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1 CHAPTER 1 

INTRODUCTION 

1.1 Polarization 

Polarization of light is characterized by the orientation of the electric field perpendicular 

to the direction of propagation of the light wave. Different states of polarized light can be 

considered as separate Ey and Ex components of the resultant electric field. When all 

components of the electric field present are in phase the light wave is considered to be 

linearly polarized and the resultant electric field vector is the orientation of that linear 

polarization. As the phases of different components of the electric field become out of sync, 

ellipticity of polarization is created.  Typically, ellipticity is created when polarized light 

traverses through a birefringent structure. Birefringence is a material property describing a 

change in refractive index depending on the polarization and incidence angle of light 

passing through the material. This difference in refractive index results in a greater phase 

delay of certain electric field components compared to others creating elliptic polarization 

as seen in Figure 1.1 where polarized light passes through a retarder and cause the Ey and 

Ex components of the electric field to become out of phase with each other.  

 
Figure 1.1 Depolarization, retardation, and diattenuation 
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Having equal Ey and Ex components with a phase difference of 45° between them 

creates a special state of elliptical polarization called circular polarization. Circular 

polarization has been used to investigate deeper into biological tissue compared to purely 

linear polarization due to its ability to generate a greater count of backscattered photons. 1 

A graphical representation of depolarization and diattenuation can also be seen in Figure 

1.1. Depolarization is the randomization of polarization most commonly caused by high 

scattering materials such as biological tissue. This results in a scrambling of the orientation 

of the electric field due to the random scattering of light in different directions. 

Diattenuation is a material’s propensity to transmit certain orientation’s of linearly 

polarized light over others. This property is often associated with measuring small 

molecules where changes are observable unlike in bulk tissue where the effects of 

diattenuation are negligible compared to depolarization and retardance. 

Optical activity can be attributed to a myriad of species characteristics ranging from 

molecular composition and spatial arrangement to thickness, turbidity, as well as texture. 

Polarized light is especially sensitive to structural components and materials with strong 

birefringence; making its use particularly fitted for the investigation of the extracellular 

matrix of several biological environments, including the skin, the eye’s cornea, connective 

tissue, and many more. The goal of optical equipment in clinical diagnostic tools is 

becoming increasingly focused on differentiating tissue microstructures and offering 

noninvasive imaging and in-depth assessment of biological tissues. Such progression is 

partly due to the advent of polarimetry in optical methods which can elucidate structural 

morphologies of underlying tissues and enable clear visualization of intermediate 

superficial tissue layers.  
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Polarized light imaging has been used in the biomedical field for many years 2. It 

has been applied to reveal the border of skin cancer and improve image resolution via 

removal of multiply scattered light through a degree of polarization (DOP) imaging scheme 

3-5 as well as removing multiply scattered light and surface reflection by combining co- and 

cross-polarized images 6. Polarization imaging has been combined with spectroscopy in 

order to image tissue below the surface by discriminating the difference in penetration 

depth associated with different wavelengths of light. Similar principles have been used to 

enhance surface capillary contrast 7, 8. Circularly polarized light has been used to 

investigate the concentration and size of scattering particles in a medium based off of the 

backscattered light that is retrieved and modeled in a Poincaré sphere using Stokes vectors 

9. Polarization sensitive Monte Carlo simulations have been developed to model polarized 

light travel through scattering and birefringent media 9-11.  

Birefringent proteins such as collagen fibrils and muscle fibers are often found 

preferentially aligned in bundles when serving as load-bearing structures 12, 13. In contrast, 

in the case of healthy epidermis, collagen is randomly aligned 14, 15, 17. Significant changes 

in optical anisotropy and thus birefringence can point to damage or disorder of the normal 

structure of these tissues 18, 19. It has been shown that the degree of circular polarization 

(DoCP) is particularly sensitive to the dominant orientation of birefringent bundles such as 

collagen 16. In depth information on a material’s effects on polarized light can also be 

inferred from the calculation of its Mueller matrix 20. 

Applications of polarimetry can be observed in various disciplines, such as the 

chemical industry where unknown substances are identified using their known optical 

properties. In retinal imaging, the human eye is studied for information regarding its 
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birefringent characteristics. The use of polarization illumination and filtering towards 

clinical and medical application starts with R. Anderson in 1991 21  and others 22-24 to 

enhance surface contrast for dermatologic application.  

