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ABSTRACT OF DISSERTATION
POLARIMETRIC IMAGING OF THE UTERINE CERVIX

By
Mariacarla Gonzalez
Florida International University
Miami, Florida, 2022
Professor Jessica C. Ramella-Roman, Major Professor

Cervical cancer is the fourth most common cancer in women, with more than half
a million women diagnosed each year due to persistent human papillomavirus (HPV)
infection and a mortality of 311,000 women. According to the World Cancer Research
Fund, developing countries have 84% of the global burden of the disease and 80% of the
mortality due to a lack of effective screening programs. Several screening techniques have
been developed and implemented to aid in low resource setting cervical screening,
however, most require physician interpretation of color images. Other modalities utilize
contrast agents to highlight pathological tissue but have small field of view. This
dissertation investigates the use of polarimetric imaging techniques to image uterine cervix

with particular focus to the needs of underserved communities.

We have used Mueller matrix imaging, to noninvasively image the uterine cervix
in vivo. Mueller matrix (MM) can provide structural information of the cervix extracellular
matrix (ECM) that could be leveraged for early diagnosis of cervical cancer and other
pathologies of the uterine cervix. We have developed a Savart-based portable Mueller
matrix polarimeter to conduct a pilot study to characterize polarimetrically healthy human
cervixes. The results showed high depolarization and retardance, as is expected of healthy

tissue.

Vi



The availability of new equipment, such as microgrid polarized cameras, led to the
simplification of the polarimetric setup from a 4 x 4 MM to a reduced 3 x 4 MM. To
facilitate image acquisition using this camera, we have devised a novel algorithm capable
of decomposing the Mueller Matrix from its reduced (3 x 4) form. The algorithm was
compared and shown to provide similar results to two established decomposition methods.
Finally, we have used this approach to obtain depolarization and azimuthal angle values of
biological tissue including ex vivo samples and in vivo cervix. This works paves the way

to non-invasive studies of cervical structure in vivo.
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CHAPTER 1 : Cervical imaging in the low resource setting: a review

1.1. Introduction

Cervical cancer is the fourth most common cancer in women, with more than half a million
women diagnosed each year due to persistent human papillomavirus (HPV) infection and
a mortality of 311,000 women 1% According to the World Cancer Research Fund,
developing countries have 84% of the global burden of the disease and 80% of the mortality
due to a lack of effective screening programs!l. This causes cervical cancer to be an
example of global health inequity, since the slow-progressing disease provides time for
detection and treatment of pre-cancerous lesions. Many women in low and middle income
countries (LMICs) seek clinical care once there are persistent cancer symptoms, whereas
cervical cancer screening programs in high income countries have helped reduce the
mortality significantly 2. Several screening techniques have been developed and

implemented to aid in low resource setting cervical screening.

Literature reviews describing the optical modalities available for cervical cancer detection
have been introduced by Novikova®3, Hill et al.}* and Olpin et al.'® and others'®!’" where
they have covered modalities, such as ultrasound, optical coherence tomography and
spectroscopy (among others), as well as their clinical outcomes. Softland et al. looked at
two handheld colposcopes, the Gynocular and the Enhanced Visual Assessment (EVA)
System by Mobile ODT, and compared their capabilities for the use in female genital

schistosomiasis!®.



This manuscript focuses on reviewing existing cervical imaging devices for deployment in
low resource settings that are being or can potentially be implemented for cervical cancer

screening and diagnosis.

1.1.1. Anatomy of the cervix

The cervix is a cylindrical structure that connects the vaginal canal (ectocervix) to the
uterus (endocervix). It is 2-3 cm long, composed mainly of epithelium and stroma. There
are two main types of epithelia present in the cervix: columnar and stratified squamous.
The columnar epithelium is the lining found in the endocervix and secretes mucus. The
stratified squamous epithelium is found in the ectocervix and is a continuation of the
vaginal epithelium. The location where these two epithelia meet is called the
squamocolumnar junction (CSJ). The location of the SCJ varies depending on continuous
cervical remodeling, the main factors being age and hormones (e.g., the SCJ is found in
the external os in younger women) 2% The cervix contains a thick layer of stroma under
both types of epithelia, which is mainly composed of muscular, elastic and fibrous tissues.
The fibrous stroma occupies three areas with unique orientation surrounding the cervical
canal. The inner canal and outer cervix is composed of longitudinally aligned collagen and
in between can be found circumferentially aligned collagen®t. Figure 1.1 illustrates an

anatomical representation of the cervix.
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Figure 1.1 Anatomy of the uterine cervix highlighting the epithelium found on the surface,
as well as the transformation zone and squamocolumnar junction (SCJ)

HPV infection is the principal cause of cervical cancer. Types 16 and 18 are responsible
for 71% of cases, however, when including HPV types 4, 11, 16, 18, 31, 33, 45, 52 and 58,
the percentage of cervical cancer cases due to HPV rises to 90%. HPV is a family of DNA
viruses (approximately 15 that can infect the genital tract) that target basal epithelial cells
and can cause benign and malignant lesions 223, Common types of cancers include
squamous cell, adenocarcinomas, sarcomas and small cell neuroendocrine tumors. Most
infections are cleared by the immune system, if not, the virus proceeds to attack the cells
in the cervical SCJ 132324 A persistent infection can spread and break through the basal

membrane to become an invasive cancers,

1.1.2. Disease progression
During disease progression, three types of neoplastic states affect the epithelium. Cervical
intraepithelial neoplasia (CIN) of 1% grade or CIN 1, affects one-third of the epithelium

and is considered mild and likely caused by a transient HPV infection, which should clear



naturally. CIN 2, which affects two-thirds of the epithelium is a moderate case and is a
combination of self-clearing and pre-cancerous lesion. CIN 3 is considered severe as it
affects the whole epithelium, it is a pre-cancer state since the lesions are unlikely to clear
up naturally. Using the Bethesda System (classification system used for cytological
diagnosis and treatment decisions), CIN 1 is a low-grade squamous intraepithelial lesion
(LSIL) and CIN 2 and 3 are high-grade squamous intraepithelial lesions (HSIL). Invasive
cervical cancer is a slow progressing disease, taking in generally more than 10 years to

fully develop from infection.

Cervical neoplasia is related to changes in both the stroma and epithelial cells?52627:28,
Stromal changes stimulate and precede neoplastic progression. Moreover, carcinogenesis
is the result of a defective communication between the epithelium and the stroma?®?®, The
extracellular matrix (ECM) can regulate growth, death, gene expression, migration, among
other processes, all of which regulate physiologic processes such as angiogenesis, tissue
morphogenesis, embryonic development and pathological processes. Furthermore, stroma
and tumor cells can exchange growth factors to activate neighboring ECM and aid the
expansion of neoplastic cells?®. The deregulation between the stroma and the epithelium
communication promotes carcinogenesis?®2’. Neoplastic progression results in changes to
the stroma, and therefore the collagen matrix, which leads to changes in stromal scattering,

and can be used for optical contrast in diagnostic measurement of neoplastic tissues?.

1.1.3. Cervical testing and treatment
The standard procedure for cervical cancer diagnosis in the United States includes liquid-

based cytology (Pap test) and DNA testing for high-risk HPV. If abnormal results are



obtained, then colposcopy, biopsy and histological confirmation are performed. This
procedure, however, requires a high level of quality standards such as trained personnel,
medical coverage and follow-up visits. Therefore, the World Health Organization (WHO)
recommends a screen and treat approach, where the primary screening test should be HPV
DNA detection every five to ten years after the age of 30%°. Due to previous
recommendations, current screening practices include HPV testing, visual inspection with
acetic acid (VIA) and cytology, all followed by treatment. Another commonly used
screening option is visual inspection with Lugol’s iodine (VILI), although not explicitly
recommended by the WHO. Some of the aforementioned practices cannot be used in the
general population, for example, VIA testing is not appropriate for women older than 50
years of age since the transformation zone (where the lesions normally start) moves into
the endocervical canal after menopause. The choice of screening techniques depends
highly on the resources in the settings, although the latest recommendations by WHO
highly recommends the switch from previously mentioned methods to HPV DNA

screening due to the objectivity of the test and lack of need for interpretation 2°.

1.1.3.1. HPV DNA testing, cytology, colposcopy, and biopsy

Cervical cancer screening in the United States consists of multiple stages. HPV DNA co-
testing along with cytology (or Pap smear) are the first steps for every cervical cancer
diagnosis, wherein a speculum is inserted into the vaginal canal in order to collect cells
from the cervix. The cells are analyzed for abnormality and apparent changes. Cytology
results are difficult to score as it has been shown there is low interobserver agreement.
Stoler et al. found that there was only 47.1% agreement in interpretation of HSIL for

cytology results when comparing original diagnosis with a quality control group®. HPV



DNA testing determines the presence of high-risk HPV with a specificity and accuracy of

55.6% and 75.8%, respectively, and a positive predictive value of 84.8%3".

When abnormal cells are found (i.e., positive Pap smear), a second step in the cervical
screening is colposcopy. Colposcopy is a visual inspection conducted by trained physicians
with a colposcope (clinical microscope with 3-15 times magnification) that allows for a
closer look at the uterine cervix. The accuracy of this procedure is highly dependent on the
training level and experience of clinicians. The diagnostic value of the technique has been
reported to have high sensitivity (85%) but low specificity (69%), meaning the abnormal
location can be found but the severity of the lesion is often inaccurate®2334%_Furthermore,
the interobserver variability for colposcopic data has a kappa value of 0.40%. As part of
the colposcopy, a biopsy is normally performed where a small portion of the cervix is
sampled with a punch biopsy. Similar to cytology, biopsies have low interobserver
agreement. A study conducted on 2237 cervical histologies showed that the agreement
between the original pathologist and the quality control group overlapped only 42.7% of

the times for CIN1 cases .

1.1.3.2. Visual inspection

VIA consists of applying a 3-5% acetic acid solution to the ectocervix. This application
will turn abnormal cells in the epithelium to an opaque white color (referred to acetowhite)
and the tissue is considered VIA positive. These acetowhite lesions are due to the
coagulation of proteins in the cells with acetic acid since neoplastic tissue will have a higher
protein content than normal tissue. The positive predictive value of VIA is 16.7% and the

negative predictive value of 99%. The specificity and sensitivity are 79.4% and 71.8%,



respectively®’3, These results translate to a high number of false positives leading to

overdiagnosis and overtreatment.

Another visual inspection technique, VILI, consists of the application of Lugol’s iodine to
the cervical epithelium. This solution reacts with glycogen, which is present in normal
healthy tissue, and turns black upon exposure. In the presence of neoplastic tissue, the
glycogen is reduced or absent and the solution turns the epithelium yellow. The positive
predictive value of VILI is 16.8% and the negative predictive value of 99.7%, resulting in
a large number of false positives. The specificity and sensitivity of VILI is 86% and 88%,

respectively®3,

Visual inspection for cervical screening suffers from low reproducibility and results in
variation depending on the subjectivity of the interpretation of the results*. It has also been
shown that age, parity, menopause and HPV presence can influence the outcome of visual
inspection tests, as well as the level of training of the healthcare providers*'. However, the
low cost and real time results from visual inspection tests make it ideal for the low resource
settings, and the screen and treat approach®®4°, especially in areas of high cervical cancer
incidence and low medical resources*?. In order to overcome the current screening issues
using VIA and VILI, better training of healthcare personnel is needed. Moreover, Raifu et
al. recommends specifically better training of personnel on definition and interpretation of

acetowhite lesions of the cervical epithelium in these settings*.

1.1.3.3. Treatments
The treatments recommended for cervical neoplasia is directed at removing or destroying

the transformation zone and/or abnormal areas found in the cervix. Two main treatment



routes include ablation and excision. Using ablative treatment, the abnormal tissue is
destroyed by heating through thermal coagulation or freezing it via cryotherapy. The
excisional route removes tissue by large loop excision of the transformation zone (LLETZ)

or by cold knife cone (CKC), also known as conization of the cervix?°.

