variety of human studies 89, has clear potential for direct clinical 

translation.  
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CHAPTER 4 

 

IN VIVO RAMAN SPECTROSCOPY FOR BIOCHEMICAL MONITORING OF THE 

HUMAN CERVIX THROUGHOUT PREGNANCY 

 

Text partially adapted from:  

CM O’Brien, E Vargis, A Rudin, JC Slaughter, G Thomas, JM Newton, J Reese, KA Bennett, 
and A Mahadevan-Jansen. “In vivo Raman spectroscopy for biochemical monitoring of the 
cervix throughout pregnancy," (AJOG, in press). 

 
 
 

4.1 Abstract 

 The cervix must undergo significant biochemical remodeling to allow for successful 

parturition. This process is not fully understood, especially in instances of spontaneous preterm 

birth.  In vivo Raman spectroscopy is an optical technique that can be used to investigate the 

biochemical composition of tissue longitudinally and non-invasively in humans, and has been 

utilized to measure physiology and disease states in a variety of medical applications. The 

purpose of this study is to measure in vivo Raman spectra of the cervix throughout pregnancy in 

women, and to identify biochemical markers that change with the preparation for delivery and 

post-partum repair. Sixty-eight healthy pregnant women were recruited. Raman spectra were 

measured from the cervix of each patient monthly in the first and second trimesters, weekly in 

the third trimester, and at the six week post-partum visit. Raman spectra were measured using an 

in vivo Raman system with an optical fiber probe to excite the tissue with 785 nm light. A 

spectral model was developed to highlight spectral regions that undergo the most changes 

throughout pregnancy, which were subsequently used for identifying Raman peaks for further 
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analysis. These peaks were analyzed longitudinally to determine if they underwent significant 

changes over the course of pregnancy (p<0.05). Finally, six individual components that comprise 

key biochemical constituents of the human cervix were measured to extract their contributions in 

spectral changes throughout pregnancy using a linear combination method. Patient factors 

including body mass index (BMI) and parity were included as variables in these analyses. Raman 

peaks indicative of extracellular matrix proteins (1248, 1254cm-1) significantly decreased 

(p<0.05), while peaks corresponding to blood (1233 and 1563 cm-1) significantly increased 

(p<0.0005) in a linear manner throughout pregnancy. In the post-partum cervix, significant 

increases in peaks corresponding to actin (1003, 1339, 1657 cm-1) and cholesterol (1447 cm-1) 

were observed when compared to late gestation, while signatures from blood significantly 

decreased. Post-partum actin signals were significantly higher than early pregnancy, whereas 

extracellular matrix (ECM) proteins and water signals were significantly lower than early weeks 

of gestation. Parity had a significant effect on blood and ECM protein signals, with nulliparous 

patients having significant increases in blood signals throughout pregnancy, and higher ECM 

protein signals in early pregnancy compared to patients with prior pregnancies. Body mass index 

(BMI) significantly affected actin signal contribution, with low BMI patients showing decreasing 

actin contribution throughout pregnancy and high BMI patients demonstrating increasing actin 

signals. Raman spectroscopy was successfully used to biochemically monitor cervical 

remodeling in pregnant women during prenatal visits. This foundational study has demonstrated 

sensitivity to known biochemical dynamics that occur during cervical remodeling, and identified 

patient variables that have significant effects on Raman spectra throughout pregnancy. Raman 

spectroscopy has the potential to improve our understanding of cervical maturation, and be used 
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as a non-invasive preterm birth risk assessment tool to reduce the incidence, morbidity, and 

mortality caused by preterm birth.   

4.2 Introduction 

 Over half of all spontaneous preterm birth (sPTB) cases do not fall within any specific 

high-risk category, making the prediction and management of sPTB difficult 11. While labor and 

parturition are coordinated processes involving many systems and organs for proper function, a 

full understanding of the cascade leading to labor and parturition has not been achieved, 

particularly in instances of sPTB. An arguably under-investigated but highly important organ for 

pregnancy maintenance and proper labor is the cervix, a dense extracellular matrix (ECM) that is 

infiltrated by cells, blood vessels, and smooth muscle 27,31. The normal process of cervical 

remodeling that facilitates vaginal delivery occurs in four overlapping stages (softening, 

ripening, dilation, and repair) that have unique biochemical features and vary in duration among 

patients (Figure 2.4) 43. Furthermore, these processes are affected by patient factors including 

parity 166-169, prior vaginal delivery 44, and body mass index (BMI) 170-174.  

Biochemically, the most abundant component of the ECM is fibrillar collagen, accounting 

for over 70% of the cervix tissue dry weight 44. Other important ECM components include 

elastin, hyaluronan, sulfated glycosaminoglycans, proteoglycans, and water. During the softening 

phase, hydration and vascularity increase, remodeling the collagen matrix 43. The ripening phase 

involves an accumulation of hydrophilic molecules including glycosaminoglycans such as 

hyaluronic acid, further increasing cervical tissue hydration. Additionally, collagen becomes 

increasingly soluble. While the total amount of collagen remains the same, the collagen 

concentration decreases due to an influx of water and other matrix constituents 29. Next, cervical 

dilation occurs as a rapidly so the cervix can expand and dilate for delivery. Finally, during 
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cervical repair, the collagen matrix of the cervix rebounds through an inflammatory process 

similar to wound healing 55,56, with an increase in macrophages and neutrophils that orchestrate 

ECM rebuilding 53. Collagen remodeling occurs in all phases of cervical maturation, and has 

been identified as the most important component in the mechanical strength in the cervix 44,45. A 

firm relationship has been established between the extent of collagen cross-linking and tensile 

strength in both the pregnant mouse 46 and human cervix tissues 37,47,48.  

Researchers are working to develop new tools to quantitatively and non-invasively 

evaluate cervical remodeling in vivo to aid both basic understanding of the remodeling process 

and clinical decision-making. These methods include magnetic resonance, acoustic, mechanical, 

electrical, and optical techniques 1,65,124. Light-based approaches can enable the study of tissue 

morphology and biochemistry depending on the light-tissue interaction process used. Two 

optical methods have been used in vivo to specifically monitor collagen. Fluorescence from 

collagen can be obtained by exciting tissue at ~340 nm. Previous studies have shown that 

fluorescence decreases over the course of pregnancy in mice and women 73-75. Excitation at ~950 

nm can produce an optical phenomenon termed second harmonic generation in collagen fibers, 

and can be used to create collagen-specific images that show well-defined collagen networks and 

ECM remodelling over the course of pregnancy 76,77.  

Beyond collagen, near-infrared spectroscopy has been used to monitor optical absorbers 

including hydration and hemoglobin, and optical scatterers such as collagen and cellular organe 

lles by measuring diffuse light scattering 78,79. Absorption by hemoglobin as well as optical 

scattering were shown to increase throughout pregnancy, and absorption by water significantly 

increased during cervical ripening after exposure to the prostaglandin misoprostol 78,79. 

Ectocervix surface area determined by images from an endoscopic camera reveal increased 
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surface area in pregnant patients throughout pregnancy, and was attributed to increased hydration 

175. While fluorescence, second harmonic generation, near-infrared spectroscopy, and white light 

imaging have been applied in vivo, these methods provide only a partial measure of the 

biochemical micro-environment. A single method that can probe hydration, proteins, nuclear 

content as well as changes in vasculature could evaluate the role of each biomarker as well as the 

interplay between them during cervical remodeling. 

Raman spectroscopy is an inelastic scattering technique that probes the vibrational energy 

levels of molecules. A Raman spectrum contains spectrally narrow peaks which provide specific 

molecular fingerprints that are related to biochemistry and structure. Raman signals 

corresponding to lipids, proteins, saccharides, nucleic acids, and water, offer direct information 

regarding the biochemical makeup of the tissue, and signal intensity is linearly related to 

molecule concentration. Care must be taken during the interpretation of spectra in instances of 

peak overlap, such as the overlap of protein and water at 1657 cm-1. In such cases, all Raman 

features of a given molecule must be analyzed, and spectral unmixing methods may be 

employed. Using Raman spectroscopy for direct understanding of molecular processes is 

difficult in vivo due to the large number of biochemical constituents that contribute to Raman 

spectra. Thus, in vivo information mainly provides relative abundance of biochemical 

constituents and in some cases structure which may be used to inform biology. Due to its high 

sensitivity and specificity, Raman spectroscopy has been increasingly used in biomedical 

applications 89, including detecting dysplasia in the human cervix 88,133,176-180. In recent years, 

sensitivity to the hormonal status of cervical tissue has been seen in Raman spectra92,136,137, 

which was the first step in using Raman spectroscopy to study cervical remodeling in mouse 

models of pregnancy 2,101. Although mouse models allow for observation of pregnancy in a 
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highly controlled manner, not all biology is conserved between mice and women, and clinical 

implementation introduces its own set of challenges.  

The goal of this study is to test the feasibility of measuring Raman spectra of the in vivo 

cervix in pregnant women, and to characterize Raman signatures throughout pregnancy and post-

partum. To this end, sixty-eight pregnant patients were enrolled in the study, and their cervices 

were measured throughout pregnancy and post-partum. Statistical analysis was performed 

longitudinally on the collected spectra, and highly significant changes in the spectra are observed 

as a function of gestation. In addition, patient factors including body mass index and obstetric 

history had significant effects on Raman spectra. To our knowledge, this is the first report using 

Raman spectroscopy to study cervical remodeling in pregnant women, demonstrating feasibility 

of the approach and identifying biochemical features associated with the phases of cervical 

remodeling.  

 

4.3 Materials and methods 

4.3.1 Patient recruitment 

This study was approved by the Vanderbilt University Medical Center’s Institutional 

Review Board (#100544) and followed the guidelines of the Declaration of Helsinki. Pregnant 

patients receiving prenatal care at the Vanderbilt Women’s Health Center were recruited using 

informed, written consent. To be eligible for enrollment, patients had to be at least 18 years old 

and able to provide legally valid prospective informed consent. Relevant patient information 

such as obstetric history, medications, age, BMI, and estimated date of delivery were all included 

in each patient’s research chart. At the end of the study, patient outcome, delivery date and time 
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were also recorded. Patient demographics are listed in Table 4.1. A total of 68 patients were 

enrolled in this study based.  

 

Table 4.1: Patient demographics and outcome.  
Variable Measure 

Total patients (n) 68 

Obstetric History   

       No prior pregnancies (n) 28 

       Prior pregnancies (n) 40 

              Prior vaginal deliveries (n) 30 

Pre-pregnancy BMIa   

       Mean (± SEM) 29.3 (7.6) 

       Underweight/normal (<25) (n) 19 

       Overweight (25-30) (n) 25 

       Obese (30-35) (n) 8 

       Severely obese (35-40) (n) 7 

       Morbidly obese (BMI>40) (n) 8 

Obstetric outcomeb   

       Delivered vaginally at term (n) 32 

       Delivered vaginally preterm (n) 4 

       C-section at term (n) 25 

       C-section preterm (n) 5 

aBMI was not available for one patient 

bOutcome was not available for two patients 
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4.3.2 Experimental setup 

A portable Raman spectroscopy system was used for data collection (Figure 4.1A). The 

system consists of a 785 nm diode laser (Innovative Photonics Solutions), an imaging 

spectrograph (Kaiser Holospec), a deep-depletion thermoelectrically cooled CCD camera 

(Princeton Instruments), a laptop computer, and a Raman spectroscopy fiber optic probe 

(EmVision LLC). The Raman probe (fiber optic probe approximately 2.1 mm in diameter, plus 

external stainless steel casing totaling 6.3 mm in outer diameter) consists of one optical fiber that 

transmits light from the laser to the tissue, surrounded by seven collection fibers that deliver the 

backscattered light to the spectrograph. The laser power at the sample was set to 80 mW. 

 

4.3.3 Clinical protocol 

After obtaining written, informed consent, the patient underwent a speculum exam 

performed by a certified Women’s Health Nurse Practitioner. The cervix was exposed and 

cleaned with a cotton swab soaked in sterile saline before the Raman probe was gently placed in 

contact with the cervix to obtain a Raman spectrum (Figure 4.1B). The overhead room lights 

were turned off, and 3-5 measurements were taken from separate locations around the 

ectocervix, taking care to ensure that the probe was placed on the squamous epithelium. Each 

measurement used an integration time of 3 seconds, and the entire procedure took less than 10 

minutes per visit. After each use, the Raman probe was disinfected after each patient in 

accordance with standard disinfection procedures. For each patient, spectra were acquired 

monthly in the first and second trimester, weekly in the third trimester, and at six week post-

partum. 
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4.3.4 Data processing 

Each day, the Raman spectroscopy system was wavelength calibrated using a Neon 

Argon lamp. The exact laser excitation wavelength and Raman shift were calculated using 

acetaminophen and naphthalene standards which have well characterized Raman shifts. The 

spectral response of the system was first determined using a NIST calibrated tungsten lamp, and 

then calibrated daily using a piece of green glass that has a similar broadband spectrum. The 

resultant calibration factor was applied to each spectrum based on the spectral throughput 

measured each day. Raman spectra were processed to remove ambient background light, 

smoothed using a Savitzky-Golay filter, and fluorescence subtracted using the modified 

polynomial method 141.   

 

4.3.5 Data analysis 

In order to determine how the average Raman spectrum changes over the course of 

pregnancy and post-partum, a restricted cubic spline function for Raman shift (cm-1) with "k 

degrees of freedom" or "k-1 knots", where k was set to 65 was used. Sixty-five knots were used 

in order to fit high frequency changes in the spectrum as well as provide some spectral 

smoothing. Additional patient variables, including prior vaginal delivery and BMI were 

incorporated in this spectral model, resulting in a series of Raman spectra representative of 

various stages of pregnancy and post-partum. 