Groner et al. 25 used cross-polarization to highlight superficial vascular contrast in intravital 

microscopy, and applied this technique in studies of brain perfusion, pancreatic and hepatic 

microcirculation among others 25-30 . DeHoog et al.31 used Stokes vector polarimetry in a 

fundus ophthalmoscope. Ghassemi et al.32 studied the rough surface of skin cancer through 

out of plane polarimetry. De Martino et al. used Mueller Matrix polarimeters to image 

colon and cervical cancer. 18, 19, 33-39 34. Precancerous cancer cells were studied through 

polarized light sensing40-46. Vitkin et al., used Mueller Matrix polarimetry for determining 

the local structural disorders of the bladder47 and myocardium48 as well as other more 

fundamental studies with Ghosh et al.20, 44, 49-52 

1.2 Polarimetry 

Mathematically, the polarization state of light can be written as a Stokes vector (S). Stokes 

vectors contain four elements describing four different characteristics of polarized light – 

S0 is the magnitude of the intensity of light, S1 is the state of linear of polarization (0/ ±90°), 

S2 is the state of diagonal polarization (±45°), and S3 is the state of circular polarization 

(right/left) shown in Equation 1.1. Stokes vectors are usually normalized by S0 so that 1.0 

in any of the S1-S3 elements describes perfect polarization in that state. Because of this, 

calculating the magnitude of these three elements should equate to the normalized S0 for 

the Stokes vector to be feasible.   
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𝑺 = (

𝑺𝟎
 𝑺𝟏
𝑺𝟐
𝑺𝟑

) = 

(

 

𝑰𝒙 + 𝑰𝒚
𝑰𝒙 − 𝑰𝒚

𝑰𝟒𝟓° − 𝑰−𝟒𝟓°
𝑰𝒓𝒄𝒑 − 𝑰𝒍𝒄𝒑 )

 (1.1) 

Ij represents the intensity of light, and rcp and lcp represent right circularly polarized and 

left circularly polarized, respectively. Because the elements of a Stokes vector cannot be 

measured directly it is necessary to take intensity measurements of a polarized light source 

through a polarization analyzer and solve backwards. This is due to different polarization 

states of light having similar measures of intensity unless an analyzer is used to 

differentiate between the states. In the case of the calibration method used in this thesis this 

is done using Equation 1.2: 

𝑺 = 𝑾 ∙ 𝑰 (1.2)  

Where I is the six intensity measurements taken through a polarization analyzer shown in 

Equation 1.3: 

𝑰 = (𝑰𝒙 𝑰𝒚 𝑰𝟒𝟓° 𝑰−𝟒𝟓° 𝑰𝒓𝒄𝒑 𝑰𝒍𝒄𝒑)
𝑻

(1.3) 

 and W is a data reduction matrix defined in Equation 1.4 after optimization53: 

𝑾 =

(
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𝟎 𝟎 𝟎 𝟎 𝟏 −𝟏)

 
 

(1.4) 

Equation 1.4 is an example of an ideal, optimized data reduction matrix as shown by 

Boulbry et al.53 so that the matrix’s condition number is reduced to a minimum value of 

square root of 3. The condition being a measure of a system’s linear independence between 

columns and rows. The smaller the condition number the greater the system’s linear 
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independence and the less loss there is in precision measured by the ratio between the 

largest and smallest singular value decomposition of the matrix.54 

Calibrating using this methodology requires that a data reduction matrix W is 

calculated with a condition close to the minimum so that the stokes vector S in Equation 

1.2 can be solved given that I is the measured experimental intensities. Because the input 

polarization states are known during calibration, S and I in Equation 1.2 are accounted for 

and can be expanded as 

[𝑺𝟏 𝑺𝟐…𝑺𝑴] = 𝑾 ∙ [𝑰𝟏 𝑰𝟐…𝑰𝑴] (1.5) 

where S is a 4 x M matrix, M is the number of different input polarization states; and I is 

a N x M matrix where N is the number of different analyzer configurations. Solving for 

Equation 1.2 we get: 

𝑾 = 𝑺 ∙ 𝑰−𝟏 (1.6) 

The issue here lies in calculating the right pseudoinverse of I to solve for W. Singular value 

decomposition (SVD) can be used to calculate the pseudoinverse of I and better optimize 

towards the ideal data reduction matrix. SVD decomposes the N x M matrix I into the 

product of three separate matrices – U (N x N), V (M x M), and D (N x M), where U and 

V are real orthogonal matrices and D is a real diagonal matrix (seen in Equation 1.7). 

𝑰 = 𝑼 ∙ 𝑫 ∙ 𝑽𝑻 (1.7) 

Further manipulation of the pseudoinverse of I can be carried out to simplify the SVD 

process by setting small singular nonzero values to zero to help mitigate the noise from the 

intensity measurements before solving for W as shown by Boulbry et al.53  

 In the case of the calibration used for the work in this thesis, the number of different 

analyzer configurations N was equal to six, and the number of different reference 
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polarization states, M was 38 split between two different configurations. The two 

configurations differ in the order that the linear polarizer and quarter wave plate are placed 

in between the light source and polarization analyzer (see Figure 1.2).  