1.1.4. HPV vaccines

There have been three HPV vaccines available since 2006, although only one is currently
used in the United States. Gardasil 9 is a 9-valent vaccine that targets HPV types 6, 11, 16,
18, 31, 33, 45, 52 and 58. The vaccine has an efficacy close 100% for young adolescents
9-15 years old*®. The vaccine targets infections in other anatomical areas other than the
cervix (e.g., vulva, penis, anus). Although HPV vaccination has reduced the number of
infections in women since its introduction®, it does not cover all 15 high-risk HPV types.
Moreover, it is expensive and difficult to implement in developing countries, leaving

screening and treatment of precancerous lesions® as the main preventive methods.

The slow progression of cervical cancer, the anatomic accessibility and the possible
treatment of precancerous lesions, make early screening an effective management*®¢, Due
to the high costs of traditional cervical screening procedures, several devices have been
developed for use in the low resource setting to increase access to cervical testing. This
review paper introduces current cervical imaging devices designed for deployment in the

low resource setting, their specifications and clinical outcome.

1.2. Limits of cervical screening in low resource setting
Limitations on cervical screening in low resource settings include an array of reasons.

Common issues include the lack of regular participation in screening from patients due to



social and cultural taboos, health literacy, inadequate sampling and management of smears
by clinicians, interpretation errors from pathologists and lack of screening programs that
can reach target populations*’. Operational limitations to existing screening tests, such as
cytology, VIA/VILI and HPV DNA-based tests, include lack of trained manpower,
timeliness of test result availability, possibility of overtreatment, the need for laboratory
setup, among others*84%, Moreover, screening with colposcopes are difficult to implement,
since they are costly and electricity dependent, as well as need high maintenance®. They

are also voluminous and heavy, making it difficult to transport outside a clinical setting.

It has been previously noted by the World Health Organization that even a once in a lifetime
Pap smear screening can significantly reduce the incidence and mortality of cervical
cancer®®, The introduction of portable, low-cost devices aim to close this very gap on

screening limitations.

1.3. Cervical imaging targeted for neoplastic detection

1.3.1. Callascope

1.3.1.1. Device

The Callascope?°1°253 is a speculum free device used for capturing images of the cervix.
The Callascope was developed at the Department of Biomedical Engineering at Duke
University, North Carolina. The Callascope is designed to create a speculum-free imaging
system composed of an introducer and a slender camera. The introducer is a Calla Lily?
shaped silicone hollow tube which can be inserted into the vagina (Figure 1.2). The
introducer is approximately 30 mm at the larger proximal end and 12 mm at the distal end®..

The asymmetric tip is designed to allow rotation of the introducer to tilt the cervix into a



favorable viewing position. The light source is composed of a ring illuminator with four
white LEDs. The camera and housing can be inserted into the introducer to be positioned
for imaging the cervix. The camera body is a slim 9 mm diameter tube with length
approximately 120 mm. The camera is a 2 to 5 Megapixel CMOS?°! sensor with a lens.
The camera is fitted with a hydrophobic window at the tip and is positioned into the center
of the ring illuminator. When inserted into the introducer, the camera is positioned to a
working distance of 25 to 30 mm from the cervix. The Callascope has a field of view of 35
mm. At a working distance of 30 mm and 4x magnification the smallest resolved feature

on a USAF 1951 resolution target was 99.2 pm.

Introducer

Contrast channel

Camera
inserted into
Callascope

Figure 1.2 Schematic of the Callascope device, designed for self-insertion and aiming of
the uterine cervix. [Reproduced from Asiedu et al. 2020%]

1.3.1.2. Clinical testing
Clinic testing of the device has been performed in both the United States and Ghana looking

at two different environments of the Callascope: clinician usage and self-conducted
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imaging of the cervix?. Participant eligibility included healthy females of 18 years or older.
Numbers of participants in Ghana comprised of 25 for clinician testing and 10 for
individual usage. In the U.S., 28 participants for clinicians and 12 for self-imaging.
Participants underwent a pre-exam survey to document demographical information and
perceptions on the use of a speculum, Callascope, clinician vs. self-examination. Post-
examination survey was conducted using a modified Universal Pain Assessment tool
alongside a written description. Image quality was assessed using one point for

visualization of the os and one for each of the four cervical quadrants.

Overall assessment shows higher preference to the Callascope vs. a standard speculum of
above 75% in both testing sites (CITE SR 2020). On studies performed by clinicians, the
Callascope enabled visualization of the os for 78.6% in U.S. and 80% in Ghana
participants. The speculum-based imaging shows visualization of the os for 96% in U.S.
and 100% in Ghana. Table 1.1 provides the assessment of cervical quadrant visualization
for clinician usage. In for self-imaging, over 60% of participants in both sites found the
Callascope easy to insert and use. No patients indicated extreme discomfort and over 70%

of participants indicated no or slight discomfort in the post-examination survey.

Table 1.1 Callascope cervical quadrant visualization

View of at least#  Callascope

Cervical U.S. Ghana
Quadrants
[%]
2 89 84
3 72 71
4 50 44
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1.3.2. High resolution microendoscope (HRME)

1.3.2.1. Device

The high resolution microendoscope (HRME) is a fluorescence optical imaging system
that has been employed for cervical cancer screening. The system light source consists of
a 455 nm LED, which is coupled to a fiber bundle. This wavelength is used to excite
proflavin, an FDA approved fluorescent DNA label used to dye nuclei from the cytoplasm
of cells. A topical solution of proflavin is needed to be used along the HRME, where the
fluorescent emission (510 nm) is captured with a CCD camera (also coupled to the fiber
bundle) after passing through a 475 nm dichroic mirror. The probe, consisting of the fiber
bundle, requires insertion through a speculum. To be in focus, probe contact with the
cervical epithelium is required. The HRME can provide real time morphology and
epithelial architecture with a field of view of 720 um and a lateral resolution of 4 pm?3®,
The device is portable and weighs 2.3 kg—although a new iteration has reduced the weight
to 0.91 kg®. The HRME costs approximately $2450 mainly due to the computer tablet,
although costs have been reduced with the introduction of a Raspberry Pi computer®. The

device can be seen pictured in Figure 1.3.
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Figure 1.3 Schematic of HRME device used for fluorescence measurement of the cervical
epithelium. [Reproduced from Pierce et al. 2011%]

1.3.2.2. Clinical testing

The HRME has been deployed in clinical settings such as Botswana, Brazil, the United
States (Texas) and El Salvador 8556575859 ' A human study in Botswana was performed by
first conducting a routine colposcopic examination. Then, a solution of proflavine
hemisulfate was applied and the HRME was inserted through a speculum to meet the
cervix. Images were gathered for 26 patients from 52 sites, low quality images were
discarded. Calculating the average nuclear to cytoplasmic area ratio, a receiver operator
characteristic (ROC) determined a specificity of 86% and a sensitivity of 87% high grade
neoplastic lesions (CIN2+)8. Another study in Brazil deployed the device in a colposcopy
clinic in Barretos Cancer Hospital and a mobile diagnostic van that traveled to different
communities. The portable device was then used after routine colposcopy examination and

application with proflavine solution. The study determined an average specificity and
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sensitivity of 48% and 92%, respectively, for identification of CIN2+ as compared with
histopathology®®. The HRME system has also been used in oral and esophageal cancer

diagnosis®0:61:62.63,

1.3.3. Snapshot Mueller matrix polarimeter

1.3.3.1. Device

The snapshot Mueller matrix polarimeter is a portable optical imager introduced in 2020.
The device is based on Mueller matrix polarimetric imaging and uses a ring illuminator to
generate four different polarization states at 633 nm for the polarization state generator
(PSG). The snapshot approach is achieved by two Savart plates to generate four different
rays with unique polarization information that are analyzed by a 45 degrees polarizer—
forming the polarization state analyzer (PSA)—and are detected on a CMOS camera. The
polarimetric approach can provide quantitative information on the cervix using Mueller
matrix decomposition, since healthy (normal) and unhealthy cervixes behave differently to
incident polarized light (especially the parameters of depolarization and retardance). The
field of view of the device is 30 mm, allowing a full view of the cervix with a single
snapshot. The device is noninvasive although a speculum is needed to visualize the cervix.
The cost of the device is approximately $2000%. A picture of the device can be seen in

Figure 1.4.
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Figure 1.4 The snapshot Mueller matrix polarimeter used for polarization imaging of the
uterine cervix is shown. [Reproduced from Gonzalez et al. 2020*]

1.3.3.2. Clinical testing

The device was clinically deployed in the Public Health Research Institute of India (PHRII)
in Mysore, India. Twenty-two patients were recruited although due to image quality six
patients were excluded for the reported results. The patients underwent cervical inspection
as routine examination and then the snapshot polarimeter was used to image the cervix.
The results agreed with polarimetric imaging of healthy cervices, where there are high
depolarization values for all patients. There was an exception for one patient that was

diagnosed with a polyp, which showed lower depolarization values (as expected)*%4.

1.3.4. Enhanced Visual Assessment (EVA) System

1.3.4.1. Device

The Enhanced Visual Assessment (EVA) System developed by MobileODT (Tel Aviv,
Israel) is a portable colposcope for enhanced analysis using VIA. The system utilizes a

speculum to image the cervix and can be used to augment the results from VIA by
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supplying the lighting and magnification needed as well as aiding the logging of images
and information. The EVA system is portable, weighing 605 grams, with a light source
consisting of a white 3 W (3.6 V) LED. The battery powered system can last up to ten
hours of constant use. The system is equipped with a cellphone, with an optical zoom
capability of 4x and a digital zoom capability of 16x. The on-board software provides real
time analysis capability and tracking for patient follow-up®. The EVA system utilizes an
application to control the smartphone and a cloud-based image portal to store and view
images’. The cost of the device is approximately $8200, including the provided annual

service and technical support. The device can be seen in Figure 1.5.

Mobile colposcope App

Figure 1.5 The EVA system, as well as the visualization of the uterine cervix through the
speculum is shown. [Reproduced from Marta et al. 2016°]

16



1.3.4.2. Clinical testing

Clinical testing of the EVA system was conducted at different sites. The device was used
as primary screening co-testing along with cytology by Fronteras Unidas Pro-Salud
outreach program, which provided an early guide of suspicious areas in patients®. Another
clinical study conducted in a hospital-based setting and an urban screening camp in
Mumbai, India showed an agreement of EVA and cytology in 157 cases out of the 471
patients. Most disagreement in prognosis were due to misclassification of cervicitis in
patients. It must be noted that EVA compared well against naked eye visualization in the
screening camp, as well as collected information (such as age and socioeconomic status)
that is often difficult to gather®®. The device has also been included in protocols to screen

HIV-infected women for cervical cancer in Rwanda.

Image quality was tested for images taken using the EVA system. Using a random subset
of images found in the MobileODT portal, it was found that 73% of the images were of
poor quality and could not be used further. To address this issue, an ongoing effort in

determining the image quality in real time is underway using machine learning methods’.

1.3.5. Gynocular

1.3.5.1. Device

The Gynocular is a small monocular colposcope developed by Gynius Plus AB, a company
based in Stockholm, Sweden. The device functionality is like the colposcope, but has the
advantage of being pocketsize and a total weigh of 480 g. A self-holding speculum is used
in conjunction to the device to access the cervix. The Gynocular offers an optical

magnification of 5x, 8x and 12x with a field of view ranging from 20 to 40 mm (depending
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on the magnification). The light source employs a 3 W/3.6V warm white LED, a green
filter (530 nm) can be added to the imaging protocol. The battery on board is able to
withstand at least two hours of use. The device is portable and can be used as a handheld
device, as well as, mounted on a tripod for increased stability. A cellphone can also be
coupled with the portable device to take images. The cost of the portable device is

approximately $3000. A picture of the Gynocular can be seem in Figure 1.6.