Spectral regions that appeared to change throughout pregnancy based on observations 

from the spectral model were used for calculating changes in Raman peaks and Raman peak 

ratios over pregnancy. Peak ratio calculations provide data normalization and thus allow 

improved comparison across datasets with varying signal to noise ratios. Using this approach, the 
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following peaks were identified for further analysis: 1006, 1055, 1125, 1157, 1248, 1254, 1304, 

1339, 1451, 1563, and 1657 cm-1. To determine whether peak or peak ratio intensities changed as 

the cervix prepared for delivery, generalized estimating equations181,182 (GEEs, a type of linear 

model that clusters data obtained from each patient over time in order to account for the inherent 

correlation between measurements from the same patient) were developed for longitudinal 

monitoring. The change in each peak or peak ratio over time was modeled and plotted with its 

mean and its 95% confidence interval based on the GEE output, and ANOVA was performed on 

the model output to determine statistical significance (* indicates p<0.05 over the course of 

pregnancy). GEE output plots enable the analysis of cervical remodeling as a continuous 

variable, such that the not only the spectral peak levels can be observed in each trimester, but 

also the rate of change within, between, and throughout all trimesters. 

Next, major biochemical contributors to the Raman spectra were tracked throughout 

pregnancy and post-partum using a biochemical model termed non-negative least squares 

(NNLS) analysis. Pure components known to be present in the cervix were measured and the 

tissue spectrum was recreated using a linear combination of the pure components. The 

components used for the model were measured in their pure form and include actin, adenosine 

triphosphate, cholesterol, collagen type-I, deoxyribonucleic acid, glucose, glycogen, 

phosphatidylcholine, phosphatidylethanolamine, progesterone, and prostaglandin E2 (Sigma, St. 

Louis, MO), glucose-6-phosphate (Roche Diagnostics GmbH, Mannheim, Germany), hyaluronic 

acid (Abcam, Cambridge, MA), blood (excess human blood from use in IRB-approved protocol 

#151532), and deionized water. All measurements were acquired using the same integration time 

and are displayed in Supplemental Figure 1.                                                                                                                                                                      
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Non-negative least squares analysis is most accurate when non-correlated spectral 

components are used in the model; therefore the correlation coefficient between each 

biochemical signal was calculated (Supplemental Figure 2). If any two biochemical components 

had a Spearman correlation coefficient higher than 0.75, one of the two components was chosen 

to be input for the model and the other was not included. The model was computed using 

MATLAB. The pure component spectra were loaded into a matrix with each column containing 

a pure component spectrum. Patient spectra were input to the model and the best fit coefficients 

from each component were calculated. In addition, the residual between the model fit and the 

tissue spectrum was calculated to ensure all regions of the Raman spectra were adequately 

represented.  

To longitudinally monitor how each biochemical molecule changed throughout 

pregnancy, the biochemical coefficients were analyzed using GEEs as explained above. In 

addition, patient variables including obstetric history (parity) and BMI were incorporated into the 

model as continuous variables to determine their effects on Raman spectra throughout 

pregnancy. Studies have shown that BMI and parity have an influence on the ability of Raman 

Spectroscopy to correctly characterize cervical spectra 183, and are factors that contribute to the 

timing of parturition 170,171,174.  

 

4.4 Results 

4.4.1 Spectral changes throughout pregnancy 

Raman spectra collected throughout pregnancy changed significantly as the cervix 

prepared for delivery. Representative spectra from one patient measured throughout her 

pregnancy and post-partum are shown in Figure 4.1C. Multiple regions show considerable 
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variation including 1030-1100 cm-1, 1118-1200 cm-1, 1230-1260 cm-1, 1270-1330 cm-1, 1440-

1460 cm-1, 1550-1600 cm-1, and 1630-1670 cm-1. The post-partum spectrum is particularly 

distinct from the prenatal measurements, and most closely resembles the earliest measurement 

obtained at the patient’s 8 week prenatal visit. However significant increases in the 1118-1200, 

1300-1350, and 1630-1670 cm-1 regions are observed, unique to the post-partum period.  

 

 
Figure 4.1. In vivo Raman spectroscopy of the cervix during pregnancy. A) Portable Raman 
spectroscopy system; B) Raman probe measurement from the cervix in vivo; C) Raman spectra 
from one patient over the course of her pregnancy and post-partum (PP).     
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The spectral model, which was developed to determine the average Raman spectra over 

the course of pregnancy for the entire patient population studied, is shown in Figure 4.2. Several 

significant changes were observed over pregnancy and post-partum, which are highlighted by the 

gray shaded regions in Figure 4.2 (* indicates significant change over the course of pregnancy 

with p<0.05). The 1530-1600 cm-1 region attributed to peaks observed in blood (as seen in 

Figure 4.5B) increases with advancing gestation, whereas bands characteristic of ECM proteins 

(as observed in the collagen spectrum in Figure 4.5C)  (1030-1100 cm-1, 1130-1200 cm-1, 1230-

1290 cm-1, 1440-1460 cm-1, and 1630-1670 cm-1) and carotenoids (1130-1200 cm-1) decrease 

throughout pregnancy. In addition, the left shoulder of the 1657 cm-1 peak appears to increase 

(Figure 4.2). Post-partum, bands observed in ECM proteins return to early pregnancy levels and 

there is significantly higher intensity in the 1270-1330 cm-1 range. Although Figure 4.2 depicts a 

computational representation of the data, the majority of the spectral changes that occurred 

throughout gestation are seen in the example patient spectra in Figure 4.1C, demonstrating the 

utility and accuracy of the model. 
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Figure 4.2. Computational model depicting how Raman spectra change over the course of 
pregnancy and post-partum. Shaded regions indicate spectral bands that exhibited significant 
changes throughout pregnancy (n=68): * indicates p<0.05 over the course of pregnancy, # 
indicates p<0.05 when comparing early pregnancy (<20 weeks) and post-partum (PP), and ‡ 
indicates p<0.05 when comparing late pregnancy (>37 weeks) to PP measurements. (p<0.05). 
Spectral regions associated with specific peaks are labeled as such: a- actin, ATP- adenosine 
triphosphate, b-blood, car-carotenoids, chol-cholesterol, col- collagen type-I, g-glucose, w-water.    
 
 

Several peaks undergo significant changes over the course of pregnancy (* indicates 

p<0.05), including peaks at 1157, 1248, and 1254 cm-1 which significantly decrease throughout 

pregnancy, and the 1563 cm-1 peak which significantly increases as a function of gestation week 

(Figure 4.3). Post-partum measurements are significantly higher (p<0.05) in the 1304 and 1339 

cm-1 peaks compared to early pregnancy (<22 weeks of gestation), and significantly lower in the 

1006 and 1657 cm-1 peaks.  A similar comparison of post-partum spectra to those taken at the 

end of gestation (>37 weeks) reveals significantly higher intensities post-partum at 1248, 1254, 

and 1339 cm-1, and significantly lower intensities in the 1006, 1563, and 1657 cm-1.  
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Figure 4.3. Raman spectral peak intensities over the progression of pregnancy. * indicates 
p<0.005 over the course of pregnancy, # indicates p<0.05 when comparing early pregnancy (<22 
weeks) and post-partum, and ‡ indicates p<0.05 when comparing late pregnancy (>37 weeks) to 
post-partum measurements.  
 
 

Raman peak ratio calculations reveal many features that change significantly throughout 

pregnancy and post-partum (Figure 4.4), including the 1254/1304 cm-1 ratio (ECM protein to 

actin & glycogen ratio) which decreases as term approaches (p<0.0001), and is significantly 

lower post-partum compared to early pregnancy (Figure 4.4A). In addition, the 1563/1248 cm-1 

peak ratio (blood to ECM protein ratio) steadily increases over gestation (p<0.0001) (Figure 

4.4B), and post-partum measurements are significantly lower than late pregnancy. The 

1157/1339 cm-1 peak ratio (carotenoid to ECM protein ratio) significantly decreases throughout 

gestation until term (p<0.005), and post-partum measurements are significantly higher than early 

pregnancy (Figure 4.4C).  
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Figure 4.4. In vivo Raman peak ratios displayed in a general linear model over the course of 
pregnancy. * indicates p<0.005 over the course of pregnancy, # indicates p<0.05 when 
comparing early pregnancy (<20 weeks) and post-partum, and ‡ indicates p<0.05 when 
comparing late pregnancy (>37 weeks) to post-partum measurements.    
 
 
 
4.4.2 Raman spectra of purified biochemical components 

Six biochemical components were used to construct the least squares model (actin, blood, 

cholesterol, collagen I, glycogen, and water), and their Raman spectra are depicted in Figure 

4.5A-F. These spectra showcase the specificity of Raman spectroscopy to different types of 

biomolecules. An example of an in vivo spectrum obtained from cervical tissue, overlaid with its 

least squares fit and resulting residual are displayed in Figure 4.5G. The residual is small and 

fluctuates above and below zero, with an R2 value of 0.922, indicative of a good fit. 
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Figure 4.5. Non-negative least squares biochemical model of in vivo Raman spectra. A-F) Raman 
spectra from pure biochemicals (actin, blood, cholesterol, collagen type-I, glycogen, and water) 
and G) a representative cervix tissue spectrum (blue) with its model fit (pink) and residual 
(green). 
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The contributions of two biochemical components change significantly as a function of 

gestation (* indicated p<0.05), as shown in Figure 4.6. The contribution from blood significantly 

increases in a linear manner (p<0.0005), whereas the contribution from collagen decreases over 

the course of pregnancy (p<0.0001). Comparing post-partum measurements to early pregnancy 

(<22 weeks of gestation) reveal significantly higher (p<0.05) post-partum levels of actin, and a 

significantly lower contributions from collagen type-I and water. Additionally, comparison of 

post-partum to the end of gestation (>37 weeks of gestation) reveals significantly higher actin 

and cholesterol contribution, and significantly lower blood contribution in the post-partum fits. 

 

 
Figure 4.6. Biochemical contributions over the course of pregnancy. The fitted component 
coefficient for actin (A), blood (B), cholesterol (C), collagen type 1 (D), glycogen (E), and water 
(F), plotted against gestation week (mean +/- SEM). * indicates p<0.005 over the course of 
pregnancy, # indicates p<0.05 when comparing early pregnancy (<20 weeks) and post-partum, 
and ‡ indicates p<0.05 when comparing late pregnancy (>37 weeks) to post-partum 
measurements.  
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4.4.3 Effects of patient variables 

While several patient variables were considered, two in particular were found to have an 

effect on Raman spectra during pregnancy and post-partum (Figure 4.7). From NNLS analysis, 

blood/vascularity signals have an inverse relationship with parity, with nulliparous patients 

showing significant increases in blood/vascularity signals as the cervix remodels, compared with 

a relatively stable blood contribution in parous patients (Figure 4.7A) (p<0.05). Individual peak 

analysis reveals that the 1125 cm-1 peak increases steadily in nulliparous patients, but does not 

increase until about 30 weeks of gestation in multiparous patients. Additionally, the 1254 cm-1 

peak is significantly higher at the beginning of pregnancy and significantly lower near term in 

nulliparous patients, although parous patients do show decreases in this peak throughout 

pregnancy. Post-partum, parous patients had significantly higher contributions from cholesterol, 

while nulliparous patients had significantly higher intensities at 1006 and 1055 cm-1 (possibly 

caused by ECM proteins or actin) than parous patients.  

Evaluation of the effects of BMI shows that low BMI patients (demonstrated by spectral 

model with BMI=25) have decreasing actin contributions as the cervix prepares for delivery 

(p<0.05) which levels outs as BMI increases. In addition, low BMI patients start with higher 

signal from 1248 cm-1, a peak characteristic of ECM proteins, but decreases to a greater extent 

than high BMI patients as term. Post-partum spectra from low BMI patients have higher actin 

contribution and higher 1003 cm-1 peak intensity compared to high BMI patients (demonstrated 

by model with BMI=40). In addition, high BMI patients have higher contribution from collagen 

than low BMI patients in the post-partum period.  
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Figure 4.7. Computational model comparing Raman spectral changes as a function of gestation 
week and post-partum in A) nulliparous (n=29) vs. parous patients (n=37), B) patients with 
normal-overweight (≤35, n=51) and high (>35, n=15) body mass index. Gray bars highlight 
areas that underwent significant change over pregnancy or post-partum, * and # indicate that 
patient variable had significant effect on spectral region over the course of pregnancy and post-
partum repair, respectively. 
 

4.5 Discussion 

Monitoring the cervix during pregnancy has many purposes; these include improved 

understanding of normal and abnormal physiology of cervical remodeling, estimating delivery 

time, and determining patient readiness for labor. The latter clinical task is currently conducted 

using the Bishop Score and in some cases ultrasound; however these methods provide limited 

information, mainly pertaining to cervical structure. In this study, Raman spectroscopy was 
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employed to non-invasively measure the biochemistry of the cervix over the course of pregnancy 

in vivo in women for the first time. This approach successfully measured known biochemical 

changes observed in multiple stages of pregnancy and post-partum repair, and established patient 

variables that affect the remodeling process, demonstrating the utility of Raman spectroscopy for 

cervical evaluation during pregnancy.   