 

Figure 1.2 Imaging polarimeter calibration setup: The Quarter wave plate and linear polarizer in between liquid crystal 

retarder (LCR) 1 and the illumination port (IP) change position with each other for the two different calibration 

configurations. 

The linear polarizer and quarter wave plate optical axes are aligned to be both horizontal 

or vertical (0° or 90°) at the starting reference point for the calibration procedure. The 

“before” and “after” configurations for the calibration refer to the position of the polarizer 

being before or after the quarter wave plate. There were 19 reference polarization states 

used for each configuration which were generated by rotating the linear polarizer using an 
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electronically-controlled rotational mount. The references states created by this process are 

shown in Equation 1.8 where θ = 0°-180° with a step size = 10°. 

𝑺𝒃𝒆𝒇𝒐𝒓𝒆(𝜽) = [𝟏  𝒄𝒐𝒔𝟐𝜽  𝟎  𝒔𝒊𝒏𝟐𝜽]𝑻 (1.8)

𝑺𝒂𝒇𝒕𝒆𝒓(𝜽) = [𝟏  𝒄𝒐𝒔𝟐𝜽  𝒔𝒊𝒏𝟐𝜽  𝟎]𝑻
 

Because both configurations contain the same number of interfaces for the incident light to 

travel through it is assumed that the loss of light due to reflection is equal, and the 

maximum intensity should be constant. LCR 1 and 2 are electronically-controlled liquid 

crystal retarders which are used to reproduce the six analyzer configurations (N) for every 

input reference polarization state (M) determined by the polarizer angle and “Before” and 

“After” setup. An example of raw calibration data is shown in Figure 1.3 where there are 

separate intensity curves for each of the six analyzer configurations.  

 

Figure 1.3 Raw calibration data in the “Before” and “After” configurations based on the order of the polarizer relative to 

the quarter wave plate. The different line colors refer to the six different analyzer states (N) created by the two LCRs in 

front of the camera. As the linear polarizer rotates, the intensity recorded by each analyzer state should return to its 

starting point since 0°=180°. 

After a calibration matrix W is successfully created with a low condition number, 

the W matrix can be used to calculate Stokes vectors from the data collected. An example 

of these results is shown in Figure 1.4, where separate calibrations were performed for 

different light source wavelengths for the same polarimeter. The four Stokes parameters 
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are plotted between both calibration configurations as the polarizer rotated. Note that in the 

“After” plots the S3 parameter is constant at 0 as there should be no elliptical/circular 

polarization state when a linear polarizer is the last polarization element in the calibration 

setup. Similarly, there can be no horizontal or vertical linear state in the “Before” setup 

where the polarization is being rotated by a quarter wave plate as the last polarization 

element in the setup. Because Stokes vectors are usually normalized to the intensity of the 

light, S0 is constant at 1.  

 

Figure 1.4 Stokes vectors calculated from successful calibration (W) using same calibration data. Calibrations for four 

different LED wavelengths are shown. All wavelength Stokes vectors are below 4% error of each other.55 

1.3 Mueller matrix 

Mueller matrix imaging is the most informative of all polarimetry techniques as the 4 x 4 

Mueller Matrix completely characterizes the polarimetric properties of a sample 19 56. MM 

decomposition is used to extract constituent polarization properties of an unknown 

complex system. The decomposition of the Mueller matrix M, whose terms are shown in 

Equation 1.9 (as proposed by Lu-Chipman 57) can be experimentally calculated as shown 

in Equation 1.10. Where the first letter indicates the PSG polarization state and the second 

letter indicates the PSA polarization state of a polarimeter. After decomposition, a Mueller 
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matrix can yield three canonical matrices of Equation 1.11, a diattenuator matrix MD 

includes the effects of linear and circular diattenuation, MΔ accounting for the depolarizing 

effects of the material, a retarder matrix MR for the effects of the material linear 

birefringence and optical activity. By decomposing M we are able to isolate different 

light/tissue interaction mechanism, such scattering, absorption, chirality, cumulative 

retardance and so on.  Furthermore, the resulting matrices can be analyzed to yield 

quantitative medium properties that have a demonstrated 7, 34, 37 useful diagnostic power 

and will be used in this study. These parameters are: depolarization, linear retardance 

(birefringence), optical Rotation, slow axis orientation  (the direction of polarization with 

the larger optical index) and diattenuation D. Depolarization is caused by multiple 

scattering events and is prominent in biological tissue58. It results in the randomization of 

the polarization of light that travels through scattering media. 