Figure 1.6 The portable colposcope, Gynocular, from Gynius Plus AB. [Reproduced from
Gynius Plus AB website]

1.3.5.2. Clinical testing

The Gynocular has been compared to a standard colposcope in multiple clinical studies in
Uganda, India, Bangladesh, and Sweden.867:686970.7L72 "One study tested VIA positive
women in a clinical study in a hospital setting in Uganda. Sixty-seven women were
included in this study and visual scores given to the state of the cervix were 70.1% in
agreement for both modalities, where 47 out of 67 measurements were in agreement®.
Another clinical study performed in a colposcopy clinic in Bangladesh determined

Moreover, in this study the Gynocular had a sensitivity of 83.3% and a specificity of 23.6%
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with a positive predictive value of 88.6% and a negative predictive value of 16.6%°. There
was no significant difference between the Gynocular and the colposcope for identifying

CIN2+ lesions in all clinical trials performed?©869.70.72,

A summary table of the modalities and their specifications can be seen in Table 1.2.
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Table 1.2 Summary of the portable devices introduced for cervical imaging.

Device Compan FOV Weig Power Cos Portable Magnif Illuminatio Canitbe Need Software

y ht t ? ication n mounted speculum? included?
?

Callascop  Duke 30 - PC Yes 4x White ring No No Yes

e Universit mm LED
y

HRME Rice 720 23kg PC 245  Yes 10x 455nm LED No Yes Yes
Universit micron 0
y S

snapshot  FIU 30mm - PC 200 Yes none (4) 633 nm Yes Yes Yes

Mueller 0 LEDs

matrix

polarimet

er

EVA Mobile 6059 Batter 820 Yes 4x,16x 3W (3.6 V) Yes Yes Yes
oDT y 0 LED

Gynocula  Gynius 20-40 480g Batter 300 Yes 5x,8x,12 3 W (3.6 V) Yes Yes Yes

r mm y 0 X LED
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1.3.6. Images taken by the devices

Sample images taken from each device discusses are shown below. Images captured by the
participants (self-imaging) of the cervix using the Callascope are shown in Figure 1.7.
These images represent a subset of cervix data taken from 22 healthy volunteers to test the

self-imaging abilities of the device.

Figure 1.8 shows images from Quinn et al. during a clinical study in Princess Marina
Hospital in Botswana. The images on the left (A and D) are taken with a colposcope, where
the white arrow signifies the area imaged with the HRME (B and E). The third row (C and
F) is the histologic confirmation of the area probed. The top row pertains to a clinically

normal region of the cervix and the bottom row from an abnormal region in the cervix®.

Images from the snapshot Mueller matrix polarimeter can be observed in Figure 1.9. Three
healthy human cervix are shown along with depolarization and retardance information,
providing quantitative polarimetric information on the status of the tissue. These images

were taken in a clinical pilot study in Mysore, India?.

Mayoore et al. presents a subset of images (as seen in Figure 1.10) taken by the EVA
system showcasing different examples of image quality encountered in the MobileODT
database. The figure shows representative images of levels of sharpness, going from low

(very poor) to high (excellent)’.

Figure 1.11, from Kallner et al. shows sample images taken with the Gynocular through a
speculum imaging a normal HPV positive cervix and a HPV positive cervix with high

grade lesions®.
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Figure 1.7 Sample images taken with the Callascope while self-imaging. [Reproduced from
Asiedu et al. 20207]
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Figure 1.8 Representative cervix images of (A,D) the whole cervix, (B,E) the nuclei as
seen by the HRME and the (C,F) histopathology. [Reproduced from Quinn et al. 2012°]
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Figure 1.9 Cervical images taken by the snapshot Mueller matrix polarimeter, showing the
(a-c) raw images and polarization information of (d-f) depolarization and (g-i) retardance.
[Reproduced from Gonzalez et al. 2020%]
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Figure 1.10 Example of images taken with the EVA system showing different quality of
images, ranging from very poor to excellent. [Reproduced from Mayoore et al. 2018]

23



Figure 1.11 Images taken with the Gynocular, showing a normal cervix (left) and a cervix
with high grade lesions (right). [Reproduced from Kallner et al. 20158]

1.4. Conclusions

We have described a set of tools for cervical imaging currently used in low-resource
settings. The Callascope, the EVA and the Gynocular work similarly to a colposcope,
providing images of the cervix to be examined by a physician, where the HRME and the
snapshot Mueller matrix polarimeter provide more quantitative information via
fluorescence and polarimetry, respectively. Excepting the Callascope, the other four
devices need the aid of a speculum to capture the cervical images. The cost of these devices
ranges from a $2000-$8200 and the weight from 480 g-2300 g, allowing portability and
field use. All devices have been clinically deployed in low-resource settings, where images

have been collected for physician interpretation and/or quantitative assessment.

The limitations of cervical cancer testing in low-resource settings can range from cultural
and social reasons to lack of screening programs, laboratory facilities and electrical power
availability. The introduction of cervical screening devices offering portability, low energy

consumption, lower costs than traditional colposcopes and ability for widespread use
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enable developing and developed countries with remote and low-resource populations to
receive cervical screening as preventive care. These devices are also being enhanced with
machine learning algorithms to improve the image quality and processing, as well as aiding
in interpretation. The combination of the current available technologies for cervical
imaging as a screening tool with the addition of artificial intelligence will improve the
testing outcome and reduce the effect of current limitations such as interpretation errors,

test result timelines and lack of manpower.

1.5 Dissertation outline

This dissertation aims to pursue the polarimetric imaging of the healthy uterine cervix in
order to provide a quantification that characterizes the tissue. Moreover, the work aims at
establishing a modality that can quantify cervical tissue health and can be potentially
clinically deployed to be used by physicians along with established methods of cervical
screening. The dissertation introduces results of the studies, which are summarized in the

subsequent chapters.

The Chapter 1 introduced a literature review on cervical imaging in low resource settings,
which relays information on current optical devices used for cervical cancer screening in
low-resource settings and their clinical deployment. Chapter 2 explores the basic concepts
of polarization, Mueller matrix decomposition and the polarimetric sensitivity of cervical

collagen.

Chapter 3 focuses on the design, validation and testing of a Savart-based portable

colposcope Mueller matrix polarimeter clinically deployed in the low-resource setting.
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Due to the availability of new technology, such as polarized cameras, a simplified setup
for Mueller matrix polarimetry became possible. In order to use the simplified setup, which
reduced the number of optical elements, a new Mueller matrix decomposition method for
analysis was needed. Chapter 4 focuses on the development of a reduced 3 x 4
decomposition method and its theoretical and experimental validation using various
samples. Moreover, Chapter 5 further explores this newly introduced decomposition

method and its deployment in biological ex vivo and in vivo samples.
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CHAPTER 2 : Polarization concepts and cervical anatomy

2.1. Polarization

Polarization is a fundamental property describing the vectorial nature of light. Light has no
longitudinal component and can therefore be described by two transverse components
(found in the x- and y-direction). These two transverse components are orthogonal to each
other and propagate longitudinally in the z-direction (orthogonal to the x- and y-direction),

and therefore can be defined as:
[2.1] E.(z,t) = Egcos(T + )
[2.2] E,(z,t) = Egycos(t + 6,,)

Where x and y are the components in the x and y direction, T = wt — kz is the propagator,

Eox and E,,, are the maximum amplitudes and &, and §,, are the phases.

The above equations can be rewritten and upon some mathematical manipulation can be

described as the following:

E? E;] Ex E
[2.3] —+—-—2-"—>co0s8 = sin?§
EOx EOy EOx EOy

Where § = 6, — &,

Equation 2.3 shows the optical field can be described as an ellipse and is referred to as the

polarization ellipse.

Completely polarized light is elliptically polarized, although degenerate forms of the

polarization ellipse exist when certain values of Ey,, Ey, and § are encountered. For
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example, linearly horizontally polarized light in the x direction is present when Eg, = 0

and linearly vertically polarized light in the y direction when E,, = 0. Similar examples
can be shown for linear +45 polarized light, linear -45 polarized light and left and right
circularly polarized light.

2.1.1 Stokes vector

The polarization ellipse can describe fully polarized light, therefore cannot describe
partially polarized or unpolarized light. Therefore, a new metric to describe light
polarization was introduced”. The Stokes polarization parameters consist of four values
that can describe any polarization behavior of light in the form of a vector (ergo called a

Stokes vector). From the polarization ellipse, the Stokes parameters can be written as,

[2.4] So = B2, + 53,
[2.5] S1= ng - Sgy
[2.6] Sy = 2E(,Sqyc0S0
[2.7] S3 = 2E(xSopysiné

The first parameter describes the total intensity of light (S,), the second describes the
linearly horizontally and vertically polarization state (S,), the third the linearly +45 and -
45 polarization state (S,) and the fourth the right and left circulars polarization state (S3).

The relationship between the four Stokes parameters can be described as the following,

[2.8] S > S+ 57+ 52
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where the equality is true for completely polarized light and the inequality for partially
polarized and unpolarized light. The Stokes vector can describe the state of polarized light
through the degree of polarization (DOP), where

2.9 DOP =
[29] 5

and DOP is between 0 and 1, where 1 is a completely polarized light and 0 unpolarized

light.

Examples of the degenerate cases of polarization, as previously mentioned in section 2.1,

can be appreciated in the Stokes vectors outlined in table 2.1.

Table 2.1 Stokes vector for degenerate cases of the polarization ellipse.

Linearly horizontally polarized light Linearly vertically polarized light
EfR] |1 [ ESy 1
S = Egef = |1 S=|_Egy|= -1
o| |0 l 0 J 0
0 0 0 0
Occurs when: Ey,, = 0. Occurs when: Ey, = 0.
Linearly +45° polarized light Linearly -45° polarized Iight
2E? 1 2150
0 0
S = =
2E2 1 —2E0
0 0
Occurs when: Ey, = Eq, = E, and § =0°. | Occurs when: EOx = Egy= E0 and § =
180°.
Right circularly polarized Iight Left circularly polarized Iight
1250\ I 2150 ‘
ZEO _ZEO
Occurs when: Ey, = Eyy, = E0 and § =90°. | Occurs when: Ey, = E,, = E0 and 6 =-90°.
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2.1.2 Mueller matrix polarimetry
The Stokes vector describes the nature of polarized light (S; where i1=0,1,2,3) and upon

interaction with a medium, this vector will change (S;). The modified vector S; can then
be expressed as a linear combination of the four Stokes parameters arising from the incident

beam and written in matrix form can be expressed as:

So Moo M1 Moz Mp3][So
(2.10] [S1] _ |M10 Mi1 Mip My S1
lSéJ Myg My Myy Myz||S,
S5 mzp M3p M3y Mgz3][S;

Which can also be written as,
[2.11] S'=M-S
Where S’ and S are Stokes vectors and M is a 4 X 4 Mueller matrix.

A Mueller matrix is calculated by illuminating with four incident polarization states, known
as the polarization state generator (PSG), and analyzing by the same four incident
polarization states using a polarization state analyzer (PSA). A Mueller matrix describes
the transfer function of a medium and its interaction with polarized light. It is capable of
doing this by the three fundamental properties of a polarization element: depolarization,
retardance and diattenuation’. Depolarization occurs primarily due to multiple scattering.
Biological tissues tend to be highly depolarizing due to structures such as collagen fibrils
and organelles, among others. Retardance arises from a phase shift between two orthogonal
polarization states and is exhibited commonly in fibrous structures (e.g. tendon, cornea,
sclera). Diattenuation refers to the polarization dependent absorption some molecules

exhibit, such as amino acids and glucose, but does not commonly affect bulk tissues’.
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2.2 Mueller matrix decomposition

The 4 x 4 Mueller matrix (M), as shown in eq. 2.11, is quantitatively interpreted through
decomposition. There are various decomposition methods for the 4 x 4 matrix. The most
common method used is the polar decomposition or Lu-Chipman decomposition’® where
the matrix can be decomposed into three matrices: a depolarizer with polarizance (Ma), a

retarder (Mr) and a diattenuation (Mp) matrix:
[212] M = MAMRMD'

There has also been introduced a reverse decomposition’’, that describes a depolarizer with

diattenuation (Mp,-):
[213] M = MDMRMAT"

The previous two decompositions differ due to the order of decomposition (Lu-Chipman
produces a diattenuation matrix first and the reverse decomposition the depolarization

matrix) as well as the definition of the depolarization term.