In vivo Raman measurements of the cervix acquired over the course of pregnancy 

revealed characteristic biochemical changes that occur in preparation for delivery. Decreases in 

peaks indicative of extracellular matrix proteins such as collagen (1055, 1248, and 1657 cm-1) 

and increases in peaks corresponding to blood (1233 and 1563 cm-1) are observed in the example 

patient spectra (Figure 4.1C), the spectral model determined from 68 patients (Figure 4.2), and 

the non-negative least squares analysis (Figure 4.6). An increase in blood signatures is attributed 

to the increase in vascularization that occurs as the cervix prepares for delivery 43 (Figure 4.6), a 

phenomenon which has also been observed in pregnant women using near infrared 

spectroscopy79. Decreases in ECM peaks are explained by the process of ECM remodeling where 

collagen becomes increasingly soluble due to reduced cross-links and dispersed at a lower 

concentration 29,43. Trivalent collagen cross-links have been observed at 1660 cm-1, and 

reductions in these cross-links (which have been previously reported in women73 and mice32,73) 

likely contribute to the observed decrease in this peak during pregnancy184. Furthermore, the 

1657 cm-1 peak (also known as the amide I region) broadened in preparation for delivery, a 

phenomenon that is known to be caused by structural disorder such as collagen fiber dispersion 

185. This broadening may also be attributed to increased blood signals which have a peak at 1619 

cm-1. In pregnant women, collagen solubility has been measured in vivo using laser-induced 

fluorescence where fluorescent intensity corresponding to collagen cross-links was shown to 
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decrease throughout pregnancy74. Fiber dispersion has been measured during pregnancy ex vivo 

in mice and women using second harmonic generation128 and optical coherence tomography129. 

An increase in collagen fiber dispersion was seen using both techniques.  

In the post-partum cervix, Raman spectral signatures were significantly different from 

measurements obtained during pregnancy, with increases in spectral features corresponding to 

actin and cholesterol, and decreases in features corresponding to blood, collagen type I,  and 

water as observed in Figure 4.6. There are few studies focused on understanding post-partum 

repair, however multiple studies suggest that the repair process is governed by immune cells 

which infiltrate the cervix and create a proinflammatory environment that resembles wound 

healing 52-54. Microarray studies have found that in addition to inflammatory genes, matrix 

synthesis and collagen strengthening genes are upregulated in the post-partum cervix 55,56. Based 

on this evidence, it is possible that the spectral increases of actin and cholesterol are caused by an 

influx of immune cells and fibroblasts. Although post-partum contributions from glycogen did 

not reach statistical significance, a possible explanation for the observed heightened glycogen 

levels is intensive anabolic activity driving the repair process. Furthermore, the peak at 1160 cm-

1 is found in many carotenoid antioxidants 157,186,187 which could be elevated post-partum to 

combat high levels of reactive oxygen species related to macrophages and neutrophil infiltration.  

Two patient variables, parity and body mass index, affected spectral changes that were 

observed throughout pregnancy and post-partum (Figure 4.7). Nulliparous patients started 

pregnancy with higher spectral contributions from collagen (based on the NNLS model) 

compared to parous (Figure 4.7A). In fact, this observation is supported by an ex vivo study in 

which collagen concentration (determined via hydroxyproline assay) was measured from cervical 

biopsies taken from parous and nulliparous women, and revealed decreasing collagen levels as 
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parity increased 169. These findings were corroborated with ex vivo biomechanical tests of non-

pregnant tissues from patients with and without prior vaginal deliveries which revealed stiffer, 

less compliant tissue in patients without prior vaginal deliveries 44, and confirmed decreased 

collagen extractability, as well as increased sulfated glycosaminoglycans and hydration in 

patients with a history of prior vaginal delivery. It is likely that a permanent vascular network is 

established during the first pregnancy similar to permanent changes in mechanical properties44, 

which would explain why patients with prior pregnancies had significantly higher baseline 

blood/vascularity levels compared to nulliparous patients. Taken together, these results are 

unsurprising, as multiparous patients generally have faster labors 166-168, indicating that some 

level of permanent cervical remodeling occurs after completing all four phases of cervical 

remodeling during a prior pregnancy.  

Patients with low BMI have higher spectral signals corresponding to ECM proteins (1248 

cm-1 peak) at the beginning of pregnancy (Figure 4.7B), but this intensity decreases significantly 

more than high BMI patients by term, indicating that high BMI patients experience a lesser level 

of ECM remodeling. One possible explanation for this observation is an increase in leptin, an 

adipokine that is elevated in pregnant patients with high BMI, which has been shown to disrupt 

MMP action on collagen in myometrial tissues and synthesizes myometrial collagen in late 

pregnancy 174,188,189. It is possible that this phenomenon also occurs in the cervix, reducing the 

extent of cervical remodeling achieved, and contributing to extended labor times and increased 

C-section rates observed in high BMI (>30) patients170-174. In addition, actin signals decreased 

throughout pregnancy in low BMI patients, possibly caused by cervical cell apopotosis which 

occurs prior to labor 56. However, actin signals did not decrease in high BMI patients, which may 
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also be attributed to high leptin levels which have been shown to prevent cell apoptosis in vitro 

174,190.  

Nine of the patients enrolled in the present study underwent preterm birth, ranging from 

35 + 3/7 weeks to 36 +6/7 weeks gestation when they delivered. Analysis was performed to 

determine if any differences were observed in this data set compared to patients who delivered at 

term, but none reached statistical significance. This result is not surprising, as these patients had 

different obstetric histories, body mass indexes, and all delivered relatively close to term. For a 

powered analysis comparing patients with and without PTB, additional studies that specifically 

enroll a large number of high risk patients will be required.  

Although not yet ready for the launch of a clinical tool, it is important to think about how 

such a tool would be used and incorporated into the current workflow. The long term goals 

include the ability to measure premature cervical change at the patient bedside, as well as 

determine the etiology of the changes measured. The authors envision that Raman measurements 

could be made from the cervix early in pregnancy such as at the first appointment to obtain a 

baseline measurement. The frequency with which measurements would need to be made has not 

yet been established, and will likely require studies that evaluate the cost-benefit analysis of a 

variety of frequencies. Short term, Raman measurements could be introduced as an additional 

test for assessment of premature cervical change and ideally provide clues pointing towards the 

etiology. It is also unclear whether data will need to be normalized to a previous measurement 

taken from the patient, or whether a single measurement could provide enough information to 

determine premature cervical change. Advanced predictive algorithms will need to be developed, 

first indicating abnormal spectral profiles, and then hopefully indicating abnormal changes with 

information regarding etiology. Based on results in this study, variables including parity and 
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body mass index will need to be incorporated into the algorithms. In addition to use as a PTB 

risk assessment tool, Raman spectroscopy could be used to aid our biological understanding of 

problems such as cervical insufficiency, ascending infection, and monitoring efficacy of new 

treatment strategies for preterm labor.  

Limitations of this study include the need for validation of the Raman spectral findings. 

Investigation in mouse pregnancy is underway2,138 which has the ability to validate in vivo 

findings from Raman spectra, and future study of patients undergoing hysterectomy will provide 

additional opportunity to compare in vivo Raman spectra to ex vivo biochemical assays. In 

addition, interpretation of Raman spectra can be difficult due to the overlap of many spectral 

features in biological samples and changes in structure rather than concentration. Although 

Raman spectral intensity and vibrational mode concentration are linear, multiple biochemical 

components may include the same vibrational mode such as C-H stretch found in organic 

molecules. Observing the full spectrum can aid in these cases as distinguishing features likely 

exist between different biomolecules. When using Raman spectroscopy as a biological tool, it is 

important to remember that Raman spectra yield a relative concentration of biochemical species 

comprising tissue at the time of measurement. This information can help in understanding of the 

current microenvironment, but its use for determining molecular function or understanding 

mechanisms of molecular processes is challenging in vivo due to the nature of high overlap from 

thousands of biomolecules. Lastly, in this study, the Raman spectra are not depth-resolved, and 

therefore comment cannot be made regarding whether the biochemical signals originated from 

the cervical epithelium or stroma. For example, it is currently not possible to determine whether 

actin signals originated from epithelial cells or fibroblasts and smooth muscle cells deep in the 
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cervical stroma. Raman probes can be developed that allow this capability and may be employed 

in future studies. 

The main strength of this study lies in the ability to monitor multiple dynamic 

biochemical changes in the cervix as it remodels to deliver the fetus. Although other optical 

modalities are sensitive to certain biochemical components such as collagen or blood, Raman 

spectroscopy provides simultaneous monitoring of ECM proteins, lipids, blood, saccharides, 

antioxidants, and metabolic enzymes without the addition of exogenous labels or removal of 

tissue. This technique has high potential for better understanding the etiologies and progression 

of spontaneous preterm birth, and may also help to unveil the healing process that occurs during 

post-partum repair. Translation of Raman spectroscopy to clinical settings is becoming more 

realistic each year; real-time data processing has already been achieved 191,192, and fully 

characterized disease and/or physiology profiles allow for automation of data analysis and tissue 

classification at the bedside. Hardware advances are consistently moving forward, which 

promise to reduce complexity of the system 89. These studies also bring us closer to identifying a 

spectral signature that defines cervical changes in normal pregnancy, increasing the potential to 

utilize Raman spectroscopy for predicting the timing of delivery and therefore early risk 

assessment for preterm birth.  

In summary, this study highlights Raman spectroscopy as a tool to track meaningful 

chemical signals in cervical tissue throughout pregnancy and during post-partum repair. This is 

the first study to demonstrate the utility of Raman spectroscopy as a basic research tool in 

Obstetrics via its sensitivity to known dynamic biochemical changes that occur during cervical 

remodeling, and marking an important step towards development of a clinical tool. With 

continued advancement, Raman spectroscopy has the potential to improve patient care by arming 
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providers with information on the biochemical state of the cervix, close gaps in our 

understanding of cervical maturation, and identify women at risk for preterm birth. 
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CHAPTER 5 

 

DEVELOPMENT OF A SPECULUM-FREE OPTICAL PROBE FOR CERVICAL 

ASSESSMENT  

Text partially adapted from:  

CM O’Brien, KJ Cochran, LE Masson, M Goldberg, E Marple, KA Bennett, J Reese, JC 
Slaughter, JM Newton, and A Mahadevan-Jansen, "Development of a speculum-free optical 
probe for cervical assessment," (in preparation for submission to the Journal of Biophotonics). 
 
 

5.1 Abstract 

Preterm birth (PTB) affects 15 million babies each year, and is the leading cause of 

neonatal death. Half of the cases of PTB have unknown cause, and there are no accurate methods 

for predicting PTB. Treatments are available to delay delivery and expedite development of the 

baby, but treatments require at least two days to take effect. Therefore early detection of PTB 

risk is needed. Detection of early changes in the cervix, an organ that must biochemically 

remodel to allow for passage of a fetus, could be a useful predictor for PTB risk. Researchers 

have been investigating the use of light-based methods to monitor biochemical changes in the 

cervix during pregnancy. However, all optical approaches presented thus far require patients to 

undergo a speculum exam, which patients find uncomfortable and/or painful, and which is not 

standard practice during prenatal care. Use of this exam reduces patient enrollment rates and 

provider willingness to participate in research, and remains a barrier for subsequent clinical 

translation of optical technologies. Herein, a speculum-free optical tool is presented that 

measures the cervix via introduction by bimanual exam, a procedure that is commonly performed 

during prenatal visits and labor for tactile monitoring of the cervix. The device incorporates a 
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Raman spectroscopy probe for biochemical monitoring, as well as a camera for visualizing 

measurement locations to ensure they are void of cervical mucus and/or blood. This device was 

tested in female lower reproductive tract mannequins, and a pilot group of patients receiving 

Obstetrics and Gynecological care. Results between measurements taken with and without the 

use of a speculum revealed similar spectra, demonstrating that Raman spectral information is 

conserved when using the speculum-free device. Additionally, the majority of patients stated that 

the new device reduced discomfort compared to measurements using a speculum. This device 

was successfully implemented in patients for biochemical measurement of the cervix, integrating 

with standard prenatal care, and has reduced a barrier in clinical translation of optical devices for 

future clinical monitoring of the cervix during pregnancy.  

 

5.2 Introduction 

Assessment of the uterine cervix is performed routinely during women’s health visits for 

screening of cervical dysplasia using a Papanicolaou test as well as other cervical abnormalities 

such as cysts. The cervix and vaginal canal may also be evaluated in instances of pain or 

suspected infection. Additionally, the cervix is often checked during pregnancy to estimate the 

cervical consistency (soft or stiff) and to determine whether the patient’s cervix has dilated.  

Development of novel methods for non-invasive, quantitative measurement of the 

structural and biochemical state of the cervix is under way 1,65,124,193,194. Optical techniques can 

provide information on structure and important biochemical components with known roles in 

cervical dysplasia and cervical remodeling during pregnancy. Optical methods applied for in vivo 

detection of cervical dysplasia include laser-induced autofluorescence, diffuse reflectance 

spectroscopy, optical coherence tomography, polarimetry, high-resolution microendoscopy, 
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confocal microscopy, and Raman spectroscopy 193,194. In the realm of pregnancy, laser induced 

fluorescence 73, near infrared spectroscopy 79,126, and Raman spectroscopy have been employed 

in the human cervix in vivo. One significant limitation of the aforementioned research methods is 

that they currently require the cervix to be visualized with a speculum. This allows placement of 

the optical probes and cameras near or in contact with cleaned cervical tissue without 

contamination from cervicovaginal fluids. For many patients, the speculum examination is 

uncomfortable and painful 195,196, and is a significant barrier for many women who require 

medical care but do not wish to undergo this examination.  

To improve patient comfort and recruitment, a number of investigators have designed 

alternative devices for cervical visualization 197,198. The Pocket Colposcope 199 paired with a 

silicone vaginal inserter 198 guides a small imaging camera to the end of the vaginal canal and 

pushes vaginal tissue aside so that the cervix can be visualized without the use of a speculum. 