𝑴 = [

𝒎𝟏𝟏 𝒎𝟏𝟐 𝒎𝟏𝟑 𝒎𝟏𝟒

𝒎𝟐𝟏 𝒎𝟐𝟐 𝒎𝟐𝟑 𝒎𝟐𝟒

𝒎𝟑𝟏 𝒎𝟐𝟑 𝒎𝟑𝟑 𝒎𝟑𝟒

𝒎𝟒𝟏 𝒎𝟐𝟒 𝒎𝟒𝟑 𝒎𝟒𝟒

] (1.9)  

 

𝑴 =
𝟏

𝟐
[

𝐻𝐻 + 𝐻𝑉 + 𝑉𝐻 + 𝑉𝑉 𝐻𝐻 + 𝐻𝑉 − 𝑉𝐻 − 𝑉𝑉 𝑃𝐻 + 𝑃𝑉 −𝑀𝑃 −𝑀𝑀 𝑅𝐻 + 𝑅𝑉 − 𝐿𝐻 − 𝐿𝑉
𝐻𝐻 − 𝐻𝑉 + 𝑉𝐻 − 𝑉𝑉 𝐻𝐻 − 𝐻𝑉 − 𝑉𝐻 + 𝑉𝑉 𝑃𝐻 − 𝑃𝑉 −𝑀𝐻 −𝑀𝑉 𝑅𝐻 − 𝑅𝑉 − 𝐿𝐻 + 𝐿𝑉
𝐻𝑃 −𝐻𝑀 + 𝑉𝑃 − 𝑉𝑀 𝐻𝑃 −𝐻𝑀 − 𝑉𝑃 + 𝑉𝑀 𝑃𝑃 − 𝑃𝑀 −𝑀𝑃 +𝑀𝑀 𝑅𝑃 − 𝑅𝑀 − 𝐿𝑃 + 𝐿𝑀
𝑉𝑅 + 𝐻𝑅 − 𝐿𝐿 − 𝑅𝐿 𝑉𝐿 + 𝐻𝑅 −𝐻𝐿 − 𝑉𝑅 𝑀𝐿 + 𝑃𝑅 − 𝑃𝐿 −𝑀𝑅 𝑅𝑅 + 𝐿𝐿 − 𝐿𝑅 − 𝑅𝐿

]  

  (1.10) 

𝑴 = 𝑴∆𝑴𝑹𝑴𝑫 (1.11) 

These parameters can be used to identify tissue changes due to injury or disease 59. 

Equation 1.11 is one of six possible decompositions and the most commonly used in 

biomedical applications. In the case of Lu-Chipman’s decomposition which is used in this 
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dissertation, M D is calculated directly from the experimental Mueller matrix M. The other 

two matrices are solved for afterwards. Despite these many applications and some 

interesting computational work polarized light imaging has had limited commercial 

success in the Biomedical field due to a number of factors: light polarization is quickly lost 

in heavy-scattering media such as biological tissue, analyzing and extracting meaning from 

heterogeneous tissue is complicated, and there are still limited amounts of data describing 

polarization properties of tissues. 2, 20, 60, 61 

1.4 Preterm Birth 

Preterm birth (PTB) is the leading cause of infant death worldwide, having an incidence of 

over 11% in the United States and 15% 62 in developing countries. PTB rates are greater at 

18.1%  in Miami-Dade County, FL, possibly due to inadequate prenatal care and nutrition 

63. PTB is defined as labor prior to 37 weeks of gestation and is responsible for infant 

neurological disorders 64, long-term cognitive impairment 65, as well as chronic health 

issues involving the auditory, visual, digestive, and respiratory systems 66. In expectant 

mothers, causes for PTB can include infection, inflammation 67, vascular disease, 68 short 

intervals between pregnancies 69, multiple gestations 70 and genetic factors 71.  

The early identification of at-risk pregnancies allows the employment of tocolytics, 

antenatal corticosteroids, and hormones such as terbutaline, betamethasone and 

progesterone and the performance of cervical cerclage to delay the start of labor 

contractions and increase the development time in utero. Cerclage can also be performed 

to mechanically seal the cervix to delay birth. Current diagnosis of PTB is based on tactile 

and visual inspection of the cervix to determine dilation, ultrasound of cervical thickness 

72, and fetal fibronectin (fFN) immunoassay 73, which all have low positive predictive 
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power. The lack of positive predictive power of the current PTB diagnosis modalities 

means that it is difficult for physicians to decide on whether any intervention should be 

performed. A more reliable diagnosis method could allow physicians to work on delaying 

birth earlier to give the fetus more development time. This issue also increases the difficulty 

of developing and testing new treatments. Thus, the development of diagnostic modalities 

that can identify risk of PTB holds great potential in reducing the morbidity of the 

condition.  