Ossikovski proposed another decomposition method, the symmetric decomposition, that
introduces the idea that the depolarizing matrix could be found “in the middle” of retarder

and diattenuation matrices,
[2-14] M = Mp,MpoMpg Mgy Mp,,

where Mp:1 and Mp> are two diattenuator matrices, Mr1 and Mgz are two retarder matrices

and Maq is the pure depolarizer matrix’®.
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Moreover, there is also a differential decomposition’® where all properties are considered

to be occurring simultaneously and therefore can all be represented in one single matrix.
[2.15] m = (dM,/dz)M;?

Partial decomposition methods have also been introduced, such as the 3 x 3 decomposition,

although quantitative differences have resulted when compared to the 4 x 4 decompositions

81,82

2.2.1 Diattenuation

Diattenuation refers to the unequal change in orthogonal amplitudes of an optical element.
The most common example of a diattenuator is a polarizer, since it has the preferentiality
of one axis of polarization. This phenomenon is common in single scattering structures as
well as in some biological structures with intrinsic dichroism like amino acids and glucose.
The diattenuation can be described in terms of the amplitude attenuation coefficient P,
where P=1 has no attenuation, 0<P<1 has partial attenuation and P=0 has complete
attenuation. Figure 2.1 shows how polarized light traveling along orthogonal transmission
axes, Ex and Ey, can encounter a diattenuating element with amplitude attenuation
coefficients Px and Py to emerge as components Ex and E,, which are parallel to the

original axes”.
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Figure 2.1 Light propagation through a diattenuator, where Py and Px are the attenuation
coefficients. [Reproduced from Goldstein].

The diattenuation is described as 4 x 4 Mueller matrix, Mp, in the form of:

T
[2.164] Mp = [+ P ]

D mp

Where D is the diattenuation vector and my, is,

[2.16b] mp =vV1—D2I+ (1 —+v1—D2)DDT
Where I is the identity matrix and D is the unit vector along D.

2.2.2 Depolarization

Depolarization denotes the loss polarization, i.e. the polarized states energy becomes

unpolarized energy. This occurs due to the multiple scattering of photons by a medium.
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Furthermore, it is commonly seen in biological tissues and birefringence in turbid
media”® . Figure 2.2 explains the event in cartoon form, where polarized light is incident

on a medium with scattering properties (spheres in this case), creating a depolarizing effect.

900 ...

Figure 2.2 Cartoon representing a depolarizing material due to multiple scattering.

The depolarization is portrayed as a 4 x 4 matrix, Ma , (equation 2.17), where a, b are linear

depolarization factors and c is a circular depolarization factor:

1 0 0 0
0 di 0 0
[2.17] M, = 00 4 o
0 0 0 d;
with a depolarization power A of,
[2.18] A =1 ldaltidzitids]
. _ : |
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2.2.3 Retardance

Retardance occurs when a phase shift is introduced between orthogonal components by an
optical device. Linear retardance (8) occurs due to phase differences between linear states,
such as horizontal and vertical or 45 and -45 degrees. Circular retardance (y), or optical
rotation, occurs due to phase differences between right and left circularly polarized states®.
In general, retardance is caused by birefringence, anisotropic structures and optical rotation
in chiral molecules. A common example of a retarder is a wave-plate. Biological examples
include fibers such as elastin and collagen. Figure 2.3 shows polarized light propagating
through orthogonal transmission axes, Ex and Ey, and encountering a retarder with a phase
shift of — /2 along the y axis and phase shift + ¢/2 along the x axis, creating an emerging

beam Ex and Ey .

Ey

Retarder .

~ Ex}

Figure 2.3 Illustration of light propagating through a retarder, where phase shifts -¢/2 and
d/2 can be seen in the y and x axis, respectively. [Reproduced from Goldstein”].
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A 4 x 4 Mueller matrix describing the retardance, Mg, can be seen below:

_[1 o7
[2.19a] Mp =g mR]
Where,
myq my, Myg
[2.19b] mg =[m12 mya mzs]
—My3 —Mj3 M3z

2.2.4 Mueller matrix and cervical tissue

Cervical cancer is associated with microstructural alterations in collagen content and
cellular organization®®®®’ Due to collagen’s birefringence, Mueller matrix polarimetry
(MMP) can be used to observe these changes. MMP is a mathematical approach used to
distinguish collagen fibers from images taken to contrast and highlight areas where
collagen behavior has changed from normal in the cervix®. Healthy cervices show a pattern
of circumferential alignment of fibers around the 0os. MMP uses noninvasive widefield
optical imaging (which can capture the full cervix) and the Mueller matrix polarimetry to
differentiate between cancerous and normal tissues based on the polarization signature of
the tissue, such as retardation and depolarization. For healthy, highly aligned tissue,
retardation and depolarization are expected to be high®. When a cervix becomes diseased,
its polarization properties change—the retardance and depolarization become lower®. The
change in depolarization of linear and circular polarized light occurs due to the structural
alteration in the stroma during the precancerous changes. The changes in polarimetric
response from the cervix comes from the degradation of linearly arranged collagen fibers,

as well as the collagen cross-links breaking in the stromal region. Moreover, a change in
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the scattering density of the cervical cancer sites has been reported®. The progression of
pre-cancerous lesions can be noted by a reduction in collagen crosslinks concentration and
collagen fiber breakdown®?. Collagen density in the cervical stroma is an important marker
for precancerous developments. It has been noted that alterations in stroma precede and
promote neoplastic progression and therefore monitoring it is useful for early detection of

precancerous changes?.
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CHAPTER 3 : Design and implementation of a portable colposcope Mueller matrix
polarimeter
3.1. Introduction
Cervical cancer is the fourth most common cancer in women worldwide, with an estimated
half a million new cases and 311,000 deaths each year'®. Developing countries suffer about
84% of the global burden of disease and 80% of the mortality due to a lack of effective
screening programs. The hardest-hit regions are among the world’s poorest with incidence
rates over 35 per 100,000 women compared with 3 per 100,000 women or lower in North
America and Europe %2. Because the disease progresses over many years, an estimated 1.4
million women worldwide are living with cervical cancer, and two to five times more—up
to 7 million—may have precancerous conditions that should be identified and treated™!.
While several prophylactic HPV vaccines are now available in more than 100 countries for
primary prevention®, they do not target all 15 high risk HPV types, ergo there is still a
need for screening®®. Moreover, due to cost-effectiveness issues of vaccination in low and
middle income countries (LMICs), it is often seen that the only available prevention
method is regular screening and treatment of precancerous lesions®*.

In India, cervical cancer is the second most common cancer among women aged
15-44 years *>%, There are about 122,844 new cases and 67,477 deaths annually among
the approximately 432.2 million women at risk %97, As with other low-income countries,
traditional cytology-based diagnostics are largely impractical for population-based
screening because of cost, inadequate infrastructure, lack of skilled health care workers and
laboratories %. While guidelines for population-based screening have been established for

more than a decade, it has been estimated that less than 4% of at-risk women have currently

38



been screened for cervical cancer ®°. Several states in India have initiated pilot programs
examining the effectiveness of visual inspection with acetic acid (VIA) for diagnosis of
cervical neoplasia *1%, In India, VIA would be considered the current best alternative,
although it has several important limitations with 71.8% sensitivity, 79.4% specificity,
positive predictive value of 16.7% and negative predictive value of 99.0% 3'. The high
potential for false positives in VIA is a great concern 101192103 since it can lead to excessive
testing and overtreatment including unnecessary colposcopies, biopsies, cryosurgery, and
hysterectomies as evinced by programs in Nepal and India 10419,

Low-cost optical technologies such as the High Resolution Microendoscope
(HRME) 106107108 " the Point of Care Tampon based digital colposcope (POCKeT
Colposcope) 1%, or the cellphone based MobileODT system % are being proposed but
have limitations. HRME is a point measurement (~ 500um in sampling size) that is still
guided by physician expertise while POCKeT and MobileODT focus only on acquiring
digital image and still require expert review of the data 9%11° although machine learning

approaches are being tested at present.

The cervix is composed of structural tissue exhibiting birefringence 12 arising
by its molecular structure, as well as its very ordered arrangement within the stroma. It
consists of ~ 70% collagen fibers, elastic fibers 11314 and a ground mixture of biomolecules
(e.g. proteins and nucleic acids). The circumferentially aligned cervical collagen
structure!!>116117118 found around the os can be monitored with polarimetric techniques,
such as Mueller matrix polarimetry (MMP) and deviation from the standard ordered
structure can be used to pinpoint pathological areas®®. A Mueller matrix completely

characterizes the polarimetric properties of a sample '°!% Using Mueller matrix
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decomposition (MMD) (as proposed by Lu-Chipman 1), we can obtain three canonical
matrices M = MaMgrMp: a diattenuator matrix Mp, Ma accounting for the depolarizing
effects of the material and a retarder matrix Mr. Furthermore, the resulting matrices can
be analyzed to yield quantitative medium properties’?? that have a demonstrated useful
diagnostic power®, Of particular relevance to this study is the angle a, which is directly
related to the orientation of the long axis of the collagen bundles in the tissue and the optical

retardation R which is related to collagen density.

Mueller Matrix Imaging (MMI) 64123124125 hag heen proposed as an alternative to
standard screening by several groups, and focuses on subtle changes in cervical collagen
structure typical of cervical precancerous lesions to provide a quantifiable map of cervical
alteration in the ectocervix. For example, differences in retardance and depolarization have
been shown in normal versus pathologic states®#812% A recent ex-vivo study utilizing
MMI has showed a sensitivity and specificity of 83% of normal versus high grade lesion
tissues?*, higher than the previously mentioned VIA testing. Our group has used MMI to
target the fibrous ultrastructure (i.e. collagen) organization of the cervix 2. We have
developed a clinical Mueller matrix system 128129 pased on a standard colposcope with
high sensitivity to the cervix ultrastructure. We have tested the system on healthy
volunteers, as well as have measured collagen arrangement and distribution non-
invasively, and have positively compared our findings to other microscopic techniques
such as Optical Coherence Tomography*3°,

This paper describes the extension of the aforementioned study with the realization of
a portable snapshot system based on Savart plates that can be deployed in low resource

settings. We hypothesize that the use of this MMI system can provide fast-acquired
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guantitative images of the cervix that can be used during the cervical screening process to
provide feedback by identifying probable pathologic areas. A pilot study introducing the
potential clinical use of the device is presented. This work can translate to improving
cervical cancer screening by providing a quantitative platform, which could in the future
increase the diagnostic power of VIA and other screening modalities, that is low cost and

portable.

3.2. Methods

The snapshot Mueller Matrix polarimeter consists of two different elements: a Polarization
State Generator (PSG) and a Polarization State Analyzer (PSA). The PSA is designed to
have a field of view of 30 mm, operating wavelength 633nm, and a magnification of 0.5.
In the PSA, Savart plates divide the light into four separate paths, each with intensities
proportional to the polarization information of the object, Figure 3.1. The four separate

channels are recombined by an imaging lens onto the camera creating a spatial interference

pattern.
Spectral Filter
Object Savart Plates
1 M
e ——— :::T === == Cjw CMOS

i ijEi sy

‘ . J )

25 mm )
Collimation Optics Imaging Lens

Figure 3.1. Optical layout of the PSA portion of the system.
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The contrast of these fringe patterns is a function of the Modulated Transfer
Function of the optics and the polarization properties of the object, Figure 3.2. To recover

the polarization properties of the object different reconstruction methods can be utilized.