These devices were primarily designed for use in cervical dysplasia screening, where full 

visualization of the cervix at high magnification is desired. Additionally, speculum exams are not 

always standard practice, for instance during pregnancy. In such cases, the introduction of a 

speculum interrupts normal workflow and requires extra time and resources from medical 

providers. Therefore, alternative approaches to visualizing the cervix are of great interest, 

particularly for cervical evaluation during pregnancy which will be the focus of this study. 

Practitioners in the field of Obstetrics & Gynecology use a variety of endoscopy-based 

tools to visualize the vaginal canal, cervix, endocervix, and uterus. Vaginoscopy is used to view 

the vaginal canal without the use of a speculum (a metal or plastic instrument that is inserted into 

the vaginal canal and spread open so that the cervix may be directly visualized) and typically 

irrigates the canal to allow for expansion of the vaginal walls for improved visualization. 
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Hysteroscopy is a minimally invasive procedure which introduces an endoscope through the 

vaginal and cervical canal for visualization of the uterus. This procedure can be performed with 

or without introduction of a distending medium, and both rigid and flexible instruments have 

been developed. The colposcope is used to obtain high magnification images of the cervix and is 

most frequently used for identifying precancerous lesions. This technique requires the use of a 

speculum for cervical visualization where the colposcope is brought near the entrance of the 

vagina and pointed towards the cervix for image capture through the vaginal canal. These 

clinical instruments have limitations, including the requirement of a speculum for colposcopy, or 

distension media during vaginoscopy or hysteroscopy.   

Full visualization of the cervix is not typically necessary throughout prenatal care, during 

which the cervical structure and body (length, consistency, and stiffness) are most relevant as 

measured using a bimanual exam (practitioner inserts two gloved fingers into the vaginal canal 

for tactile assessment of the cervix) rather than a speculum exam. For example, the current study 

aims to develop a tool for use during pregnancy. The optical methods currently being 

investigated to better understand cervical remodeling take point measurements from cervical 

tissue, and thus also do not require full cervical visualization. In addition to patient aversion to 

the procedure, providers caring for pregnant patients have limited enthusiasm for new methods 

involving a speculum exam due to the increased time and effort required, especially when 

standard prenatal appointments last only 15-20 minutes. Therefore, the use of a speculum for 

optical cervical assessment significantly hinders research progress and clinical 

translation/adoption. Finally, methods that use distension media to expand the vaginal canal 

cannot be used during pregnancy because of increased risk for ascending infection. Therefore, a 

new approach that 1) does not require the use of a speculum, 2) does not use distension media, 3) 
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maintains optical data quality, and 4) fits easily into current clinical workflow, would catalyze 

research progress in the field of cervical remodeling during pregnancy and overcome a large 

barrier to clinical translation.  

The goal of this study is to develop a speculum-free optical tool that can be used for 

monitoring of the cervix, and validate data quality between speculum-based and speculum-free 

data. For this proof of principle design, the optical method of choice was Raman spectroscopy. 

To this end, a camera-guided fiber optic probe was designed for insertion via bimanual 

examination, a procedure routinely performed during pregnancy and labor to monitor the cervix. 

Locations for ectocervical measurement were first visualized using the camera to ensure 

contaminants were cleaned prior to optical measurements. The optical probe was characterized, 

and measurements obtained with and without a speculum were compared. Finally, patients’ 

perspectives on measurements taken with and without a speculum exam are presented.  

 

5.3 Materials and methods 

5.3.1 Probe design 

The visual-guidance probe was developed in partnership with EmVision LLC 

(Loxahatchee, FL) and combined a filtered Raman spectroscopy probe with a small camera and 

illumination fibers (Figure 1). The Raman spectroscopy probe consists of seven 300 μm fused 

silica fibers for Raman scatter collection which surrounded one 300 μm low OH fiber for laser 

excitation, all contained in a 2.1 mm stainless steel tube. A micro lens is located at the distal end 

of the probe which has a 3 mm radius sapphire plano convex lens coupled to a MgF2 window 

that facilitates excitation and collection cone overlap deep within the sample (Figure 1B). 

Although a lensed Raman probe was used in this study, any optical modality including diffuse 
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reflectance and fluorescence could be used. An adjacent stainless steel tube contains a 1 x 1 x 1.7 

mm CMOS camera (NanEye2D, Awaiba, Austria), which has 120° field of view and a silica 

window placed in front of it to prevent autofluorescence and Raman scattering from the camera 

chip. The Raman probe and camera are enclosed together in a 4.6 mm stainless steel tube, and 

the gaps between the two compartments were hermetically sealed with medical grade epoxy. 

Surrounding this tube, four sets of four 500 μm diameter Eska fibers illuminate the camera 

(Figure 1). Eska fibers which have a polymethyl-methacrylate core core and a fluorine polymer 

sheath (Edmund Optics, Barrington, NJ) were chosen for their high numerical aperture 

(NA=0.51), which allow full illumination of the camera’s field of view. These fibers are 

contained in another stainless steel tube, and the fibers are held in place using medical grade 

epoxy, with a 500 μm thick layer covering the fibers. The outer diameter of the distal end of the 

probe is approximately 7.1 mm, with metal casing extending 4 cm from the tip for ease of 

holding during measurements. The remainder of the fiber optic probe is covered in medical grade 

heat shrink tubing. The resolution of the camera was measured using an Air Force resolution test 

target, and the illumination area was determined by translating a pin hole and power meter across 

the probe tip, measuring transmitted light to determine the beam profile.   

 

5.3.2 System setup 

The laser excitation fiber of the probe was connected to a 785 nm diode laser (Innovative 

Photonics Solutions) and set to 80 mW of power at the distal end of the probe. The seven Raman 

collection fibers were connected to an imaging spectrograph (Kaiser Holospec) where the light 

was dispersed by a holographic grating onto a thermoelectrically cooled CCD camera (Princeton 

Instruments). Light from a tungsten halogen source (Ocean Optics) was sent through a low pass 
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filter so that only visible wavelengths were coupled to the Eska illumination fibers. A laptop 

computer controlled Raman data acquisition through a Labview interface, and Awaiba software 

was used to visualize probe placement during in vivo Raman measurements.    

 

5.3.3 Testing in lower reproductive tract mannequins 

Mannequins are commonly used in medical education to practice obstetrics & 

gynecology procedures and methods prior to experiences with patients 200.  To test the speculum-

free probe prior to patients, a female lower reproductive tract mannequin was obtained from the 

Vanderbilt Center for Experiential Learning and Assessment Laboratory. The mannequin 

provided the female external genitalia, and a silicone rubber vaginal canal was constructed and 

inserted into the vaginal opening of the mannequin. A research scientist then curled their index 

finger and placed it at the end of the vaginal canal phantom to mimic the cervix. Synthetic 

cervical mucus was made using mucin and water to mimic the Raman spectral profile and 

consistency of cervical mucus found in the vaginal canal of pregnant women. Two obstetricians 

then practiced obtaining Raman spectra from the cervix of the mannequin using the visual 

guidance probe. To determine if the visual guidance probe could aid in identifying areas that 

needed to be cleaned prior to measurement, the cervix phantom was coated in synthetic mucus 

and the physicians were tasked with identifying the cervix, wiping away the synthetic mucus, 

and then obtaining a Raman measurement. These measurements were compared to a clean cervix 

phantom that had not been previously coated in synthetic mucus.  
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5.3.4 Clinical protocol 

Ten premenopausal women obtaining prenatal or gynecologic care at Vanderbilt’s One 

Hundred Oaks Women’s Health Center were recruited using informed, written consent under 

Institutional Review Board #100544 and #010245, and following the guidelines of the 

Declaration of Helsinki. Inclusion criteria required patients to be at least 18 years old, able to 

provide legally valid consent, and speak English. Patient factors such as age, obstetric and 

gynecologic history, medications, and body mass index were recorded in each patient’s research 

file.  

In order to determine the data quality from the speculum and speculum-free approaches, a 

direct comparison was made by collecting Raman spectra with the visual guidance probe and 

with a standard speculum-based measurement. Specifically, the patient’s provider performed a 

bimanual exam with the newly designed probe placed between their fingers. The provider 

located the cervix with their fingers and gently guided the probe to the 12, 3, 6, and 9 o’clock 

positions of the ectocervix. At each location, the camera with white light illumination was used 

to determine if the site was clean of mucus and/or blood. When needed, the provider would 

either wipe the area with their gloved finger or insert a small cotton swab to clean the area. Once 

the area was clean the probe was placed in contact with the tissue. The white light source was 

turned off and the 785 nm laser was turned on for Raman measurements. The overhead lights 

were also extinguished to prevent interference with Raman spectra. Three to five Raman 

measurements were taken in each location for 0.5 second integration and 6 accumulations.  

After the bimanual exam, a speculum was inserted to directly visualize the cervix, and a 

cotton swab was used to clean the cervix of blood and mucus. Without the use of the camera 

guidance, the probe was gently placed at approximately the same locations that were measured 
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during the bimanual exam and the 785 nm laser source was turned on. Similarly, 3-5 

measurements were taken at each location with the same integration time and number of 

accumulations. Once measurements were completed, the Raman probe and speculum were 

removed, and the entire procedure was complete. Between patients, the probe was disinfected 

according to standard protocols. Upon completion of the measurements, the patients were 

surveyed as to whether the speculum-free probe reduced discomfort during light measurements. 

 

5.3.5 Data processing and analysis  

Each day, the system was wavelength calibrated using a Neon Argon lamp, and the laser 

wavelength determined using acetaminophen and naphthalene standards. Spectral response was 

calibrated using a NIST calibrated standard reference material, 2241, and a correction factor was 

applied to each Raman spectrum. Ambient background light was removed from each spectrum, 

followed by noise smoothing with a Savitzky-Golay filter, and fluorescent background 

subtraction 141.   

In the mannequin studies, a least squares analysis was performed based on the pure 

Raman spectra of the synthetic mucus and cervix phantom (skin from the finger). Each spectrum 

obtained by the providers during mannequin testing was fit, and the coefficients of the mucus 

and cervix phantom were compared between groups of measurements taken with and without 

mucus.  

In the patient studies, mean and standard deviation spectra obtained with and without a 

speculum were plotted to determine areas of overlap and separation. Mean and standard 

deviation based on ectocervix location were similarly plotted as positions on a clock face. A 

Bland-Altman plot was used to compare the  level of agreement between scores from the first 
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principle component of paired Raman measurements acquired with a speculum (gold standard) 

and with the speculum-free approach 201. Finally, the source of variability within the dataset was 

evaluated using regression of the first principle component scores. Three variables were analyzed 

(patient, location, approach (speculum or speculum-free)) in a linear model individually and with 

interactions, and the coefficient of determination from each model was reported. 

 

5.4 Results 

5.4.1 Characterization of visually-guided Raman spectroscopy probe  

A Raman spectroscopy probe with a camera and illumination was designed and 

fabricated (Figure 5.1). First, the quality of Raman spectra was determined by measuring 

multiple biochemical standards (cholesterol, glycogen, and vegetable oil) with the new probe as 

well as with a Raman probe used previously to measure spectra from the cervix of pregnant 

women. The spectra from the new speculum-free probe and the old probe were compared and 

appear nearly identical, confirming that the data quality was not compromised by the addition of 

the camera, epoxy, and illumination fibers in the new design (Figure 5.2A-C). The resolution of 

the camera at 4 mm for the sample was measured to be 356 μm using an Air Force resolution test 

target (Thorlabs, Newton, NJ), and the white light power at the sample was 0.5mW. The 

illumination cross-section was calculated based on the full-width at half maximum of the profile, 

and was 14 mm at 4 mm away from the pinhole, and 16 mm at a distance of 1 cm from the 

pinhole (Figure 5.2D-E). At 4 mm distance from the sample, a bimodal light profile was 

observed due to the separation of fibers around the Raman probe and camera. However at a 

distance of 1 cm, the light had diverged and the profile had changed to a Gaussian distribution, 

providing even lighting throughout the field of view.  
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Figure 5.1: Speculum-free Raman spectroscopy probe. A) Schematic of probe design including 
Raman probe, camera, and illumination fibers; B) Speculum-free probe top-down cross-section, 
C-D) Speculum-free probe in gloved hand. 
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Figure 5.2: Raman probe characterization. Raman spectral comparison of A) glycogen, B) 
cholesterol, and C) vegetable oil obtained from the speculum-free probe and a standard forward 
looking probe. Illumination profiles at D) 4 mm and E) 1 cm distance from the sample.  
 
 

5.4.2 Testing in obstetric lower reproductive tract simulators 

A simulation for measuring Raman spectra from the cervix of female patients was 

conducted using a female lower reproductive tract mannequin (Figure 5.3A). Comparison of the 

Raman spectra measured from a clean cervix phantom to Raman spectra acquired from a cervix 
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phantom that was coated in synthetic mucus and then wiped clean using the visually guided 

Raman probe reveal nearly identical spectra (Figure 5.3B). In the spectra from the cervix 

samples wiped clean, minimal contamination from the synthetic mucus is seen. To measure the 

contribution of mucus in measurements that had synthetic mucus coated on the cervix phantom 

with subsequent cleaning with cotton swabs, a least squares fit based on pure synthetic mucus 

and pure cervix phantom (skin from index finger) Raman spectra was applied to each 

measurement acquired during mannequin testing. The resulting fit coefficients were analyzed 

using a t-test between measurements taken with and without synthetic mucus applied to the 

cervix. There was no significant difference between spectra that were acquired with and without 

synthetic mucus applied for the mucus coefficient (p=0.36) or the cervix phantom coefficient 

(p=0.46). The mucus coefficient was non-zero in cervix phantoms that had no synthetic mucus 

applied, which was a similar amount to measurements made with synthetic mucus wiped off, 

indicating that the contribution of synthetic mucus in those measurements was within the noise 

floor of the Raman spectra and did not contaminate spectral signals.  