Preterm labor has many causes but irrespective of its etiology68 mechanical cervical 

failure or change in the cervix extracellular matrix is a common endpoint. Recent work has 

highlighted the role of collagen in PTB 74-76. The collagen of the cervix provides the 

structure necessary to hold the baby within the uterus during gestation. Numerous 

researchers have studied the collagen of the cervix to determine how this structure 

maintains its integrity during pregnancy. 77-84 Aspden et al. found the structure of collagen 

is oriented in three unique areas surrounding the cervical canal, the anisotropic alignment 

of the collagen differing within each area. The cervical fibrils are aligned both around and 

along the canal for increased strength. 12, 85-88 Fibrillar collagen is the major structural 

protein in the cervix that determines its load bearing capabilities.  With progression of 

pregnancy, the cervix undergoes changes in the collagen structure and corresponding 

mechanical strength. Structural defects in the cervix result in preterm birth as exemplified 

in women with cervical insufficiency. Several human and animal studies have suggested 

that atypical changes in the extracellular matrix of the cervix precede SPB 74-76, 88, 89. Thus, 

the development of diagnostic modalities that could identify premature abnormal cervical 
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remodeling holds great potential as a tool for early and accurate assessment of cervical 

disease. 

Optical measurement of cervical remodeling throughout pregnancy via changes in 

collagen arrangement and density may be able to predict the occurrence of pre-term labor. 

Polarization sensitive techniques can be used to target the fibrous ultrastructure of the 

cervix. Studies have shown the ability of Mueller matrix polarimetry to identify colorectal 

and cervical cancer. 19, 38, 90  

We developed a PReterm IMaging System (PRIM) based on a standard 

colposcope, with high sensitivity to cervical ultrastructure using Mueller matrix 

polarimetry. This methodology was used to measure differences in collagen structure 

between nonpregnant and pregnant cervixes in order to determine if changes in collagen 

could be linked to progression of pregnancy and preterm birth. It was first tested using 

excised porcine cervixes and validated using images produced by optical coherence 

tomography (OCT) before being used to image nonpregnant and pregnant human cervixes 

in-vivo. 91 

1.5 Cervix Physiology 

A cartoon representation of the cervix is shown in Figure 1.5. The cervix is an 

extension of the lower part of the uterus comprising a portion of the female reproductive 

system. It is cylinder shaped, approximately 3 to 4 centimeters long and 2.5 centimeters in 

diameter, with a central canal through its entirety.  The cervical canal serves as the entrance 

canal, via the vagina, for sperm for reproduction and the exit canal, via the uterus, for 

childbirth. The two ends of the canal are termed the internal and external orifice (os) 

depending on whether they are present in the uterus or vagina, respectively. The portion of 
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the cervix visible from the vagina canal can be further divided into two regions due to their 

cellular differences - the ectocervix and endocervix. The ectocervix is the stiff structure 

protruding from the anterior vaginal wall and is comprised of a stratified squamous 

epithelium, containing several cell layers of differing morphological characteristics as well 

as collagen and smooth muscle. 92 The cell layers of the epithelium are subdivided into 

classes relating to their maturation and include one layer of basal cells, two layers of 

parabasal cells and numerous layers of both intermediate cells and superficial cells. The 

thickness of the epithelial layer is between 200 and 500 microns. 93, 94 The endocervix is 

made of a single layer of mucus secreting columnar (glandular) epithelial cells lining the 

cervical canal. Where the ectocervix and endocervix meet at the center of the external OS 

is called the transformation zone and is the location where glandular epithelium is replaced 

by squamous epithelial cells.95 Any changes in cervical structure, morphology, and color 

may be indicative of disease96-99. Non-invasive imaging techniques may provide important 

diagnostic information with less discomfort for the patient. Recent work in cervical 

imaging has shown great promise96, 100-104. 

 

Figure 1.5 The cervix 
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For example, De Martino et al. used Mueller Matrix Polarimetry to differentiate 

between cancerous and non-cancerous cervical samples by measuring depolarization and 

retardation of excised human cervixes.105, 106 Richards-Kortum et al. used confocal 

microscopy to identify differences between normal, pre-cancerous and cancerous cervical 

tissues. 107-110 Ramanujam et al. engineered means for cervical imaging for low-resource 

settings 111, as did Levitz et al.112 Recently, Hendon et al. 102, 113-115  used optical coherence 

tomography to identify collagen orientation of human ex-vivo cervixes to investigate 

differences in collagen angular distribution between pregnant and non-pregnant cervixes. 

Finally, Second Harmonic Generation imagery has been used to observe changing collagen 

architecture in the cervix to provide detailed images of fibrous collagen structure. 79, 101, 116-

120  

1.6 Collagen in the cervix 

Collagen is one of the most abundant types of molecules in vertebrate species. It is an 

important part in creating the scaffolding which gives tissues and organs their structure as 

well as establishing the necessary environment required for cell-extracellular matrix 

(ECM) interactions which are important for signaling various cellular functions. There are 

29 different types of collagen known currently. These different types of collagen are 

assembled into supramolecular structures to provide different functions within the ECM. 