131,132,133

TS 10.50, 10.50 mm TS -7.00, 7.00 mm TS -10.50, -10.50 mm
TS 0.00, 0.00 mm TS 7.00, -7.00 mm TS -10.50, 10.50 m 4
TS 7.00, 7.00 mm TS 10.50, -10.50 mm | TS -7.00, -7.00
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[=]
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| Polychromatic Diffraction MTF

Figure 3.2. MTF of the Savart Polarimeter.

In one method, a Fourier transform is performed on the image. Applying spatial
filters and an inverse Fourier transform results in an image of the polarization information
of the object. The process is described in detail elsewhere 31132 A second method, the
sliding reconstruction approach'®, is also used. Both methods require the acquisition of
calibrations images: 0 and 45 degrees linearly polarized beam for the Fourier method and
0 degrees linearly polarized, 45 degrees linearly polarized and right circularly polarized for

the Sliding Reconstruction method.
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Figure 3.3. The snapshot Mueller matrix polarimeter

Our system consists of 4 Calcite Savart plates 25 mm x 25 mm x 3.72 mm (United
Crystals LLC) with 20/10 surface quality; parallelism less than 3 arc-minutes and AR
coating (Angle of Incidence 0 — 30 deg. Ravg < 0.5% for wavelengths 500 — 800nm). A
Y% achromatic wave plate (Thorlabs Inc.), a 50 mm EFL imaging lens (MLV 50M1,
Thorlabs Inc.) and a High-Sensitivity USB 3.0 complementary metal oxide semiconductor
(CMOS) Cameras with Global Shutter (DCC3240C, Thorlabs Inc.) capable of 60 frames

per second at full resolution 1280 pixels x 1024 pixels.

An image of the full system is shown in Figure 3.3. Theoretically, this system can resolve
spatial frequencies between 70 to 100 Ip/mm on the detector, Figure 3.2. These frequencies
correspond to features ranging from 20 to 30 um on the object, which is well within the

range needed to resolve the features of interest.
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The Snapshot system can acquire one full Stokes vector within one snapshot. Since
we are interested in obtaining a full Mueller matrix, four different states of input
polarizations are necessary. In previous work, three linear states (0, 45" and 90" to the
reference plane and right circularly polarized) have been utilized and shown to be

optimal®,

Figure 3.4. Polarization state generator. H is a
horizontally aligned polarizer (with respect to the
reference frame, optical bench), V is a vertically
aligned polarizer, P is a 45 degrees aligned
polarizer, and R is a circular polarizer

The requirement of our system to be portable, computer controllable and easy to
use by non-experts has led to the choice of a preassembled set of light emitting diode (LED)
for our PSG, Figure 3.4.

A NeoPixel Ring (Adafruit, New York, NY) with 16 Red Green and Blue LED
with Integrated Drivers was used in this system. Four LEDs were chosen on the ring and
were paired with a small diffuser and cellphone lenses. Overlapping spot size of 3 cm were

then achieved at a distance of about 10 cm for each LED. The LEDs spectral bandwidth at
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the operating wavelength of 633 nm was 10 nm Full Width Half Max (FWHM). The LEDs
were connected to an Arduino Mini and a custom driver was developed to control the board
through MATLAB (MathWorks, Natick, MA). Given the small dimension of the Mini it
could be integrated into a cable.

A graphical user interface (GUI) was designed in MATLAB to control acquisition
and illumination. The program operates in two different modes. In focusing mode, all four
LEDs are activated at half of their power setting and the camera acquires at 60 frames per
second. Once appropriate focus onto the cervix is achieved, the acquisition mode begins
by switching off all LEDs. Then, each LED is activated in sequence and after each
activation, an image is acquired. Finally, the four images are combined into a stack and
saved without any filtering or manipulation. Total acquisition time is about 1 second.

Data acquired with the system is analyzed in post-processing. Mueller matrix
images are decomposed with a process illustrated by Lu-Chipman!?l. Retardation,

depolarization, attenuation, and orientation images are created.

3.2.1. Image processing
Data analysis was performed primarily using the Fourier reconstruction method. A second
methodology known sliding reconstruction method was also explored. Both methods are

illustrated below.

3.2.1.1. Fourier reconstruction:
In this reconstruction method, the fringe coded image is Fourier transformed*** and the

extracted amplitudes and phases are used to determine the Stokes parameters.
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Figure 3.5. An input Stokes vector was created with a USAF target (top figure). The status
of polarization corresponds to a linear orientation of 22.5 degrees for the background and
0 degrees for the lines. The bottom figure shows the Stokes vector after reconstruction.
There are still visible artifacts (traces from the target) where the Fourier reconstruction
failed.

Solving for the FFT of the output signal (equation 3.1), a set of spatially
independent values each carrying polarization information is observed. Many examples of
this approach with ideal input Stokes vectors can be found in the literature!35136137.138 Here
we focus on a United States Air Force 1951 (USAF) target. Some of the artifacts associated
with the methodology, such as errors in reconstruction in the presence of edges, can be
noted in Figure 3.5, e.g. Sz reconstructed shows traces of the target meanwhile Sz ideal

does not.

The intensity | of the interference pattern relates to the incident Stokes vectors

according to the following equation®3®:

1
2 S cos(ZQ(x + y))

1
+ 1 |S23 |cos[2m(2Q)x — arg(Sy3)] — 7 |523

I1(x,y) = lSO + =
[3.1]

i cos[2m(2Q)y + arg(S,3)]
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523 = SZ + ng and Q =

Q is the frequency of the spatial modulation, A is the wavelength, A is the sheer distance of

the Savart plates and f is the focal length of the lens closer to the camera.

This image | is shown in Figure 3.6(a) together with its two-dimensional Fourier

transform Figure 3.6(b).
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Figure 3.6. (a) Interferogram associated with the USAF test target as seen by a camera
sensor, (b) Fourier transform of the interferogram of the USAF target, featuring the peaks
(along with the full frequency profile) where the Stokes vectors are spatially encoded

within the interferogram.

The spatial position of the four Stokes element vector is known and depends on the

source wavelength, the thickness of the Savart plates, and the focal length of the imaging

lens. A filter can be designed to extract the Stokes parameters in the Fourier domain for

each state of polarization. This application utilizes three Gaussian filters to extract Stokes

vectors SO, S1 and S23, which is applied to the interferogram in Figure 3.6(b). The

Gaussian filters and effect of the filter bandwidth in relation to the Stokes vector output
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can be seen in Video 1. The filtered image is then inverse Fourier transformed and

normalized.

The normalization utilizes two reference images: 0 (Srefo) and 45 degrees (Srefss) linear
polarizations. The reference images must undergo the same reconstruction process as
previously mentioned. The final Stokes vectors, after reconstruction and normalization,

will be as shown in equations 3.2a-d.

S0*
[3.2a] S0 = &R( )
SrefO
S1*
[3.2b] S1= an( )
SrefO
S§23*
[3.2¢] S2=%R
Sref4-5
S§23*
[3.2d] S3=3
Sref45

The effect of the filter on the image is shown in the video below.
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Video 1. Filter design changes both the quality of the reconstructed Stokes vector and
image resolution. Two traces (red and blue) are shown on the figure displaying differences
in the original Stokes vector and the reconstruction (lines are shown in S2 image). Two
examples are shown, one for the largest (first column) and smallest (second column) block
of resolution dashes in the USAF target using the same filter. The filter appearance is
shown in the bottom right of the figure as the bandwidth changes. (MP4, 2.55 MB)

3.2.1.2. Sliding reconstruction
A second approach to reconstruction, the sliding reconstruction method, was introduced by
Murali**® and does not rely on Fourier analysis but on direct matching of the interference

pattern.

The light intensity exiting the Savart plates can be written as,

1) [SO(X, YFO(x,y) + S1(x,y)F1(x,y) + S2(x,y)F2(x,y)

[3.3] O(xy) =S(xy) = (2 +S3(x,y)F3(x,y)
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where O(x,y) is the intensity of the light , So(X,y), S1(X,y), S2(X,y), S3(X,y) are the Stokes
components of the light entering the crystals and Fo(X,y), F1(X,y), F2(x,y), Fa(x,y) form the

first row of the Mueller matrix elements.

The Stokes components are estimated over the entire image. A unit cell, a 3x3 kernel in
this case, is moved by one pixel either along the column or row. In order to compensate for
multiple pixel calculations, the average value of the multiple reconstructions of the Stokes
component is taken. Three reference images are needed for this reconstruction method: 0
(Srefo), 45 degrees (Sretas) and right hand circular (Sreirrc). The reconstruction using the

sliding reconstruction method can be observed in Figure 3.7.
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Figure 3.7. Stokes vector of a USAF target reconstructed with the sliding reconstruction
method (a) showing traces of the (b) largest and (c) smallest blocks of resolution dashes.
As can be observed from the changes from the raw signal to the reconstructed signal, strong
discontinuities create artifacts in the Stokes images.

The Stokes vectors produced using the reconstructions were used to populate the Mueller
matrix in order to perform the MMD. This process has been extensively explained

elsewhere’684127,

3.2.2. Anisotropic and ex vivo biological samples
The portable colposcope was first tested with optical elements of known Mueller matrices
(air, linear polarizers) as well as an extruded silicone phantom and an ex vivo porcine cervix

before being used in a pilot study in Mysore, India. The extruded silicone phantom
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consisted of a silicone strip with visible striations along the same direction. This sample
has known polarimetric properties and is often used for device validation’®. The material’s
transparency allows for minimal polarization information loss, due to its low absorption
and scattering. The polarimetric system was also tested with an ex vivo paraffin embedded
porcine cervix—the embedding process can be found in detail elsewhere?’. The porcine
cervix has a circumferentially aligned collagen structure around the os, similar to the
human cervix, and therefore exhibits similar polarimetric properties*°. A Mueller matrix
system utilized in a previous study was also used to validate our newly developed

apparatus®?’.

3.2.3. Clinical deployment

The evaluation of our system on healthy patients study was added to an ongoing screening
protocol in a mobile clinic in Mysore, India. Patients were recruited among the ones
coming for gynecological evaluation and Papanicolaou (Pap smear) testing. An IRB
protocol (IRB-17-0181) was approved by Florida International University Institutional
Review Board as well as the Public Health Research Institute of India’s Institution Ethics
Review Board (2016-20-08-34) and informed consent was obtained from all subjects. A
total of 22 study participants were recruited. Eligibility criteria included: 1) age >18 years,
2) willing to undergo imaging, and 3) having the capacity to undergo informed consent
process. Participants were screened for eligibility via chart review at the time of
appointment. All eligible women were provided information about cervical cancer, study
risks and benefits. A brief data collection instrument was used to collect sociodemographic

and medical information about each participant.
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After recruitment, the patients underwent a standard gynecological exam that
included a cervical inspection. For this purpose, a speculum was utilized to dilate the
vaginal canal and access the cervix. Two strategies were devised for cervical visualization
and positioning of the system for imaging. First, the system was mounted on a portable
tripod that could be easily moved in front of the patient once the speculum was inserted.
Second, the acquisition program was projected onto the screen of an iPhone 6 connected
to the tripod. This was done with a commercially available app called Duet. This strategy
is similar to having an eyepiece on a colposcope and allowed the system user to see and
position the Savart system more efficiently rather than diverting his/her attention to a
computer screen. The system was self-powered and required short acquisition time (~1
second). The overall imaging portion of the study took about 10 minutes per patient. Little
training was required in order to implement device deployment (less than 15 minutes).

Finally, post imaging, patients were administered the Pap smear.

3.3. Results

The error of the portable device was measured by taking the Mueller matrix of air. Figure
3.8 shows the Mueller matrix image of air obtained in transmission (light source positioned
facing the PSA) displaying a typical unit matrix behavior. The total error in these images

was well below 5%, but some structural error is perceivable in the images.

53



M11

M21

E

M31
M41

Figure 3.8. Mueller Matrix of air. The portable device was tested in transmission to
understand the error of the polarimetric response. Although some structural artifacts are
present (small white lines in the matrix), the expected values of ones in main diagonal

M12

M22

M32

elements are present.