 

 
Figure 5.3: Testing of speculum-free probe in mannequins. A) Mannequin testing setup; B) 
Raman spectral comparison of cervix phantom without mucus (black), cervix phantom with 
mucus wiped off (red), and mucus phantom (blue).  
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5.4.3 Validation in patients receiving prenatal or gynecologic care 

Spectra obtained from the cervix of one patient in the same location with and without the 

use of a speculum look very similar (Figure 5.4A), with the majority of differences between the 

spectra being due to high frequency noise rather than differences in Raman signal. Mean and 

standard deviation spectra are plotted of measurements obtained with and without a speculum 

from all patients (Figure 5.4B), where the standard deviations overlap in most areas. Spectral 

variability based on ectocervix location is plotted in Figure 5.4C, which reveals slight variability 

in Raman spectra based on location, similar to the levels seen in the comparison in Figure 5.4B.  

 

 
Figure 5.4: A) Raman spectral comparison of measurements taken from a patient using the 
speculum-free probe with (red) and without (black) the use of a speculum; B) mean and standard 
deviation spectra from speculum-free (black) and speculum based (red) measurements; C) mean 
and standard deviation spectra from four locations on the ectocervix. 
 

 

 A Bland Altman plot provided direct comparison of paired Raman measurements 

obtained with and without a speculum (Figure 5.5A) and revealed an average difference centered 

around zero and very little spread of the means of the two measures, both indicative of a high 

degree of similarity. Further, the majority of the paired measures fell within a single standard 

deviation of the difference between the two approaches. The small amount of variability 
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observed was analyzed using regression in R (Figure 5.5B). The highest variability was 

accounted for by including all three variables with interactions as is expected (94.2%). 

Interestingly, the interaction between patient and approach had the second highest coefficient of 

determination (55.5%), followed by the interaction of location and patient (44.5%). Individually, 

the patient variable explained the largest amount of variability (35.9%), followed by location 

(12%), and then the approach (4.2%). Although approach did not appear to account for a large 

amount of variability on its own, the interaction of approach and patients did explain nearly half 

of the observed variability. This may be due to certain patients having a “high” cervix that was 

difficult for the provider to reach using the speculum-free approach. In addition, the patient 

variable inherently includes location variability due to the difficulty of the provider measuring 

the exact cervical location with the speculum and speculum-free approaches, likely explaining 

the increased variability observed by this interaction.  

 

 
Figure5: A) Bland-Altman plot of the first principle component score of the Raman spectra from 
paired measures using the speculum-free and speculum-based approach; B) analysis of the 
contributions from patient, location, and approach variables on the variability observed in the 
first principle component score of the Raman spectra. 
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5.4.4 Patient experience using speculum-free Raman probe 

Of the ten patients measured, 60% stated that the speculum-free probe reduced 

discomfort during Raman spectral data collection compared to Raman spectra acquired with a 

speculum. The remaining 40% of patients stated that the speculum-free probe was comparable to 

the speculum-based measurements. These patients additionally stated that they did not find 

speculum exams uncomfortable, possibly explaining why there was no improvement with the 

speculum-free probe. 

 

5.5 Discussion 

Developing tools for improved understanding of the structural and biochemical state of 

the cervix at the patient bedside has become a high scientific priority in recent years. The burden 

of cervical cancer is highest in low resource settings where medical providers are pushing for 

see-and-treat strategies to prevent loss to follow-up, requiring diagnostic tools that can accurately 

identify disease in minutes rather than days 202. Researchers and clinicians have increased 

appreciation for the functional roles the cervix serves during pregnancy and labor, and recognize 

that spontaneous preterm birth cannot occur without premature cervical remodeling.43 Optical 

approaches are sensitive to tissue biochemistry and structure, and therefore have very appealing 

qualities for non-invasive assessment of the cervix. However, these methods require contact or 

close placement to the cervix tissue, and have thus far been paired with a speculum examination 

for direct cervical visualization and probe placement. Patients must willingly enroll in research 

studies, and patient aversion to speculum examinations is well documented 195,196.  

Investigation of the cervix during pregnancy poses additional challenges. Although there 

is great need and opportunity for advancement in this area, enrollment of pregnant patients into 
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scientific studies is inherently challenging 203 and many investigative strategies that have been 

classically used for biomedical investigation (such as assessment of cervical biopsies) are 

unethical in this context. Thus, researchers are constrained to using nondestructive tools such as 

ultrasound and optical techniques. Pairing optical techniques with speculum exams increases 

prenatal visit appointment times as they are not standard of care during pregnancy, and reduce 

the number of patients willing to participate in research. Finally, when patients do enroll, 

medical providers are burdened by the added complexity and time required to perform the 

speculum examinations and subsequent optical measurements, adding another set of barriers to 

the successful completion of research studies and translation of optical measurements into 

clinical obstetric care. To overcome these barriers, researchers must determine not only which 

noninvasive techniques can be used for cervical investigation, but how they should be 

incorporated to minimize patient discomfort, provider and patient time required, and complexity 

in order to maximize participation and clinical uptake. 

In this study, we developed an optical probe designed to be inserted and guided to the 

cervix via bimanual exam. This exam is commonly performed during pregnancy and labor to 

assess the dilation, thinning, and consistency of the cervix, allowing easy integration with 

existing clinical workflow. This method reduces overall measurement time and eliminates need 

for additional examination. Furthermore, providers expressed willingness to incorporate these 

measurements into the bimanual exams as this method mimics common obstetrics procedures 

such as placement of Foley bulbs through the cervix for labor induction, and insertion of 

intrauterine pressure catheters through the cervix and uterus for contraction monitoring. The 

preservation of Raman spectral data quality was demonstrated by comparison to another Raman 

probe previously used to measure the cervix during prenatal visits. When testing the new 
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speculum-free probe in lower reproductive tract mannequins and women, the visual guidance of 

the speculum free probe sufficiently informed the provider whether the location for each 

measurement was clean prior to Raman measurement, ensuring the acquisition of reliable, 

uncontaminated spectra. Finally, the majority of patients stated that the speculum-free device 

reduced discomfort over measurements using a speculum, reducing a large barrier for the optical 

study of cervical remodeling during pregnancy and translation of such technologies into obstetric 

care. 

A variety of improvements to the speculum-free probe design are likely to further 

increase patient and provider preference and research participant enrollment rates. The outer 

diameter of the probe is currently 7.1 mm which could be easily reduced to below 5 mm, 

minimizing discomfort. The distal end of the tip could be angled and smoothed to remove the 

harsh edges. In addition, added flexibility to the tip of the probe would improve access to the 

face of the cervix in cases where it is pointed down or to the side, which are currently 

challenging to measure. Furthermore, incorporation of an insertion device such as a tampon 

applicator or the silicone inserter designed by Asiedu et al. 198 could allow for the possibility of 

self-insertion and measurement, further reducing patient anxiety and provider examination time.  

Although this device was specifically designed for use in pregnant patients, there are a 

variety of other clinical situations where a speculum-free cervical visualization and optical 

measurement tool could be of use. The speculum-free device could be tailored to provide dual 

testing of colposcopy and an additional specific technique without the use of a speculum during 

the same visit. This would be particularly useful for patients that have trouble tolerating a 

speculum exam including those with ongoing infection and open sores or wounds. In addition, 
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simple visualization of the cervix and/or vaginal canal for assessment of intrauterine device 

strings, investigation of pain symptoms, and trauma are other potential uses for this device.  

In summary, an optical tool has been developed to assess cervix tissue biochemistry 

noninvasively during pregnancy without insertion of a speculum. This tool reduced patient 

discomfort and was preferred by patients without sacrificing data quality. This approach reduces 

significant barriers to allow higher throughput of clinical investigations of cervical remodeling 

during pregnancy, and enables translation of optical technologies into standard obstetric care. 

These advancements will accelerate data acquisition and ultimately expedite improved 

understanding of cervical remodeling physiology towards diagnostic and therapeutic 

interventions for preterm birth.  
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CHAPTER 6 

 

LONGITUDINAL BIOCHEMICAL MONITORING OF CERVICAL REMODELING IN 

LABORING WOMEN USING IN VIVO RAMAN SPECTROSCOPY  

 

6.1 Abstract 

In instances of spontaneous preterm birth, the cervix must transform from a rigid 

structure to a distensible channel that allows passage of a fetus. Vast biochemical changes must 

occur for this to happen, but our understanding of cervical remodeling during pregnancy and 

labor is incomplete, partly due to the lack of in vivo studies focused on tracking these changes 

over the course of pregnancy, labor, and post-partum. This study uses Raman spectroscopy, a 

light scattering technique capable of measuring biochemical fingerprints of tissues in vivo, to 

measure the cervix over the course of labor. Raman spectroscopy is sensitive to changes in 

extracellular matrix (ECM) proteins, lipids, nucleic acids, and tissue hydration. These 

constituents are known to change in the cervical remodeling process, and this technique can 

longitudinally monitor these changes in order to identify high risk “fingerprints” associated with 

impending labor and delivery. Sixteen pregnant patients undergoing induction of labor at 

Vanderbilt University Medical Center were recruited. Raman spectra were measured using an in 

vivo Raman system with a fiber optic probe throughout labor in four hour intervals until rupture 

of membranes. Spectral changes in preparation for delivery were plotted using a generalized 

linear model, revealing significant change over the course of labor. These findings demonstrate 

that in vivo Raman spectroscopy is sensitive to biochemical changes remodeling the cervix 

during labor, and may be a valuable clinical tool for PTB risk assessment. 
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6.2 Introduction 

Preterm birth is the leading cause of death in neonates (<28 days of age) across the world 

3. Direct complications of preterm birth are responsible for one million deaths a year and are a 

risk factor in over 50% of all neonatal deaths 3. Preterm births fall into two categories: 

spontaneous and indicated preterm delivery. Medically indicated preterm delivery occurs in the 

case of preeclampsia, infection, preterm premature rupture of membranes, and other conditions 

that complicate pregnancy 204. In contrast, little is known about the process leading to 

spontaneous preterm birth, but it is always preceded by the incompletely understood cervical 

ripening and dilation process.  

Discussion of the cervical remodeling process usually centers on collagen, as 90% of the 

cervix dry weight is composed of collagen. The other 10% of the cervix is made up of biological 

constituents such as glycosaminoglycans (GAGs), proteoglycans, and stromal and epithelial cells 

39. These constituents undergo dynamic changes during the cervical remodeling process that 

facilitate successful vaginal delivery 39. The cervix can remodel in multiple ways, and the 

cervical ripening process that occurs during preterm delivery is not identical to the ripening 

process observed in term labor 57.  

Quantitative analysis of biochemical changes in the laboring cervix will lead to better 

understanding of the cervical ripening and dilation process at term. Early markers of cervical 

ripening and dilation could be recognized, aid in the development of targeted therapies to delay 

labor. Multiple noninvasive tools are under investigation for providing quantitative evaluation of 

the cervix during pregnancy and labor 1,65. Light-based methods offer many advantages, 

including ability to collect and analyze data in real time, non-invasive measurement, and 

biochemical sensitivity. Raman spectroscopy is a light scattering method that probes vibrational 
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modes of molecules within a sample, measuring biomolecular “fingerprints” of tissue. Herein, in 

vivo Raman spectroscopy was used to measure the cervix of laboring women and compared with 

outcome and time until delivery. The goal of the study was to identify biochemical changes that 

occur in the cervix in preparation for delivery. 

 

6.3 Materials and Methods 

6.3.1 Clinical protocol 

Sixteen pregnant patients scheduled for labor induction and expected to have 

uncomplicated labors were recruited from Vanderbilt’s Center for Women’s Health under IRB 

#100544. The patient’s provider determined if a patient was eligible to participate in the study 

based on strict inclusion/exclusion criteria, as well as their medical assessment. Informed written 

consent was obtained from each patient enrolled prior to performing any measurements. Patient 

demographics, methods and timing of labor augmentation were recorded (Table 1). For each 

patient, the following measurement protocol was used: the medical provider performed a 

speculum exam to visualize the cervix and clean off any blood or mucus. Next, the Raman probe 

was placed in gentle contact with the cervix and Raman spectra were measured from 4 sites on 

the ectocervix at 12, 3, 6 and 9 o’clock positions using an integration time of 3 seconds per 

measurement. No tissue was removed as part of this study. Raman measurements were taken at 

the same time points that standard bimanual cervical exams were performed. Current practice at 

Vanderbilt is to perform cervical exams every four hours when the cervix is < 6 cm dilated, and 

every two hours after the cervix is > 6 cm dilated. Once the membranes ruptured, Raman 

measurements were no longer acquired in order to avoid risk of infection.  
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Table 6.1 Patient characteristics and outcome 

 
Abbreviations: W (white), B (black), H (Hispanic), C/S (cesarean section), SVD 

(spontaneous vaginal delivery) 
 
 
Two clinical measures were used along with the Raman measurements to assess obstetric 

status: cervical length measured using transvaginal ultrasound and Bishop score obtained during 

bimanual exam. These clinical metrics were compared with Raman spectra, gestation length, and 

patient outcome. 
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6.3.2 Raman system setup 

A portable fiber optic probe-based RS system was used to acquire Raman spectra from 

patients during labor. The system consists of a diode laser (785 nm) coupled to a fiber optic 

probe. An imaging spectrograph coupled to an air-cooled back-illuminated, deep-depletion 

charge coupled device (CCD) camera, controlled by a computer collects the Raman. A custom 

fiber optic probe incorporates inline filtering within the tip of the probe to minimize interference 

from signal generated in the components used in the probe. Spectra were calibrated using 

standard protocols and processed for fluorescence subtraction and noise smoothing 141. 