121 Collagen type numbers are designated based on chronological order of discovery; Type 

I being the most abundant form of collagen by far at 90%. Type I collagen makes up striated 

collagen fibrils and is the main component in providing mechanical strength and structure 

for most tissues in the body. 
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 The deciding factor in differing between collagen types is the difference in genes 

that code for a collagen polypeptide, otherwise known as alpha chains. There are currently 

45 distinct alpha chains known. All collagen molecules are trimers consisting of three alpha 

chains wound around each other. Most known collagen types are made of three of the same 

alpha chain. Depending on how many collagen molecules are wound together the structure 

can go from being a procollagen (one trimer with the alpha chains loosely wound together) 

to a collagen fibril where multiple collagen molecules are wound together and finally a 

collagen fiber consisting of multiple fibrils wound together. All types of collagen must 

contain at least one triple helix domain and noncollagenous domain. The triple helix is a 

peptide structure unique to collagen trimers which creates the stiffness necessary loading 

bearing structures in the body. The noncollagenous domain is much more loosely wound 

than the triple helix and are sites of binding and activity for noncollagenous molecules such 

as endothelial cells. There can be any number of suprastructures that make up the ECM 

and ultimately the tissue structures; its function is ultimately determined by the 

composition of different collagen types as well as the noncollagenous macromolecules 

present. Because minor molecules which only make up a small fraction of a polymer can 

give it unique functionality, collagen suprastructures are often responsible for giving 

different tissues their specific structure and functional properties according to Birk-

Bruckner.121 

Collagens I-III are majorly responsible for the creation of the collagen fibers that 

will studied in this thesis using polarimetry. Collagen that is destined to form fibrils is first 

synthesized as procollagens which are trimers containing three alpha chains wound 

together. The amino acid composition of the alpha chains depends on the type of collagen. 
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Procollagen contains two distinct propeptide domains known as a C-terminal and a N-

terminal. Propeptides are precursors to proteins that are inactive in function. Post-

translational modification is required to activate the protein. This is most commonly 

achieved through removal of a section of amino acids, or addition of molecules in order to 

achieve proper protein folding and activation of its function. Propeptides are important for 

proteins that can be potentially harmful if left freely active. Collagen is such a protein in 

that freely synthesized and activated fibrillar collagen will create scar tissue and would be 

dangerous if it was not properly targeted in areas such as wounds or when building the 

scaffolding ECM for tissue. The C-terminal is completely noncollagenous, while the N-

terminal contains several noncollagenous domains around a short collagenous domain. C-

propeptides are post-processed by BMP-1 and tolloid proteinases as well as furin while N-

propeptides are post-processed using ADAMTS 2,3, and 14 and BMP-1 enzymes. In the 

case of the fibrillar collagens I and II, there is a central triple helical domain surrounded by 

short noncollagenous terminals named telopeptides. The triple helix provides the 

mechanical strength needed for the collagen fibril and the telopeptides create the 

functionality needed to adhere to other collagen or molecules. After the propeptides that 

make up the collagen I-III molecules have been processed they self-assemble and fold to 

become striated fibrils with a 67 nm periodicity.121 Collagen molecules are arranged 

longitudinally in a staggered pattern so that the end of each molecule does not overlap with 

the adjacent molecules. It is this structure that creates the striated appearance of fibrillar 

collagen and provides resistance against torsion and tension. Collagens V/XI act as 

regulators of collagen fibril organization that result in tissue-specific differences in 

collagen fibril and are present in minor amounts wherever collagen I-III assembles.  
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Like most proteins, collagen molecules undergo a similar production cycle. Fibril 

collagen is synthesized, processed, assembled from three polypeptides [alpha chains], and 

folded into its functional state within the endoplasmic reticulum. The finished product is 

then transported in vesicles from the Golgi through the cell before being excreted from the 

cell membrane. This process allows for intracellular regulation of what collagens and 

noncollagenous molecules are assembled together and packaged for secretion to create 

different kinds of ECM for tissues of varying functions. Examples of noncollangenous 

molecules that can be secreted to affect ECM function include procollagen processing 

enzymes, fibril-binding molecules, adhesive glycoproteins, and fibronectin.121 ECM 

assembly begins in compartments made within the developing matrix. Protofibrils are 

assembled from procollagen inside the cytoplasm of fibroblasts but near to the cell 

membrane before they are secreted by into the aforementioned compartments. From these 

compartments the protofibrils are deposited into much larger nearby spaces in the 

developing matrix where the fibrils combine to create collagen fibers. This assembly is 

promoted and stabilized by interaction with regulatory molecules such as the small leucine-

rich proteoglycan (SLRPs) and fibril-associated collagens with interrupted triple helices 