The system was then tested with a silicone phantom. The phantom’s uniformity makes it a
reliable target to validate the MMI system. The phantom was positioned at different
orientations with respect to the system’s reference frame. Figure 3.9 displays the extruded
silicone phantom shifted 22 degrees from the reference frame. On the left (Figure 3.9a),
the raw image with the interferometric pattern can be seen in gray with the colored region

of interest highlighted. The image on the right (Figure 3.9b) show the calculated angles
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(o), which were in agreement with the positioning of the phantom.
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Figure 3.9. Extruded silicone sample recovered orientation. The silicone sample was placed
at a 22 degrees shift (marked in the red line) from the frame of reference. (a) Raw image
(gray scale) with the recovered mean angle of a region of interest (colormap), (b) circular
histogram of the recovered angles.

In order to understand the portable colposcope’s response to biological samples,
the ex vivo paraffin embedded porcine cervix was imaged. The zone of interest, which is
the area between the os and the outer layer of the cervix, was determined by choosing a
region of interest in the mid-section of the cervix. The os and the outer cervix have
longitudinally aligned collagen and therefore are excluded from the polarimetric
evaluation.

Biological samples are strongly depolarizing due to their high scattering and
absorbing nature. The polarized light interaction with collagen crosslinks also cause high
retardance. Highlighting the zone of interest, we can observe a high level of depolarization
(MDave=0.96) and retardance (MRavwe=26°) exhibited by the porcine cervix (Figure 3.10a-
c), as we had expected. The depolarization is quantified from 0 to 1, going from low to
high, respectively. The retardance is measured from 0 to 90 degrees. Figure 3.10(d-e)

portrays the distribution of depolarization and retardance, respectively, which shows a

55



similar outcome to what has been reported by Chue-Sang et al.*?’ for the paraffin embedded

(b)-

porcine cervix.
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Figure 3.10. Ex vivo paraffin embedded porcine cervix. (a) Raw image highlighting region
of interest, (b) Mueller matrix decomposed depolarization, (¢c) Mueller matrix decomposed
retardance (d) distribution of depolarization and (e) distribution of retardance angles.

The portable colposcope was further tested in a clinical pilot where in vivo human
imaging took place. The average age of women imaged was 35 £8 years old. Of the 22
patients imaged, six were deemed unsatisfactory due to image quality and therefore have
been excluded from the resulting analysis. The remaining 16 patients received clinical
assessments summarized in Table 3.1. Three patient images and corresponding Mueller
matrix decompositions are reported in Figure 3.11. The zone of interest is highlighted
superimposed over the raw images (a-c). The three cervices show a high level of

depolarization (d-f) and retardance (g-i), as expected of healthy tissue.
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Table 3.1 Patient age and clinical evaluation performed by a physician.

Patient # | Age Clinical evaluation/Pap smear
1 50 Polyp ( )

2 30 Negative (gray)

3 45 Negative (gray)

4 36 Negative (gray)

5 33 Negative (gray)

6 37 Neutrophils (cyan)

7 30 Negative (gray)

8 23 Negative (gray)

9 29 Inflammatory (red)

10 29 Inflammatory (red)

11 34 Negative (gray)

12 50 Atrophic with inflammation (purple)
13 40 Inflammatory (red)

14 40 Inflammatory (red)

15 28 Negative (gray)

16 30 Negative (gray)

)

Figure 3.11. In vivo healthy human cervices with negative clinical evaluations (a-c) raw
images with the highlighted region of interest, (d-f) the depolarization and (g-i) the
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retardance portrayed as a binary high (H, red)/low (L, green) with zero background (B,
white) using a threshold of 25 degrees.

In Figure 3.11 the region of interest along the circumferential zone can be seen
superimposed in the raw images. The devices exhibit high depolarization and retardance
values, as have been reported for healthy cervix tissue.

A summary of all the 16 patients imaged is displayed in Figure 3.12. A region of
interest has been selected to derive the depolarization and retardance information. The data
has been color-coded in reference with Table 3.1 to aid in understanding of the polarimetric
behavior compared to the clinical evaluation.

The 16 cervices showed a trend of high (median>0.78) depolarization with the
exception of patient 1, which had a polyp. The collagen structure in polyps differ from
normal stroma, which was perceived by a lower depolarization value, as has been
previously described by others'*°. The retardance (measured in degrees) is visualized as

high (red) and low (green), with a threshold of 25 degrees—approach was first introduced
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by Rehbinder et al 141. The retardance values had an overall high trend (median>29°), with

the exception of patient 13 and 14.
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Figure 3.12. The depolarization (top) and retardance (bottom) of the 16 healthy subjects are
summarized. The healthy cervices show a pattern of high depolarization, with the lowest value
(patient 1) being the polyp. The retardance shows a trend of high values as well, with only two
cervices having a median value below the 25 degree threshold.
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3.4. Discussion

We have introduced a new snapshot Mueller matrix polarimeter capable of the fast
acquisition of a full Mueller matrix. The imaging was performed in healthy cervices, where
there were no cases of dysplasia. The results of the Mueller matrix decomposition supports
this clinical evaluation by showing a high depolarization trend with an average
depolarization value of 0.85, where the lowest value, 0.52, is displayed by region of interest
with a polyp. This is in accordance with previously reported work, where a polyp changes
the collagenous structure and therefore the polarimetric response®. The retardance shows
an average of 44 degrees, which is within the range found in literature for healthy cervices.
Some non-uniformity of the retardance data can be due to the heterogeneity of the cervix
as well as presence of artifacts such as specular reflection.

The ability of MMI to identify differences in the collagen’s polarimetric response
by detecting the distinct depolarization response between the polyp and other healthy
cervices shows how our portable system has the potential to be deployed for use in
conjunction with routine cervical screening. The system is fully powered by a laptop
computer and can be deployed in conditions where electrical outlets are not readily
available. The cost of the system is also relatively low compared to current colposcopes
(~$2000), with a limiting factor being the cost of the Savart plates (~$200). It is to be noted,
however, that should the modality prove to be useful in sensing dysplastic lesions, higher
production levels could be considered, lowering the overall production cost.

Further studies are necessary to truly determine the diagnostic power of this approach.
One noted issue with the current system is the size of the illuminator and the ability of all

illumination sources to reach the cervix without cut-off from the uterine walls. Six sets of
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patient images, out of the 22 patients imaged, were discarded due to absence of data on
account of poor illumination from one or more polarization states. In older patients and
women that have experienced multiple pregnancies, this effect could be more severe
limiting the use of our apparatus. To minimize this effect, we are currently redesigning the
illuminator to allow for more direct access to the cervix. A second issue noted is the
development of artifacts in the Fourier based analysis due to strong discontinuities in the
inverse Fourier transform. When the regions of interest laid around those problematic
regions, the second analysis (sliding reconstruction method) was utilized. Finally, another
limiting factor was the loss of fringe contrast suffered in regions with high curvature. This,
at times, limited the area that could be analyzed, and future work will focus on optimizing
the imaging optics so that the entire cervix can be processed. Future studies will also be

targeted toward testing the device’s ability to detect malignancies in cervical tissues.

3.5. Conclusion

A feasibility study was conducted among healthy volunteers in Mysore, India. The results
showed accordance with current literature about the depolarization and retardance behavior
of healthy cervices!®812°141 Dye to the dependence spatial interference pattern of the
current methodology, there are limitations on the deployment and data analysis, as well as
the limitation of non-real-time feedback. Recent advancement in polarization technology
may lead to new direction of this research. Particularly, new cameras with integrated
polarization capability (4-Directional Wire Grid Polarizer Array such as the Sony's
IMX250MZR CMOS chip) may allow for fast acquisition of four linear states (Horizontal,
Vertical, 45 degrees polarization and -45 degrees polarization). This technology would

allow at maximum the creation of a reduced Mueller matrix (i.e. not 4x4), requiring other
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data analysis techniques. In that regard, the proposed Savart method is still seen as superior

as it offers the capability of capturing a full Mueller matrix.

In conclusion, we have developed a portable Mueller matrix imaging system that can
be deployed in the low resource setting for cervical imaging. We believe that this type of
imagery could improve the cervical screening assessment in the low resource setting

beyond the current procedures.
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CHAPTER 4 : Introduction of a 3 x 4 Mueller matrix decomposition method

4.1. Introduction

A 4 x 4 Mueller matrix describes the polarization transfer function:”® of any medium using
16 parameters where the medium’s polarization properties are encoded®'#?, Several
methods have been proposed to experimentally measure a Mueller matrix3® of different
media. Recently, polarization sensitive cameras that integrate 4-Directional wire-grid
polarizers within the sensitive area have been introduced*®144, These snapshot systems can
speed the acquisition process of reduced 3 x 4 Mueller matrix polarimetry by acquiring
four different linear states of polarization (0°, 45°, 90°, 135° with respect to a reference
plane) simultaneously. Studies aimed at understanding the accuracy and limitations of
these cameras have been published!4314146.147.148 The nolarization sensitive cameras have
been used in applications ranging from navigation*®1*° to biological media analysis. For
example, the camera has been successfully used to observe and analyze polarimetric
changes of dehydrated bovine tissues'* and they have been integrated into rigid

endoscopes®®?.

Mueller Matrix decomposition is used to obtain a better understanding of a material
properties. There are various established 4 x 4 Mueller matrix decomposition methods to
extract the parameters of depolarization, retardation and diattenuation from a full Mueller

matrix.

The polar decomposition or Lu-Chipman (LC) decomposition’® defines the Mueller matrix
as a product of three matrices: a depolarizer (M), a retarder (Mg) and a diattenuation (Mp)

matrix.
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[41] M = MAMRMD

The order of decomposition affects the result due to the non-commuting properties of
matrix multiplication'®, therefore other sequential matrix decompositions have been

suggested. There has been introduced a reverse decomposition’’
[42] M = MDMRMAT‘

Where Ma: describes a depolarizer with diattenuation (in contrast with the Ma parameter

in the LC decomposition being a depolarizer with polarizance).

Ossikovski proposed the symmetric decomposition "8, that introduces the idea that the

depolarizer matrix could be placed “in the middle” of retarder and diattenuation matrices
[4.3] M = Mp;MpaMag Mgy Mp;,

where Mp: and Mp> are two diattenuator matrices, Mgr: and Mgz are two retarder matrices

and Magq is the pure depolarizer matrix.

This decomposition is particularly relevant for a backscattering configuration where the
polarimetric effects (diattenuation and retardance) will occur in the forward direction of

light propagation as well as in the backward path 13,

Moreover, there is also a differential (D) decomposition’®8® where the three polarimetric
properties are considered to be occurring simultaneously and therefore can all be

represented in one single differential matrix.

[4.4] m = (dM,/dz)M;*!
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In response to the advent of polarization sensitive camera a reduced 3 x 3 Mueller matrix
decomposition has been introduced 814, When the measurement configuration allows for
only linear states to be generated and analyzed, only 9 coefficients of the upper left 3 x 3
submatrix of a full Mueller matrix can be acquired. This 3 x 3 Mueller submatrix
decomposition follows a similar procedure as the LC decomposition of a full 4 x 4 Mueller
matrix making the assumption that the depolarization of the linearly polarized light
isotropic, i.e. it does not depend on the incident linear polarization vector orientation 8.
This decomposition has been used in the polarimetric studies of samples, such as aqueous
suspension of polystyrene microspheres and ex vivo rat abdomen, although the quantitative

disparities between the 3 x 3 and 4 x 4 decompositions have been reported 2.

In this paper we introduce the use of a polarization camera as a (standalone) polarization
state analyzer (PSA) along with a four-state polarization state generator (PSG), for the
measurements of a reduced 3 x 4 Mueller matrix and a new decomposition algorithm of
this reduced 3 x 4 matrix with the aim of improving accuracy of the latter decomposition

and its validation by the 4 x 4 decomposition results.

4.2. Methods

In the symmetric decomposition of a Mueller matrix (Equation 4.3) Mpz1 and Mp> are the
Mueller matrices of the entrance and exit diattenuators, Mgr1 and Mgz are the Mueller
matrices entrance and exit retarders, respectively, and Ma is the diagonal matrix of a

canonical depolarizer.