 

6.3.3 Data processing and analysis 

The longitudinal progression of cervical change was visualized using generalized linear 

models (GLM) with a restricted cubic spline that had 65 degrees of freedom. Spectra were 

modeled as a function of hours until delivery, starting 20 hours away in four hour increments. A 

Spearman correlation was performed for cervical length and Bishop score due to the continuous 

nature of these variables.  

 

6.4 Results 

Raman spectra were successfully measured from the cervix of laboring patients 

throughout the course of labor (Figure 6.1).  
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Figure 6.1. In vivo Raman spectroscopy for cervical monitoring during labor. 

 

In order to aid visualization, a spectral model based on generalized linear models was 

developed, and plots of the spectra according to hours until delivery were generated (Figure 6.2). 

Many spectra changes are observed, including a large increase in the 1265, 1304, 1440, and 1657 

cm-1 peak intensities within 8 hours of delivery. These tall, narrow peaks are classic features of 

triglyceride containing tissues like adipose tissue 131, however their appearance during labor is 

surprising and not well understood at this time. Decreases are observed in the 1003 and 1339  

cm-1 peaks which are attributed to proteins, and are likely caused by collagen matrix degradation.  
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Figure 6.2. Computational model depicting Raman spectral changes as the cervix prepares for 
delivery (model computed from n=16 patients).  

 
 

In a preliminary analysis from four patients, the correlation between Raman features, 

obstetric outcome measured as hours until delivery, and cervical length were compared (Figure 

6.3). Four Raman peaks were chosen for comparison, including the 1003, 1265, 1335, and 1451 

cm-1 peaks. Upon comparison to time until delivery, the 1451 cm-1 peak intensity had the highest 

correlation coefficient of -0.79 (Figure 6.3), followed by the 1265 cm-1 peak intensity with a 

coefficient of -0.7, and the cervical length measure yielding a correlation coefficient of -0.58. 

The highly correlated Raman peaks are both attributed to triglyceride molecules, and show a 

similar increase prior to delivery as that observed in the 16 patient dataset in Figure 6.2. No 
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correlation was observed between any of the Raman spectral features and time since start of 

induction. This result is expected as patients begin induction in cervical states ranging from no 

dilation and full thickness to 6 cm dilation and 80% effaced, and thus the time since start of 

induction may have little relation to the biochemical state of the cervix.  

 

 
Figure 6.3 Preliminary analyses from four patients investigating the 1440 cm-1 peak intensity as a 
function of hour until delivery (Left), and comparison of Raman spectral features and cervical 
length to outcome (Right). 
 
 

The contribution from adipose signal is unexpected, and may be occurring from adipose 

pockets located at the internal os 205. As the cervix effaces, the depth through which light must 

travel to reach such adipose pockets would decrease, and may explain why lipid signals are 

observed prior to delivery. A separate spectral model was developed in which lipid-rich spectra 

were excluded (Figure 6.4). In the new model, significant decreases in the 1003, 1248, 1339, and 

1451 cm-1 protein peaks are observed. This result is in accordance with published literature 

describing reduced extracellular matrix concentration during the ripening and dilation phase 43. 
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Figure 6.4 Computational model developed without contribution from lipid rich spectra 
(computation model developed from n=16 patients).  

 
 
 

6.5 Discussion 

Although data analysis is still under way, interesting results have already been observed, 

including the presence of high triglyceride signals prior to delivery, and significant decreases in 

Raman peaks attributed to extracellular matrix. Additional analysis is needed to quantify the 

significance of the differences observed over the course of pregnancy. Raman bands that 

underwent the most changes throughout labor will be analyzed using generalized estimating 

equations (GEE), an extension of GLM that clusters measurements obtained from the same 
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patient 181,182. Patient factors including body mass index, parity, and labor augmentation method 

will be incorporated into the GEE to assess the impact of these variables on cervical remodeling 

trajectories during labor.  

In vivo Raman spectroscopy has high potential to elucidate dynamic biochemical 

processes that scientists have not previously been able to probe, and may ultimately improve 

patient care by providing a biochemical means to detect premature changes in cervical 

remodeling for identifying patients at high risk of preterm birth. 
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CHAPTER 7 

 

CONCLUSIONS 

 

7.1 Summary and integration 

Maternal health providers all over the world are in need of accurate methods to recognize 

patients at risk of preterm birth. Current understanding of the physiologic changes leading to 

labor and parturition is incomplete, limiting development of both diagnostic and therapeutic 

strategies to combat preterm birth. Until recently, in vivo research methods were too invasive to 

be used as tools for discovery, particularly during preterm labor. In this dissertation, in vivo 

Raman Spectroscopy was used to simultaneously resolve collagen content, hydration, lipids, 

saccharides, and other biomolecules to investigate dynamic changes in biochemistry of the 

mouse and human cervix throughout pregnancy in order to gain a more detailed understanding of 

cervical remodeling in healthy and high-risk pregnancies. 

In Aim 1, Raman spectra from 68 pregnant women were characterized over the course of 

pregnancy by measuring women monthly in the first and second trimester, weekly in the third 

trimester, and at the six week post-partum visit. An additional study measured 16 laboring 

women throughout the course of their labor. These are the first studies to measure the cervix of 

pregnant women using Raman spectroscopy, demonstrating feasibility of the approach, and 

providing a statistically powered study of the four phases of cervical remodeling in pregnant 

women. Results from this study found that indeed Raman spectral signals attributed to collagen 

decrease in preparation for delivery, whereas blood/vascular signals increase43. This is in 

agreement with literature. In the post-partum cervix, signals attributed to actin, glycogen, and 
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cholesterol were elevated, whereas blood, collagen, and water contributions were low. This 

spectral profile fits with the wound healing environment characteristic of the post-partum repair 

phase, in which inflammatory cells infiltrate the cervix. Increased cellular density may explain 

the increased actin and cholesterol contributions, whereas increased glycogen may be due to 

heightened anabolic activity during repair. In addition, two patient variables were demonstrated 

to impact Raman spectra over the course of pregnancy. Parity had effects on collagen and blood 

signals, with higher collagen signals observed in nulliparous patients at the beginning of 

pregnancy compared with patients who had prior pregnancies. This phenomenon has been 

demonstrated in excised human tissue sample where collagen content and tissue stiffness were 

higher in nulliparous patients 44,169. In parous patients, higher blood signals were observed early 

in pregnancy compared to nulliparous, however they did not significantly increase as was 

observed in nulliparous patients, possibly indicating that sufficient vascular supply is established 

during prior pregnancies but must be developed in nulliparous patients. Patients with high body 

mass index (BMI) had less significant decreases in collagen signal compared to normal and low 

BMI. Interestingly, high BMI patients have higher probability of delivering after their due date, 

longer labors, and increased risk of stalled labor resulting in cesarean section 170-174. Higher 

collagen signals observed in term high BMI patients may indicate that the cervix extracellular 

matrix has not remodeled to the same extent as low BMI patients, explaining the delay in labor 

onset and duration.  

The statistical analysis performed on the pregnant patient dataset was accomplished 

through completion of Aim 2, in which a longitudinal biochemical model based on non-negative 

least squares was developed. For the model, fifteen biochemical contributors were measured and 

considered for inclusion, however only 6 were finally used (actin, blood, cholesterol, collagen I, 



125 
 

glycogen, and water) for analysis in the human dataset. This model performed data reduction of 

the high dimensional dataset in a way that allowed for interpretation of results, compared with 

other data reduction techniques. The least squares approach was also used for Aim 3, in which 

mouse models of pregnancy were measured over the course of gestation. For analysis in mice, 

only three components (adipose tissue, collagen I, and water) were used due to the large 

contribution of adipose tissue that limited detection of other biochemical constituents.  

In Aim 3, a mouse model of delayed parturition (Cox-1 knock out (KO)) was evaluated to 

determine whether impaired cervical remodeling could be contributing to the phenotype. Results 

from Raman spectra over the course of pregnancy in wild type and Cox-1 KO mice revealed that 

the collagen coefficient determined from least squares fitting decreased in both models beginning 

on day 12, in accordance with cervical remodeling literature which observed decreased tissue 

stiffness, and increased collagen solubility and distensibility by day 12 of pregnancy49, however 

there were no significant differences observed between the two models. In contrast, Raman peak 

ratios representing relative contributions from proteins and lipids decreased in both models 

beginning on day 12 of pregnancy, but increased in wild type mice at term. An increase was not 

observed in the Cox-1 KO mice until 1 day post term when the mice typically deliver their pups, 

demonstrating a delay in cervical remodeling. These results were compared to ex vivo 

biochemical tests which revealed increased distensibility and reduced tissue stiffness in wild type 

mice at term, whereas such levels were not reached in Cox-1 KO mice until one day post-term, 

similar to the in vivo Raman results. Finally, a relationship between in vivo Raman spectra and ex 

vivo biomechanical properties was established by performing a Spearman correlation between 

paired Raman spectra and biomechanics results from each mouse. The collagen coefficient had 

the highest correlation to biomechanical properties of stiffness, distensibility, and maximum 
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stress. Collagen is documented as having the most influence on the mechanical properties of the 

cervix 44,45, in agreement with results from this study.  

An additional project was added to the originally proposed aims with the goal of 

developing a speculum-free approach to measuring the cervix in pregnant women. During 

studies in Aim 1, significant barriers to research progress and future clinical translation were 

discovered. Patients were reluctant to participate in research because of the use of the speculum 

examination to acquire measurements. In addition, speculum exams are not standard practice 

during prenatal care, which increased burden on Obstetrics providers when conducting the exam 

due to increased time and resources required. To this end, a Raman spectroscopy probe was 

constructed with the addition of a video camera and white light illumination fibers. The new 

probe was designed to be inserted into the vaginal canal via bimanual exam, rather than 

speculum exam, a procedure frequently performed during prenatal care and labor by Obstetrics 

providers. The cervix was located by the provider’s fingers, and the speculum-free probe was 

guided along the fingers to the ectocervix. The camera is used to determine if the ectocervix 

location is clean of mucus and/or blood prior to Raman spectral measurement. Testing in 

mannequins and women revealed that Raman spectra acquired with and without a speculum were 

not significantly different, and the majority of patients stated that the speculum-free approach 

reduced discomfort.  

Together, these studies form the foundation for the utility of in vivo Raman spectroscopy 

as a biomedical tool for investigation of cervical remodeling during all phases of pregnancy, and 

demonstrate feasibility towards a clinical cervical monitoring device. The data analysis methods 

and instrumentation improvements developed herein have helped to overcome significant hurdles 
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in data reduction, longitudinal analysis, and clinical translation specific to pregnancy, and will 

expedite progress in future work. 

 

7.2 Recommendations 

Throughout this work a number of hurdles were recognized, some of which still remain 

after completion of this dissertation. In addition, a number of opportunities for future work and 

exploration were identified, and offer opportunities for advancement.  

 

1) Incorporation of additional optical information into Raman spectral measurements 

 Diffuse reflectance: Raman scattering is affected by the optical properties of the sample. 

Researchers have determined that the optical properties of the cervix are not constant throughout 

pregnancy 78,79, and are therefore impacting the Raman spectra collected in this dissertation. 

Adding a diffuse reflectance modality to the current optical probes would minimize uncertainty 

in Raman spectra interpretation, and provide better biochemical concentration approximations 

from least squares models. Furthermore, this approach will provide additional information about 

the cervical remodeling process that has not yet been investigated using diffuse reflectance. 

 Polarization: Polarization sensitive molecules yield unique Raman profiles based on the 

polarization of the light used. In the current system, polarization is not accounted for, even 

though some of the linear polarization from the diode laser is conserved at the tip of the fiber 

optic probe. Collagen is a birefringent material which produces distinct Raman spectra based on 

its alignment 206. Furthermore, the cervix has been demonstrated to have axes of preferential 

collagen alignment 129, particularly in early pregnancy when the collagen fibers are tightly 

packed. As the cervix prepares for delivery, the collagen fibers decrease in concentration and 
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become dispersed 43, as has been seen using second harmonic generation imaging 76,77. 

Polarization-sensitive Raman spectroscopy could provide additional information about the 

structure of the cervical extracellular matrix throughout pregnancy and post-partum repair, and 

will likely account for variability seen in some of the polarization-sensitive Raman peaks.  

 High wavenumber Raman spectroscopy: A dual fingerprint and high wavenumber Raman 

spectroscopy system has been developed and tested in gelatin phantoms, chicken breast, and in 

vivo mouse cervix tissue. A strong water peak is located in the high wavenumber region at 3500 

cm-1, and also contains information regarding the type of bonding that occurs within the sample.  

Applying this technique to monitoring cervical change during pregnancy will offer a higher 

accuracy hydration measurement and provide insight into the types of molecules the water 

interacts with as the cervix remodels.  I recommend that this technique be extended to both the 

human and mouse projects, especially for measurements in preterm birth mouse models LPS and 

RU48. Both groups of mice deliver preterm, however the cervical tissue wet weight of RU486 

treated mice significantly increases whereas LPS treated cervix tissue wet weight remains 

constant 57. The water peak in the high wavenumber region of the spectrum should be very 

sensitive to the distinct cervical remodeling pathways of each treatment group, and may aid 

understanding of the cervical remodeling process in instances of preterm birth. 

 

2) Design of a deep tissue signal rejecting Raman probe 

Large contributions of adipose signal originating from fat pads behind and around the cervix 

overwhelm Raman spectra acquired from the cervix of mice. Fat has a significantly higher 

Raman cross-section compared to collagen, cellular components, and other extracellular 

biomolecules, so although less light is reaching the fat pads, more Raman photons are generated 
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by interacting with fat tissue. A shallow-focused Raman probe with very sharp excitation and 

collection cone overlap will minimize signal collection from deep layers and reduce contribution 

of adipose tissue in mouse cervical spectra. Designs for such a probe could include the addition 

of a ball lens 207, or by beveling the collection fibers. 