(FACITs) that are similarly secreted into this space by other compartments in the 

developing matrix. As more and more fibers aggregate adjacently in the space, the fiber 

bundle increases in diameter from ~20 nm in protofibrils to upwards of 500 nm in mature 

tissues in the case of fibrous tissue like tendon.122 The promotion of what forms of 

collagenous tissue is assembled in the compartments is regulated by which enzymes and 

other molecules are secreted and stored inside the compartments to interact with the 

collagen during the maturation process and is tissue specific. Paramount to this collagen 
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fiber maturation process in the activity of lysyl oxidase which creates covalent crosslinking 

between fibrils, increasing the collagen length, diameter, stability, and ultimately the 

mechanical strength of the connective tissue it is developing. Depending on what molecules 

are present during ECM formation, connective tissues formed from collagen can be 

categorized into different categories such as cartilage and tendon.   

An ECM lies under the epithelium of the cervix, separated by the thin basal lamina 

layer of collagen type IV fibers 93, and consists mainly of collagen, approximately 10-15% 

smooth muscle cells 123-125 and a mixture of biomolecules. The ECM of the cervix is mainly 

comprised of two types of collagen - approximately 70 % is collagen type I and 30 % 

collagen type III. 126, 127 In addition, the ground substance of the ECM contains 

glycoprotiens elastin and fibronectin, glycosaminoglycan (GAGS) decorin, buglycan, 

chondroitin sulfate, keratan sulfate, and dermatan sulfate, hyaluronic acid and water. 123, 

125, 128-130  

The role of the cervix is to serve as a barrier in order to maintain the fetus in utero 

until gestation is complete and to preserve the fragile environment of the uterus required 

for proper development. The abundance of collagen in the cervix and its organization 

provides the necessary mechanical strength to keep the fetus inside this environment.86 As 

the pregnancy moves towards labor, the cervix loses stiffness allowing the external os to 

expand so that the baby can exit the uterus. Numerous researchers have studied the collagen 

of the uterus to determine how this structure maintains its integrity during pregnancy. 77-84 

Aspden et al. found that the anisotropic alignment of collagen has a preferred orientation 

in three regions surrounding the cervical canal. The most inner and outer regions of the 

ectocervix contain collagen fibrils aligned in the direction of the cervical canal, while the 
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region between these two has collagen oriented circumferentially around the cervical canal. 

These alignments are shown as in Figure 1.2. 12, 85-87 A MRI study has shown that the 

circumferential alignment of collagen is preserved throughout the entire cervix between 

the external and internal OS.131 This is important since full field imaging polarimetry does 

not have depth resolution but instead gives a summary of polarization information from its 

probing photons. The alignment of collagen being preserved throughout the cervix helps 

this depth limitation.  

 

 

Figure 1.6 Alignment of collagen fibers in human cervix in three anisotropic zones 

The cervix undergoes dramatic changes between the initial pregnant state and delivery of 

a baby. In both women and animal models the phases of cervical remodeling can be 

described as cervical softening, ripening, dilation and postpartum repair. Research by 

Myers and others 12, 89, 132-135 has shown how these phases relate strongly to changes in the 

cervical collagen and fibrous tissue directionality and dispersion. In early pregnancy 

collagen remains in an organized fibrous structure, as gestational age advances, the 

woman’s cervix becomes softer 135, 136 which translates into structural reorganization of 
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collagen in the cervix 137-139. In pre-term-labor these phases do not change but their duration 

is shortened 140, 141 so that the cascades of events leading to parturition is dramatically 

accelerated. Many of these changes are not yet well understood, nor the physiological 

factors which cause these changes.  

 

Figure 1.7 Cervical stiffness throughout phases of pregnancy.142 Cervical collagen remodeling causes the cervix to lose 

its structural integrity when nonpregnant in preparation for dilation during child birth. Time scale depicted is for mice, 

however a similar model can be applied for most mammals. 

The physiological properties of the cervix are altered by a cascade of micro-

environmental events in each of these phases. Cervical softening begins within one month 

of the initiation of pregnancy and the cervix undergoes increased vascularity and edema. 81 

Softening is a longer, steadier phase than the others, progressing through the 33rd week of 

pregnancy. The collagen of the stroma becomes less organized and the cervix becomes 

pliable and begins shortening. Timmons et al. states this as a maintenance of tissue 

competence occurring while increasing tissue compliance. 143  The ripening phase begins, 

after softening, and as House et al. points out, this predominantly deals with the cervix 

changing roles from a load-bearing function to a birthing canal. 124 By the end of cervical 

ripening, when dilation begins, some researchers have found there is a 30-70% decrease of 
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collagen 128, 130, 136 since the onset of pregnancy, although Myers et al. believe there is a 

decrease in crosslinking but not in actual collagen content. This is purported to be due to 

increased solubility in weak acids rather than change in collagen content. 12  In addition, 