Ma is defined as
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1 0 0 0
0 d 0 0
[45] Ma =y o 4, o
0 0 0 ds

with a depolarization power A that is defined as,

_ |dq |+]dy |+]d3 |

[4.6] A=1 -

where d; and d, are the depolarization coefficients for the linear states (horizontal/vertical
and 45/135, respectively) and d5 is the depolarization coefficient for the circular states.

The A parameter ranges from 0 to 1, where A =0 is for a nondepolarizing sample.

In close to normal reflection, the following assumptions hold: My, = My, =~ I, where |

is the identity matrix.

This assumption is legitimate whenever the surface contribution to diattenuation dominates
compared to the volume contribution (these are the first surface in reflection or both
surfaces in transmission), since Fresnel reflection and transmission coefficients coincide
for both s and p polarizations at normal incidence (rp = 15 ; t, = ts ). Its validity has been
demonstrated by Vizet and Ossikovski'®®, in reflection at normal incidence, utilizing
optical components such as waveplates as well as biological specimens. Furthermore, the
assumption di ~d; follows from rotational invariance at normal incidence, whereas Mr1 =
Mr2 = MR results from the (approximate) equivalence of forward/backward propagation
(in reflection; Mg being replaced by its transpose) or from the invariance with respect to

light reversal (in transmission) still at normal incidence.

Furthermore, d; ~ d, and Mg, =~ My, = My 13,
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where MR is the Mueller matrix of a linear retarder with retardance 6 and azimuth of the
optical axis of linear birefringent medium 6, Equation 4.7a. Unlike the LC and differential
decompositions, in the 3X4 decomposition the retarder Mr is explicitly assumed to be
linear (Mr = MRrL). This assumption is justified for an essentially homogeneous medium
(effectively behaving either as an optically thick single layer or a semi-infinite substrate)
lacking (or, more generally, having negligible) optical activity. Conversely, the actual 3X4
decomposition cannot be applied to multilayer structures since those generally behave as

elliptical retarders.

[4.7a] My = |1 OT]

0 mg

myq my, My
[4.70] mgp =] M1z Myy My3
—Mmy3 —Mp3 Mg33

Therefore, a diattenuation-free Mueller matrix M can describe the experimental

configuration:
[4.8] M =~ MpMpgMg,

that is dependent on four parameters: two depolarization coefficients, d, and d, retardance

0, and azimuth 0.

Taking into account five of the twelve effectively measured Mueller matrix elements from

the first three rows, the following set of equations can be written:

[4.93] My, =d;mi; +dymi, — dsmi;

[4.9b] M,z = (dymyq + dymyy)my, — damyzmy;
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[4.9c] My, = dymyymys + dymy,mys + dymyzmss
[4.9d] Mss = dymi, + dym5, — dzm3s

[4.9] M3, = dymyymyz + dymy,mys + dzmyzmss
where m;; (1, j =1, 2, 3) are the elements of matrix mr from Equation 4.8.

Equations (4.9) represent an overdetermined set of five equations to solve for four

unknown parameters: d,,ds, 6 and, .

These four parameters are obtained by solving equations 4.9(a-e) with a Nelder-Mead

Simplex minimization method implemented in MATLAB (MathWorks, Natick, MA).

4.2.1. Validation

n Sample
Light .
Source Lens Polarizer Qwpr1 lens Polarized

Camera

Insertable
Qwp

Figure 4.1. Experimental setup consisting of a light source with collimating lens, a PSG
consisting of a polarizer on a rotational stage, a quarter-wave plate (QWP1), and PSA
utilizing the polarized camera with lens and a quarter wave plate (QWP) that is inserted
only when measuring the 4 x 4 Mueller Matrix.

This approach was validated experimentally with the setup shown in Figure 4.1. The
reduced 3 x 4 Mueller matrix polarimeter consists of a 625 nm LED (M625L3, Thorlabs

Inc., Newton, NJ) source coupled with a linear polarizer (LPVISC100, Thorlabs Inc.,
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Newton, NJ) housed in a rotational stage with a PSG of horizontal, vertical, 45 degrees and
the addition of a quarter wave plate (QWP) (AQWPO05M-580, Thorlabs Inc., Newton, NJ)
to create right circularly polarized light. The PSA consists of a polarized camera
(CS505MUP, Thorlabs Inc., Newton, NJ). A QWP (AQWP05M-580, Thorlabs Inc.,
Newton, NJ) could be inserted into the detection arm in order to analyze circularly
polarized light component and create a full 4 x 4 Mueller matrix. This setup was used to
image a number of samples, such as polarizers, QWPs and silicone phantoms at various
orientations. Moreover, a 5 micrometer thick section of human skin model mounted on a
glass slide with parallel collagen fiber alignment along the dermis'® was also imaged by

adding a 2X objective lens (Mitutoyo Plan Apo, Mitutoyo America Crop, IL) to the PSA.

The system was calibrated as previously reported by Saytashev et al. 1°, yielding an error
of less than 3% in the calculation of an identity Mueller matrix of air. The condition number

for our system was equal to 4.5.

4.3. Results and Discussion

Error analysis

The values of the elements of Mueller matrix are dependent on the input variables: d;, 9,
0 and d5, (as seen in Equation 4.9a-e). Understanding the intrinsic error of the minimization
algorithm used for the decomposition of 3 x 4 reduced Mueller matrix (as it pertains to
these variables) is useful to determine the limitations of using such approach. In order to
conduct an error analysis, three input variables, d,, 6 and, 0 (d ; was kept constant), were
used to calculate a Mueller matrix MMpre (Equation 4.8) within a range of values for each

variable (i.e. 6 and 0 varied from O t0180 degrees and d; varied from 0 tol). The five
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elements of calculated Mueller matrix were then used for the solution of Equations (4.9)
by minimization. The same three variables were obtained and used to calculate a new
Mueller matrix MMpost (Equation 4.8). The error of the minimization algorithm was
estimated by calculating the normalized root mean square error (nRMSE) of the difference
between the two Mueller matrices (MMpre and MMpost). The nRMSE values vary
between 0 and 1, where 0 yields no difference between the values of two Mueller matrices
MMpre and MMpost. Figure 4.2 shows a sample slice of the error encountered upon
minimization for all 6 and & with d, fixed at 0.7 (left panel) and a closer look at selected
cross-sections from the overall volume of values (right panel) for better visualization of the
error. There is a peak error value of 18% for high values of 6 (>100 degrees) and d; (>0.7)

and arbitrary & values, although the mean error value for the entire volume was 2.5%.
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Figure 4.2. Error analysis of the minimization algorithm used for the decomposition of a
reduced 3 x 4 Mueller matrix. The left figure shows a slice of error values for all 6 and &
with d4 fixed at 0.7. The right figure shows the error contour plots in selected volume
sections.
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Decomposition implementation

We first aimed to compare the different decompositions using an experimentally recorded
Mueller matrix M (Equation 4.10a-d) introduced by Ghosh et al. ! with a known
depolarization, retardance, diattenuation and & values. The polar LC decomposition was
applied first to the 4 x 4 matrix M (which takes into account all three polarization
parameters), then the decomposition of the reduced 3 x 4 matrix was applied using the
depolarization and retardance matrix (since our assumption is that My, is unity), as seen in
Equation 4.8. For the comparison, the D decomposition of the complete 4 x 4 matrix M

was also tested.

The values of the depolarization, the retardance and the azimuth of the optical axis

calculated using matrix M and the above-mentioned decompositions are listed in the Tab.1.

1 —0.0229 0.0027  0.0058
_[-0.0186 09956 —0.0361 0.0318
[4.10a] M= —0.0129 0.0392 0.2207 —0.9656
0.0014 0.0280 0.9706  0.2231
1 0 0 0
| 0.0041 0.9969 0 0
[4.10b] My = —0.0070 0 0.9915 0
[—0.0019 0 0 0.9966
1 0 0 0
o 09988 -0.0362 0.0281
[4.10c] MR =10 00393 02207 —09741
0 0.0320 0.9742  0.2239
1 —0.0229 0.0027 0.0058
_[-0.0229 1.000 —0.000 -0.0001
[4.10d] Mp = 0.0027 0.000 0.9997  0.000
[ 0.0058 —0.0001 0.0000 0.9997

Table 4.1 The decomposition parameters (A, 3, 0) for the matrix M (Equation 4.10a). (First
column) values from Ghosh et al. 1, (second column) values from the LC decomposition,
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(third column) D decomposition and (fourth column) decomposition of the reduced 3 x 4
matrix.

Slhosh et icx 4 4x4D j X
rsaramete Estimated values
A 0.005 0.005 (5)'00 0.005
6 (rad) 1.346 1.345 é'34 1.346
O(dey)  89.05 89.94 2'01 89.98

The results of the different decompositions of a complete 4 x 4 matrix M and its reduced 3
X 4 version yielded a similar answer to what has been previously reported®’. The
decomposition of a reduced 3 x 4 Mueller matrix matches its 4 x 4 counterparts for this
low-depolarizing medium, noting the only difference in the 4x4 D is the orientation being

equal to (|8 — 90)).

To further investigate the proposed decomposition of a reduced 3 x 4 Mueller matrix, a
QWP with its axis oriented at three different angles: -20, -30 and -60 degrees—assuming
the frame of reference to be the benchtop plane—was imaged. The QWP is a retarding
element with theoretically neither depolarization nor diattenuation present, therefore we
can focus on the new decomposition method’s response to retardance and azimuth of

orientation.
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Figure 4.3. Comparison between the decomposition of a reduced 3 x 4 Mueller matrix (3 x
4), LC and D decompositions of 4 x 4 Mueller matrix of the QWPs oriented at (a,d) -20
degrees, (b,e) -30 degrees and (c,f) -60 degrees with respect to the polarization axis of the
incident beam. The red lines delineate the median value of the data set.

The parameters calculated with all decompositions of the Mueller matrix of the QWP
measured at different azimuth angles can be observed in Figure 4.3, where the complete 4
x 4 experimentally recorded Mueller matrix was used to calculate the LC and D
decompositions and the first three rows of this Mueller matrix were used to calculate the 3
X 4 decomposition. There is a wide agreement within the three decomposition methods on
the orientation angle values for all measurements, showing the QWP positioned at -20
degrees (#a,d), -30 degrees (#b,e) and -60 degrees (#c,f). The retardance of QWP calculated
with the reduced 3 x 4 Mueller matrix decomposition appears as half of the value compared
to the values calculated with its 4 x 4 counterparts at different QWP orientations. This
discrepancy is likely due to the absence of depolarization, modifying our definition of the

3 x 4 matrix decomposition (Equation 4.8) to equal M ~ M3. Moreover, the lack of the
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fourth row in the reduced 3 x 4 Mueller matrix leads to a negative retardance value in some
cases, which causes the angle to be shifted by 90 degrees. A correction for this is necessary,
entailing of modifying the orientation angle by 90° each time a negative retardance is
obtained (correction for this was already applied in Figure 4.3). The QWP orientation angle
agreed well for all positions, matching the 3 x 4 decomposition with the 4 x 4 LC
decomposition in every measurement, as well as the orientation angle value calculated with

the D decomposition but with a differing sign.

Looking further into comparing the decompositions experimentally, an extruded silicone
phantom consisting of a silicone strip with visible striations along the direction of
extrusion, oriented at three different positions was imaged with our setup. A low
depolarization and uniform retardance is expected due to its natural semitransparent
characteristics. The reduced 3 x 4 Mueller matrix of the silicone phantom oriented at -70
degrees can be observed in Figure 4.4, demonstrating the structured striations and weakly

depolarizing nature of the sample.