 

3) Further development of speculum-free Raman spectroscopy probe for measurements in 

women 

Multiple improvements should be made to the speculum-free fiber optic probe. First, the camera 

should be color sensitive, as opposed to the camera included in the current device. In addition, 

eska fibers should also be placed in the center of the probe to illuminate the center of the camera 

field of view when in close proximity to a sample.  The current design has right angles at the 

probe tip and has a larger diameter than is necessary, both factors potentially causing discomfort 

for patients. The probe tip should be smoothed and the diameter of the probe decreased by more 

strategic placement of the illumination fibers near the center of the probe.  

 

4) New patient populations for investigation 

 Expanding existing studies to include a number of new patient populations may help 

understand physiology behind risks factors for preterm birth and other obstetric outcomes. 

Patients with extremely low body mass index have increased risk for preterm birth 208, whereas 

patients with high body mass index have increased rates of post-dates, stalled labor, and 

unplanned cesarean section 170-174. Results from our study in 68 pregnant women throughout 

pregnancy indicate that high body mass index affects Raman spectral changes as the cervix 

remodels. This observation should be investigated further by actively recruiting patients with 
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extremely low or high BMI to more deeply characterize the effects body mass index has on the 

cervix during pregnancy. 

Additional cohorts of high risk patients should be recruited, including Hispanic and non-

Hispanic black patients which have increased risk for preterm birth that is not understood at this 

time 209. Additionally, patients diagnosed with cervical incompetence and patients with prior 

history of preterm birth. Although these groups of patients do have increased risk, no causal 

relationship has yet been presented, indicating that multiple factors likely contribute to cause 

preterm birth.  

  

5) Increased recruitment of laboring patients 

With the development of the speculum-free probe, efforts should be made to significantly 

increase enrollment of patients during active labor. This is an important part of the cervical 

remodeling process that lacks a great deal of physiological understanding. In addition, patients 

should be grouped based on the augmentation they received during labor, and they type of 

augmentation may change how the cervix remodels.  

  

6) Development of predictive models 

Increasing enrollment of patients into this study offers opportunities to validate the findings of 

this dissertation as well as develop and evaluate predictive models estimating the probability of 

delivery within a given time frame. Logistic regression models that include the gestation week of 

the measurement can be easily implemented once the most consistent and robust features that are 

characteristic of impending delivery are determined. At this time, a ratio of the blood coefficient 

to the collagen coefficient would likely serve as a robust predictor of delivery within 2-4 weeks. 
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Further mining of this rich data set is likely to identify additional predictive features that can be 

incorporated into a “delivery time index.” Such an index would further facilitate clinical 

translation into the clinical by offering predictive information to providers that is easily 

interpretable. 

 

7) Validation of Raman spectral results 

Conclusively validating findings from in vivo Raman spectroscopy remains a challenge due to 

the fundamental reason that our understanding cervical remodeling is incompletely understood: 

biopsy of the cervix is not feasible during pregnancy, particularly serial biopsies throughout 

pregnancy. This fact is what makes optical technologies so attractive; however validation of 

optical results must still be performed. I recommend a number of validation methods, ranging 

from analysis of ex vivo cervix tissues from women and mouse models, as well as in vivo 

validation using multiple optical modalities.  

 

 In vivo validation: Diffuse reflectance is an optical technique that can measure hydration 

and oxy- and deoxyhemoglobin based on optical absorption. Pairing Raman spectral results with 

diffuse reflectance will allow comparison of the water and blood signals measured in Raman 

spectra, and this validation can be performed throughout pregnancy.  

 

 Ex vivo validation: The ideal ex vivo validation would be from pregnant patients 

undergoing total hysterectomy for pregnancy complications. This is a rare procedure, and 

Vanderbilt performs ~3 cases per year. Additional hysterectomies are performed in non-pregnant 

patients on a much more frequent basis, and important variables such as prior obstetric history, 
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body mass index, and race can all be investigated using these cervix tissue samples, thus non-

pregnant hysterectomies specimens should also be collected. For hysterectomy cases, Raman 

spectra and diffuse reflectance should be acquired from the cervix prior to surgery at multiple 

locations on the ectocervix, as well as immediately after the cervix is removed. The orientation 

of the cervix should be noted, and then put on ice. Once the tissue is brought to the lab, it should 

be sectioned following a protocol by Myers et al.48. A battery of ex vivo biochemical assays 

should then be performed. These should include standard hydroxyproline assays which will 

measure the collagen content, solubility, and hydration based on pre and post-lyophilized 

weights. Presence of blood vessels, blood vessel diameter, and blood vessel density will be 

imaged from hematoxylin and eosin stained slices of cervix tissue, and stains for CD31 will 

investigate the role of angiogenesis. The Periodic Acid-Schiff histology stain will selectively 

target glycogen and glycoproteins, and additional slices will be stained for actin, cholesterol, and 

other phospholipids of interest. Imaging mass spectrometry, a new analytical method that is 

being heavily investigated at the Vanderbilt Mass Spectrometry Center, has already been 

performed on mouse cervix tissues, and I recommend this be extended to human cervix tissues. 

This method allows identification of a number of proteins and lipids with high spatial resolution. 

Such results should be compared to adjacent tissue sections imaged using a Raman microscope 

to confirm that the spectral signatures match the histological and imaging mass spectrometry 

results.  Finally, tissue sections should be imaged using the new MANTIS microscope in the 

Vanderbilt Biophotonics center. This instrument can perform second harmonic generation to 

monitor collagen structure, and stimulated and coherent anti-stokes Raman imaging to quickly 

obtain Raman spectral profiles over a large tissue area. These validations methods will confirm 
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or disprove the current interpretation of the Raman spectral results, and will likely offer new or 

adjusted interpretations. 

 

7.3 Contributions to the field and societal impact 

Contribution to biophotonics/clinical translation of optical technologies 

 This work presents the first application of Raman spectroscopy for biochemical 

monitoring of the cervix in pregnant women throughout pregnancy, labor, and post-partum. 

Through this work, we noninvasively identified multiple biochemical components including 

lipids, proteins, water, saccharides, and carotenoids that undergo significant change during 

pregnancy and post-partum, using a technique that doesn’t require any exogenous labels. We are 

the first to report differences in cervical remodeling based on patient parity and body mass index 

from in vivo cervix tisue measurements, demonstrating the utility of this approach for improved 

basic science understanding.  

 In a mouse model of delayed parturition, in vivo Raman spectroscopy identified delayed 

cervical remodeling compared to wild type that was validated using ex vivo biomechanical tests 

and biochemical assays. This was the first report of Raman spectroscopy used for understanding 

cervical remodeling defects during pregnancy. 

  A custom deep-focused Raman spectroscopy probe was developed for optimized 

measurement of human cervical stroma, which increased overall signal-to-noise ratio and 

sensitivity to deep tissue layers. This probe was subsequently integrated into an optical probe 

designed for speculum-free measurement of the cervix during pregnancy. The design included a 

NanEye imaging camera and eska illumination fibers for visual confirmation of clean tissue and 

firm placement during measurements. This Raman spectroscopy probe can be used in other 
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applications where interrogation of deep tissue layers is desired, or for improved visualization of 

mesaurement locations. In addition, development of the speculum-free probe provided an 

important lesson on how to integrate optical technologies into the field of prenatal monitoring in 

Obstetrics.  

  

Contribution to reproductive biology 

 In vivo Raman spectral characterization of cervical change in a mouse model of delayed 

parturition revealed that the absence of Cox-1 causes delayed cervical remodeling compared to 

wild type, which was validated using ex vivo assays. In addition, investigation of uterine 

contractility in Cox-1 KO mice led by Dr. Jen Herington  discovered that Cox-1 KO mice have 

normal uterine contractility, rejecting the widespread belief that lack of Cox-1 causes impaired 

uterine contractility. Cox-1 null mice were also found to have elevated cervix progesterone levels 

at term, which may help explain the cervical remodeling delay.  

 Broadly, this work helped to educate the field of reproductive biology on emerging 

biophotonics techniques that can be used for basic and translational research. 

 

Contribution to Obstetrics 

 As mentioned above, this dissertation is the first report utilizing in vivo Raman 

spectroscopy for study in pregnant women during pregnancy, labor, and post-partum repair. 

These studies revealed decresaing collagen signals and increasing blood signals as the cervix 

remodels towards term. In addition, post-partum studies revealed increased signals from actin, 

cholesterol, and glycogen, indicative of increased immune cell populations and anabolic activity 

driving repair. In addition, post-partum collagen signals did not return to the early pregnancy 
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levels as expected, indicating that cervical repair likely takes longer than six weeks. Our 

Obstetrics collaborators specifically stated that this method should be used to determine the 

recommended spacing between pregnancies to ensure the cervix is fully healed prior to a second 

pregnancy. This would ensure that the cervix is fully capable of maintaining its structural 

function throughout pregnancy.    

 Furthermore, parity and body mass index were found to affect cervial remodeling during 

pregnancy. There are few reports in the literature examining the impact of these factors on the 

cervix, and to our knowledge, there are no reports from in vivo optical technologies in this area. 

Our findings of increased collagen signal at the beginning of pregnancy in nulliparous women 

were in agreement with ex vivo studies which show that prior pregnancy permanently reduces 

collagen content and stiffness 44,169. In high BMI patients, our observation of reduced collagen 

degradation is supported by outcome based studies which show longer gestation, longer labors, 

and increased rates of cesarean section in high BMI patients 170-174. Our results suggest that high 

BMI directly reduces the extent of collagen remodeling prior to delivery, which should be 

considered during labor or plans of labor augmentation. Finally, the development of a speculum-

free optical tool significantly reduces challenges in clinical translation for optical monitoring of 

the cervix during pregnancy. This approach will facilitate expedited research progress by 

increased enrollment rates and provider participation in cervical remodeling research using light-

based methods.  Long term, we hope the results from this dissertation are helpful in better 

understanding cervical remodeling, that they lead to increased investigation of biochemical 

monitoring of the cervix throughout pregnancy, labor, and repair, and potentially offer diagnostic 

information for clinical assessment of preterm birth risk.  
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APPENDIX 1 

 

IN VIVO RAMAN SPECTRA FROM MOUSE MODELS OF PRETERM BIRTH 

 

A1.1 Abstract 

The cervix must undergo significant biochemical remodeling to allow for successful 

parturition. In vivo quantitative assessment of the cervix would be useful in identifying patients 

at risk of preterm labor and providing increased time for clinical intervention to delay or prevent 

PTB. To investigate known initiators of preterm birth, mouse models of infection-induced 

(lipopolysaccharide, induces delivery within 12 hours) and progesterone withdrawal-induced 

(RU486, induces delivery within 16 hours) PTB were compared to term wildtype mice (full 

gestation=19.5 days). For treated mice, Raman spectra were acquired prior to treatment on 

gestation day 15 and every two hours until delivery. Term controls were measured starting at 

noon on gestation day 19 and then every two hours until natural delivery, and negative controls 

were measured starting at 8 am on the morning of day 15 for a total of 10 hours. Results were 

analyzed using generalized estimating equations. RU486-treated mice closely mimicked the 

changes observed in the term controls. However, the LPS-treated mice displayed significantly 

different remodeling features compared to the term controls and RU486 mice in regions of the 

spectrum associated with ECM proteins and water content. Such information could be clinically 

useful for identifying patients with infection/inflammation-associated preterm labor. 
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A1.2 Introduction 

Cervical integrity is critical for maintenance of a successful pregnancy, and all cases of 

spontaneous preterm birth are associated with premature cervical remodeling 57. Cervical 

remodeling during pregnancy and labor is poorly understood 119, partly due to the lack of in vivo 

investigations aimed at tracking the physiological and biochemical changes that occur in the 

cervix. As cervical remodeling is required for any successful delivery, elucidating the 

mechanisms that lead to cervical ripening would provide insight for the development of new 

treatment options. 

Preterm birth is known to have a variety of causes 24, including but not limited to 

infection, stress, cervical disease, reduced progesterone signaling, and uterine overdistension. 

Proper etiologic diagnosis is critical for optimium management of preterm labor 57, which likely 

explains why therapeutic approaches to delay preterm birth are successful for some patients but 

not others. Ex vivo studies in animal models of preterm birth have determined that cervical 

remodeling may occur differently depending upon the cause 57-61. Two mouse models of preterm 

birth have been thoroughly investigated and compared to cervical remodeling at term gestation in 

wild type (WT) mice.The first treatment model uses lipopolysaccharide (LPS),  endotoxins found 

in the cell wall of Gram-negative bacteria, on day 15 in WT mice to illicit an inflammatory 

response and cause preterm birth 57,61. The second treatment model uses subcutaneous injection 

of mifepristone (RU486, 0.5 mg/200μL solubilized in ethanol) in day 15 WT mice, which acts as 

a progesterone receptor antagonist, resulting in preterm birth within 13-16 hours 57,58,61. Mice 

treated with LPS showed significant signs of inflammation, including increased neutrophils 57, 

macrophages 61, increased expression of proinflammatory genes (interleukin 6, tumor necrosis 

factor, Cox-2), and upregulation of cytokines and matrix metalloproteinases 57,58,61,62; however 
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progesterone levels reamined high throughout labor and parturition 62 and water content did not 

change 57. RU486 treated mice showed signs of expedited term delivery, including decreased 

progesterone levels, increased tissue wet weight 57, an increase in monocytes 57,  with partial 

upregulation of inflammatory pathways including Cox-1, inflammatory gene interleukin 1 alpha, 

as well as MMP-8, and Adamts1 & 4. These differences provide a diagnostic opportunity for 

determining the cause of preterm labor so that targeted treatment can be developed.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

 A successful diagnostic test must be sensitive to the distinct cervical remodeling features 

found in LPS and RU486 treated mice without destruction of any tissue. Nearly all published 

results of PTB mouse model experiments were conducted on excised cervical tissue after 

sacrifice of the animal. Therefore innovative approaches that can non-invasively probe tissue 

biochemistry are needed. Optical approaches are well suited to meet these criteria. Multiple 

methods provide non-invasive monitoring of one or two biochemical components such as 

collagen content or cross-links, however one method termed Raman spectroscopy is capable of 

probing a large range of biochemicals including lipids, extracellular matrix proteins, blood, 

sacharides, carotenoids, and nucleic acids. This technique is sensitive to chemical bond-specific 

vibrations, resulting in each biomolecule having a unique molecular “fingerprint”. This methods 

has been successfully applied to the monitoring of cervical remodeling in animal models and 

human patients during pregnancy, demonstrating its potential for clinical translation.  