there is also a decrease in specific glycosaminoglycans (chondroitin sulfate and dermatan 

sulfate) 144, and an increase in the hydrophilic glycosaminoglycan 145, hyaluronic acid 139 

and thus, an increase in water (5 – 10%).124 146 147 Researchers have also found there occurs 

a shift from insoluble to soluble collagen 128, 148 with as much as 90% soluble collagen by 

the third trimester124. Dilation follows ripening and involves an influx of leukocytes, 124 

similar to an inflammatory response, which may serve to cause an increase in the matrix 

metalloproteinase, collagenase.  81 149 150 Collagenase causes the breakdown of collagen 

cross links and allows the cervix to weaken 12, 79, 151 and open thereby radically changing 

shape by shortening and effacing in preparation for delivery of the baby.  

Polarization imaging has been used to study collagen as a method of identifying different 

diseases such as skin cancer3, colon cancer18, and atherosclerosis152 by measuring changes 

or disruptions in the  healthy arrangement of collagen in these different tissues. It may also 

prove useful in measuring the changes in collagen during pregnancy. 

Current diagnostic of PTB is based on tactile and visual inspection of the cervix to 

determine dilation, ultrasound of cervical thickness 72, and fetal fibronectin (fFN) 

immunoassay 73. The strengths of ultrasound and fFN immunoassay lie in their high 

negative predicting power for PTB within the next 7 days after measurement. However, 

their positive prediction power for PTB is low. 73 89. The role of collagen has been 

emphasized in PTB 74-76. The strength of the cross-linked cervical collagen fiber network 

is integral to maintaining gestation. Forceful contractions in a rigid, closed cervix will not 
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result in delivery, while a weakly structured cervix is susceptible to preterm birth without 

contractions88. Optical measurement of cervical remodeling throughout pregnancy via 

changes in collagen arrangement and density may be able to predict the occurrence of pre-

term labor. Polarization sensitive techniques can be used to target the fibrous ultrastructure 

of the cervix due to collagen’s strong birefringence. Birefringence describes a sample’s 

change in refractive index depending on the incident angle of polarized light with the 

sample’s anisotropic axis. Polarized imaging modalities can detect change in a birefringent 

material by measuring its response to incident polarized light. Several experiments were 

designed to test the feasibility of detecting the orientation of collagen fibers of human 

cervixes in vivo. 

1.7 Experimental Timeline 

The experiments within this thesis can be broken down into three major milestones. 

Initially, it was important to establish that full field imaging Mueller matrix polarimetry 

can successfully capture changes in birefringent tissue. This was done by first designing 

and constructing a benchtop Mueller matrix polarimeter combined with a polarization 

sensitive optical coherence tomographer (PS-OCT). The instrument was tested by 

measuring the density of collagen in baboon heart valve leaflets via use of collagenase 

activity and was corroborated using the PS-OCT. This work was published in the Journal 

of Biomedical Optics (JBO) in 2016. 153 

 After deciding to pursue a more specialized parameter that can be measured from 

collagen using Mueller matrices, it was decided to focus on collagen [retarder axis] 

orientation. This was in response to pursuing research in the domain of PTB where full 

field imaging of the cervix had not been done. Until then, images had been tiled together 
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from second harmonic generation (SHG) microscopy79, 87, 142 and OCT102, 115. A Mueller 

matrix polarimeter integrated with a colposcope would allow images of the entire cervix to 

be taken from outside the vagina and without making contact with the patient. To 

accomplish this, the previously used benchtop Mueller matrix polarimeter was used to 

examine the collagen structure in ex-vivo porcine nonpregnant cervixes in comparison to 

OCT images acquired via a methodology used by Gan et al. 102 The comparison was done 

to show the efficacy of MMP in this setting and was published in JBO in 2017.91  

 After showcasing the benchtop system’s ability to capture the collagen organization 

of collagen in excised cervixes in was decided to move on to imaging in-vivo human 

cervixes. To accomplish this a colposcope was heavily modified to incorporate a Mueller 

matrix polarimeter of the same design as the benchtop system. The Mueller matrix 

colposcope was used to image nonpregnant volunteers at the Nicole Wertheim College of 

Nursing under the supervision of Dr. Nola Holness before the eventual imaging of pregnant 

women at Jackson Memorial Hospital. The preliminary comparison between nonpregnant 

and pregnant patients was published in JBO in 2018.154  

 A study on a smaller scale than the previous three was conducted to look at the 

effect of light source wavelength on the quality of results acquired using MMP. To 

accomplish this the benchtop MMP system was reconstructed with the light source being 

replaced with a white light lamp that could be filtered to produce 4 different wavelengths 

with 10 nm bandwidths. It was observed that the lower wavelengths produced less noisy 

orientation images. This was reported in a proceeding for SPIE Photonics West BIOS 

2018.55 