The goal of this study is to characterize the Raman spectra  from the cervix of LPS and 

RU486 treated pregnant mice in order to establish the potential of this method for discriminating 

between different preterm labor etiologies.  While the mouse model is an imperfect replicate of 

human pregnancy, it will allow us to study the entire course of pregnancy and labor in a 

shortened time frame (mouse gestation is 19-21 days, depending on model), as well as 
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thoroughly analyze the cervix of abnormal pregnancy models in vivo and ex vivo. By comparing 

normal WT mouse pregnancy with various models of preterm cervical ripening and delayed 

cervical ripening, the underlying biochemical differences can be interrogated via Raman spectral 

features.  

 

A1.3 Methods 

Animals 

Mice were housed under a 12h light cycle. Timed matings were carried out by placing 

one male with three females. At the same time each morning, females were evaluated for the 

presence of a post-copulatory plug, which defined gestation day 1 of a 19.5 day gestation.  

The LPS-induced preterm birth mouse model was created by administration of LPS 

(055:B5, Sigma, St. Louis, MO) via intraperitoneal injection (100 μg/5 μL in PBS) in WT mice 

on the morning of day 15. Raman spectra were taken prior to the administration of LPS, and 

every two hours after injection until 8 hours passed afterwhich the mouse was sacrificed for ex 

vivo biomechanical testing of the cervix (n=5), or until the delivery of the first pup (n=10) 

(Figure A1.1). 

The progesterone withdrawal-induced preterm birth mouse model was created by 

subcutaneous injection of  RU-486 (Mifepristone, 500μg in triolene) on day 15 (n=8) to induce 

labor. Raman spectra were taken prior to the administration of the drug, and every two hours 

after administration until 12 hours passed afterwhich the mouse was sacrificed for ex vivo 

biomechanical testing (n=5), or until delivery of the first pup (n=10) (Figure A1.1).  

Wild type mice were measured on the morning of day 15 and every two hours for a total 

of 12 hours in order to serve as a negative control. To characterize term labor, Raman spectra 
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were measured from the cervix of WT mice beginning at noon on day 19 of pregnancy, and were 

measured every two hours until delivery of the first pup (Figure A1.1).  

 

 
Figure A1.1. Schematic delineating the time points of mouse pregnancy measured in WT (gold), 
LPS treated (pink), and RU486-treated (blue). 
 
 
 
Raman spectral acquisition 

The following protocol was used to obtain Raman spectra from the mouse cervix: first the 

mouse was anesthetized by exposure to isofluorane, after which the mouse vagina and cervix 

were gently rinsed with saline. A 3-5 mm diameter speculum was inserted into the vagina in 

order to visualize the cervix (Figure A1.2B). The 2 mm diameter fiber optic probe tip was gently 

inserted into the mouse vagina and lightly pressed against the cervix for approximately 3-5 

seconds to take one Raman measurement. Because this is real-time imaging, signal interference 

by vaginal secretions or misplacement of the probe tip onto the vaginal wall can be easily 

recognized and repeat measurements obtained. This protocol was repeated three times at each 

data collection time point.  
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Figure A1.2. A) Raman fiber optic probe-based system used for mouse experiments. B) 
Illustration of the mouse cervix and a picture taken of a mouse cervix revealed using a speculum. 
 
 

Biomechanical testing 

After completing the treatment incubation time, mice were sacrificed using overdose of 

isofluorane and subsequent cervical dislocation. The cervix was immediately dissected out and 

placed in 37 C oxygenated Krebs buffer. An 8-chamber Radnotti isometric force transduction 

system was employed to obtain biomechanical measurements. Briefly, the excised cervix was 

mounted on two stainless steel hooks, one that was fixed, and another that was attached to a 

mechanical drive providing consistent strain rates and measuring tension using a force 

transducer. The cervix was stretched in 1 mm every four minutes, during which the tension 

experienced by the tissue was recorded 138. Biomechanical testing was used as the standard to 

stage cervical remodeling 210. Stress-strain relationships in the toe region, elastic region, yield 

point (indicative of the structural shift point from elastic-to-plastic phases), break point (tissue 

failure under tension), and other mechanical properties were determined 144. Using an effect size 
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calculated from previous studies, it was determined 5 mice /group would be required to achieve 

statistical significance. 

 

Data processing and analysis 

Raman spectra were calibrated and processed as previously described 2,138. To minimize 

spectral cntribution from fat, spectra with a 1440 cm-1 peak intensity above 999 wree excluded 

from analysis, and spectra with counts below 599 were excluded due to signal to noise ratio 

deterioration. Raman spectra were modeled over the course of labor using a restricted cubic 

spline with 65 degrees of freedom. Treatment group (day 15 LPS, day 15 RU-486, and day 19 

untreated) was included as a model variable, and the spectral changes for each group were 

plotted separately for comparison.  

 

A1.4 Results 

Raman spectra collected over the course of labor 

 Raman spectra were successfully acquired from the cervix of laboring pregnant mice 

using a fiber optic probe based Raman spectroscopy system. Measurements were acquired in two 

hour increments until delivery of the first pup from four cohorts of mice: WT day 15 mice 

treated with vehicle (served as negative control), WT day 15 mice treated with RU486, WT day 

15 mice treated with LPS, and WT day 19 mice. The delivery time of each mouse was recorded, 

and the time until delivery associated with each set of Raman measurements was calculated.  

Spectral models were developed for each group and plotted as a function of hours until 

delivery (Figure A1.3).   In the term group, spectral narrowing as the mice neared delivery was 

observed in the right shoulder of the 1304 cm-1 peak, possibly caused by transition to primarily 
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lipid contributions. There was reduced signal in the 1003 cm-1 phenylalanine peak, consistent 

with decreasing contribution from extracellular matrix proteins. In the RU486 treated tissues, 

there appeared to be increased signal from the right shoulder of the 1304 cm-1 peak, in constrast 

to what was observed at term. In addition, peak intensities at 1440 and 1657 cm-1 decreased prior 

to delivery, whereas the 1003 cm-1 peak increased, opposite of that observed on day 19. In LPS-

treated tissues, narrowing of the 1304 cm-1 right shoulder and 1657 cm-1 right shoulder was 

observed, similar to term. Unique to LPS-treated tissues, the intensity of the 1570-1630 band 

significantly decreased, and the narrow 1304, 1440, and 1657 cm-1 peaks increased prior to 

delivery.  
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Figure A1.3. Longitudinal analysis of Raman peak ratios over the course of labor in term wild 
type (WT), LPS-treated day 15 (LPS), and RU486-treatedy day 15 (RU486) pregnant mice. 
(n=10 per group) 
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Biomechanics of cervical tissues 

A separate cohort of mice were used for biomechanical testing. Similar to the Raman 

experiment, four groups were tested: WT d15 treated with vehicle for 12 hours, WT day 15 

treated with RU486 for 12 hours, WT day 15 treated with LPS for 8 hours, and WT day 19 

untreated. Tension measured in grams was plotted against displacement for each mouse cervix 

tested, and the mean result for each group is displayed in Figure A1.4. The vehicle-treated WT 

day 15 curve reveals that the cervix tissue became stressed at a much lower displacement 

compared to the LPS, RU486, and day 19 groups. In addition, the vehicle treated day 15 group 

had a lower total displacement achieved prior to tissue failure compared to the other three 

groups. The day 19 group experiences the least amount of tension at any given displacement, and 

exhibited the highest level of tissue distensibility.  

 

 

 
Figure A1.4. Biomechanics results from untreated day 15 WT (n=9), LPS- treated day 15 (n=5), 
RU486-treated day 15 (n=5), and day 19 WT mouse cervix tissues (n=5). 
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A1.5 Discussion 

 The physiology governing cervical remodeling during pregnancy is not fully understood, 

especially during the transition between ripening and dilation phases. This is further complicated 

by studies demonstrating that cervical remodeling at term follows distinct pathways and 

mechanisms compared to preterm, which can be caused by multiple factors that also have unique 

remodeling physiology. Noninvasive measurement of cervical remodeling during labor has the 

potential to unveil fundamental physiology that has not yet been observed. In addition, the high 

rate of change in the cervix throughout the ripening and dilation stages limits the usefulness of 

measurements taken at a single time point. In the studies presented, a biochemically specifically 

technique has been used to longitudinally measure the cervix during labor in term and preterm 

pregnant mouse models. Distinct spectral characteristics were observed in LPS treated, RU486 

treated, term mice, demonstrating feasibility of this technique to measure biochemical changes in 

the cervix of labor mice and distinguish between inflammation-induced and progesterone 

withdrawal-induced cervical remodeling.   

  In the Raman spectral models, term mice appeared to undergo the least amount of 

remodeling in preparation for delivery. The changes observed are attributed to decreased signals 

from extracellular matrix proteins prior to delivery . As these mice have an additional 4 days to 

prepare, it is not surprising that the spectral changes were not as dramatic as those seen in the 

preterm groups. The decreasing lipid contribution and increasing protein contribution observed 

in RU486 treated mice may be explained by increased collagen synthesis contributing to the 

increased tissue wet weight observed by Holt et al. 57. LPS treated tissues had increased lipid 

contribution prior to delivery, possibly caused by increased levels of prostaglandins and 

inflammatory cells, resulting in overall higher lipid signals.  
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 Ex vivo biomechanics results confirmed that the RU486 and LPS treatment significantly 

increased cervix distensibility compared to untreated day 15 tissues, allowing successful passage 

of pups. These results are similar to those observed by Timmons et al., in which LPS and RU486 

treated mouse cervix tissues were significantly more compliant than untreated day 15 controls 

211.  

 The major limitation of this study stems from the high contribution of adipose tissue 

overwhelming many of the Raman spectra collected from these mice over the course of labor. 

Multiple fat pads, including inguinal, perigonadal, and lower pelvic fat pads, surround the cervix, 

and so although the cervix itself is not lipid rich, a large lipid signal is detected from these fat 

pads deep within the tissue 2,146. Due to this problem, a large amount of data had to be excluded, 

limiting the spectra available for analysis. To combat this problem, a new Raman spectroscopy 

probe is being tested that is designed to selectively collect signal from superficial depths (1-2 

mm) and exclude signals originating from adipose tissues surrounding the cervix at greater 

depths.   

 Despite contaminant adipose signal contributions to Raman spectra, distinct remodeling 

features were observed in LPS-treated, RU486-treated, and term mouse cervices in preparation 

for delivery. Raman spectra were acquired in vivo without destruction of tissue, and enabled 

longitudinal tracking of a single mouse throughout the course of labor. These results having 

exciting implications for clinical translation, where understanding the etiology of preterm labor 

would improve patient management. In concludion, n vivo Raman spectroscopy has 

demonstrated its utility as a tool for investigation of cervical remodeling during normal and high 

risk pregnancy, and has high clinical translation potential for monitoring cervical remodeling in 

pregnant women.  
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APPENDIX 2 

 

SUPPLEMENTAL FIGURES FROM CHAPTER 3 

 
Supplemental Figure 1. Raman spectra of pure chemicals that were evaluated as potential least 
squares model inputs. 
 

1000 1200 1400 1600 1800
0

1000

2000

3000
actin

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)

1000 1200 1400 1600 1800
0

1

2

3
x 10

4 ATP

Raman Shift (cm-1)
In

te
ns

ity
 (c

.u
.)

1000 1200 1400 1600 1800
0

500

1000

1500
blood

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)

1000 1200 1400 1600 1800
0

2

4
x 10

4 cholesterol

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)

1000 1200 1400 1600 1800
0

2000

4000

6000
collagen

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)

1000 1200 1400 1600 1800
0

2000

4000
DNA

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)
1000 1200 1400 1600 1800
0

1

2
x 10

4 G6P

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)

1000 1200 1400 1600 1800
0

1

2

3
x 10

5 glucose

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)

1000 1200 1400 1600 1800
0

5000

10000

15000
glycogen

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)

1000 1200 1400 1600 1800
0

5000

10000
hyaluronic Acid

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)

1000 1200 1400 1600 1800
0

2

4

6
x 10

4 phosphatidylcholine

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)

1000 1200 1400 1600 1800
0

1

2
x 10

4 phosphatidylethanolamine

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)

1000 1200 1400 1600 1800
0

5

10

15
x 10

4 progesterone

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)

1000 1200 1400 1600 1800
0

5000

10000

15000
PGE2

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)

1000 1200 1400 1600 1800
0

500

1000
water

Raman Shift (cm-1)

In
te

ns
ity

 (c
.u

.)



149 
 

 
Supplemental Figure 2. Correlation coefficient matrix comparing similarity between pure 
chemical Raman spectra. 
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