The results of the decomposition of the Mueller matrix of the aforementioned phantom
with different algorithms can be seen in Figure 4.5, where we can qualitatively see the
similar values of depolarization, the values of the retardance calculated with 3 x 4
decomposition close to half of the retardance values calculated with the decompositions of
the complete 4 x 4 Mueller matrix and the agreement on the orientation angle for all
decompositions. The white box in the Figure 4.5 indicates a 30x30 pixel region of interest
(ROI) where the sample is assumed to be homogeneous to fairly compare the three

decomposition methods.
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To more quantitatively ascertain the decomposition methods, the calculated depolarization,
retardance and orientation angle values for the silicone phantom (within the selected ROI)

oriented at -70, -60 and 80 degrees are shown in Figure 4.6.

0.5

-0.5

Figure 4.4. Reduced 3 x 4 Mueller matrix of a silicone sample oriented at -70 degrees,
showing the striation direction. The weakly depolarizing nature of the sample is confirmed
by the dominance of the diagonal values that are close to one.
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Figure 4.5. The images of (a,d,g) the depolarization, (b,e,h) the retardance and (c,f,i) the
angle of orientation calculated from Mueller matrix of a silicone phantom oriented at -70
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degrees using the three decomposition methods: (first row) 3 x 4 decomposition, (second
row) LC decomposition, and (third row) D decomposition. The white box indicates a region
of interest at which the sample is assumed to be homogeneous (for comparison purposes).
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Figure 4.6. Comparison between the reduced 3 x 4 Mueller matrix decomposition, LC and
D decompositions of the complete 4 x 4 Muller matrix of silicone phantom oriented at
(a,d,g) 80 degrees, (b,e,h) 70 degrees and (c,f,i) 60 degrees with respect to the reference
plan of the incident beam. The red lines delineate the median values within the ROI.

At all measurement configurations the silicone phantom shows a similar distribution of

depolarization values within the selected ROI, ranging from 0 to 0.35, with a median value

around 0.2 calculated with the 3 x 4 decomposition (Figure 4.6 a-c), although notably

different from the distributions of depolarization values calculated with both LC and D
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decompositions of the complete 4 x 4 Mueller matrix (median value is 0.04). This could be
due to the difference in the depolarization definitions for the different calculations. The
distribution of the retardance values calculated with the reduced 3 x 4 Mueller matrix
decomposition (Figure 4.6d) offers a wider set of data points than the 4 x 4 methods (Figure
4.6e-f), with the median value falling close to the half-retardance mark of the calculated
retardance value for the latter. This phenomenon is due to the low depolarization of the
silicon phantom, similarly to that of the quarter-wave plate in the previous experiment. As
for the orientation angle (Figure 4.6g-i), we notice a similitude between the distributions
of the angle values (and range of angles perceived) for the reduced 3 x 4 Mueller matrix
decomposition and the LC decomposition. The D decomposition shows an opposite sign
of angle in all cases. This difference in sign for the D decomposition is due its definition
and the use of different matrix elements (compared to the LC) used to calculate the

orientation.

Lastly, the results of different decompositions of the Mueller matrix of the section of
human skin model mounted on the glass slide can be seen in Figure 4.7 and summarized in
the boxplots in Figure 4.8. This sample is also weakly depolarizing (due to its small
thickness of 5 um) and shows a similar pattern as the previous samples for the retardance
values, where the reduced 3 x 4 Mueller matrix decomposition values are found to be about
half of the values calculated with LC and D decompositions of the complete 4 x 4 Mueller
matrix. The orientation angle of the sample is in agreement for the 3 x 4 and the LC
decompositions, although it appears to be the complement angle (|6 — 90|) for the D

decomposition.
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Figure 4.7. The images of the depolarization, the retardance and the orientation angle of
human skin model section mounted on the glass slide with focus on the dermis. The
parameters calculated with three different decompositions: 3 x 4, LC and D are shown from
top to bottom, respectively. The saturated and background pixels have been rendered in
white. The white box indicates a region of interest in the dermis at which the sample is
assumed to be homogeneous.
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Figure 4.8. Comparison of the results of three decompositions of the Mueller matrix of
human skin model section, where we can observe the similitude of the 3 x 4 decomposition
with the 4 x 4 LC decomposition as well as the D. Red lines indicate median value of the
data set.

Similar distributions of the depolarization values within the selected ROI are calculated

with all three decompositions. The values of retardance calculated with the reduced 3 x 4
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Mueller matrix decomposition are found to be about half of the values calculated with LC
and D decompositions of the complete 4 x 4 Mueller matrix as for the silicon phantom.
The same trends are observed for the distributions of the orientation angle calculated with

three different decompositions as in case of the silicon phantom.

4.4. Conclusion

This paper introduces a new method of decomposition for a reduced 3 x 4 Mueller matrix.
This decomposition has shown to be capable of calculating the correct polarimetric
parameters (depolarization, retardance and orientation angle) when compared to the
established decomposition methods of the complete 4 x 4 Mueller matrix. The
decomposition of the previously reported Mueller matrix (Equation 4.10a) for the 4x4
decompositions and the diattenuation free matrix (only using Equation 4.10b-c) yielded
similar values to what were reported by the authors for all polarimetric parameters. For the
experimental cases shown, the depolarization values did not yield similar values, likely due
to the difference in depolarization factor definition for all three decompositions methods.
The retardance values calculated with the new decomposition were approximately equal to
half the retardance values calculated with the LC and D decompositions of the complete 4
x 4 Mueller matrix for all the cases, which is due to the definition of the 3x4 decomposition
(Equation 4.8). The orientation angle, values calculated with the new decomposition were
aligned well with the values calculated with the decompositions of the complete 4 x 4
Muller matrix (especially with the LC decomposition) in all samples. Discrepancies in the
orientation angle values shown for the D decomposition are due to the matrix elements
used to calculate the orientation angle value. Taking into account inherent errors due to the

minimization algorithm used, further testing with a wider array of samples with differing
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polarization properties needs to be conducted to understand what limitations these errors
could pose. Moreover, we plan to explore the behavior of the new decomposition of the
reduced 3 x 4 Mueller matrix for more depolarizing samples, since this is a property

exhibited by biological tissues.

This new decomposition method of the reduces 3 x 4 Mueller matrix has a particular value
due to the technological advances giving rise to polarization cameras, as it will help to omit
the need for circular polarization analysis components in the PSA and therefore to simplify
the experimental setup needed for the full characterization of sample using Mueller matrix
polarimetry. This simplification could provide a fast and robust solution to current uses of

polarimetry, especially in a clinical setting where time and simplicity poses an issue.
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CHAPTERS5 : TESTING THE 3 X4 MUELLER MATRIX DECOMPOSITION IN
BIOLOGICAL TISSUE

5.1. Introduction

Cervical cancer is the fourth most common cancer in women worldwide, with an estimated
half a million new cases and 260,000 deaths each year.'*® It is estimated 1.4 million women
worldwide are living with cervical cancer, and two to five times more - up to 7 million-
may have precancerous conditions that should be identified and treated*!. Due to the slow
disease progression of invasive cervical cancer, it is a perfect candidate for early screening
and treatment. Existing vaccinations against human papilloma virus (HPV) are expensive
and do not target all 15 high risk HPV types, ergo the imperative need for screening®®. The
current recommended proceeding for cervical testing by the World Health Organization
(WHO) includes cytology (Pap test) every 3 years for women 21-65 years old and HPV
test every 5 years for women 30-65 years old. If the aforementioned Pap test is abnormal
or the HPV test positive, then a colposcopy is performed, followed by biopsy and
histological confirmation. Watson et al. reported a decline in Pap testing among women of
the age group 21-65 between 2010 and 2015, leaving 14 million women without
screening®®®. Moreover, MacLaughlin et al. showed a continuing decline in testing since
2015 among women between the ages of 21-29, with a population screening rate of 62.6%
in 2005 to 47.3% in 2016, The gynecological proceedings requires women to lay flat on
their backs while placing their legs on stirrups to create a 45° angle. This is often
accompanied by anxiety, pain, discomfort and vulnerability, which makes the women less
likely to follow testing guidelines.16162163 Seehusen et al. reported the use of stirrups

induced higher vulnerability and pain, compared to women that were only required to lay
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flat.*52 Moreover, gynecological screening is seen as taboo in some cultures, increasing the
health disparity and cervical cancer screening for many ethnic groups!6!:164165.166.167
Previous studies have shown that self-insertion of a speculum for examination is acceptable
to most women with the outcome of preferring self-insertion in future testing.>168.169 |t has
been mentioned previously the ideal technique for diagnosis of cervical dysplasia would

cause minor discomfort, rapidly measure regions of interest and provide real time results’.

There are existing technologies that involve an insertable to probe cervical tissue such as
the high resolution microendoscope (HRME) and the POCkeT colposcope®’. However,
the HRME has a field of view (FOV) of 720 um (being unable to visualize the whole
cervix) and involves the application of a solution in order to reveal changes. Also, the
POCket colposcope is dependent on a physician’s feedback!’?1"3, which is highly user
dependent!”. In a meta-analysis, it was found that the sensitivity and specificity for
colposcopy-based punch biopsies to detect CIN1 lesions were of 91% and 24% and 80%
and 63% for CIN2 lesions, respectively'™®. Colposcopy alone is strongly operator-
dependent, therefore there is a need for a more quantitative solution. Further analysis of

existing low-cost screening devices can be found in Chapter 2.

Understanding the current limitations of available techniques and devices, an optical device
that can provide quantitative information about the health of the cervix (increasing the
sensitivity and specificity for pre-cancerous lesion detection) and could eventually be self-
administered (increasing comfort and reducing anxiety) would be beneficial to use as part
of the cervical cancer screening process. Our group has developed a Portable Preterm

Imaging system (PPRIM) to assess cervical remodeling.
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We tested our 3 x 4 Mueller matrix decomposition method, previously introduced (Chapter
4), with the PPRIM system. Previous testing of the 3 x 4 decomposition included imaging
samples such as uniformly striated silicone and a human skin model. This chapter focuses
on the use of this decomposition method on highly depolarizing media, such as ex vivo and

in vivo tissues.

5.2. Methods
In order to test 3 x 4 decomposition in biological tissue, a device capable of in vivo imaging

of the cervix is used.

5.2.1. Specifications

The device is composed of a polarization state generator (PSG) and a polarization state
analyzer (PSA). The PSG consists of eight light emitting diodes (LEDs) housing a
combination of polarizers and quarter waveplates (QWPs) with four different states of
polarization: linear horizontally polarized light, linear vertically polarized light, linear 45
degree polarized light and right circularly polarized light. The PSA consists of a polarized
camera (with four linear polarizers mounted on the microsensor) and telephoto lens.
Further specifics can be found elsewhere®. The resolution of the device is 6.35 Ip/mm,
taken with a United States Air Force (USAF) target. The field of view is 25 mm. The

PPRIM system can be seen in Figure 5.1 from Boonya-ananta et al. °.
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[~
1 SECTION A-A
SCALE1:2
ITEM NO. PART NUMBER DESCRIPTION QUANTITY
1 - Optical arrangement assembly (Figure 1/Table 1) 1
2 SMO05L30C Thorlabs Lens Tube 1
3 SMO5A2 Thorlabs Flange adaptor SM05 to C-Mount 1
4 PHX050S-P/Q Lucid Phoenix Polarized Camera 1
5 - Front-end housing case 1
6 - Back-end housing case 1
7 - Sheath 1
8 A000005 Arduino Nano3 1

Figure 5.1 (Top left) Design assembly and (top right) exploded view. (Bottom) Exploded
section in 2D along with description of full assembly itemized 1-8. [Reproduced from
Boonya-ananta et al.%].

The device was designed to effectively obtain images of the cervix using a self-inserter,
although the self-imaging aspect is outside the scope of the presented work. The self-
inserter consists of a sheath, meant to have a similar function as a speculum, and the imager,

where the lenses and camera are housed.
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The image quality of the insertable imaged is first assessed using a cervical model created
as a silicone gynecological training system for physicians to evaluate cervical cancer (ZOE
Gynecologic light skin tone skills trainer, Gaumard Scientific, Miami, FL), as seen in

Figure 5.2.

|

Anatomical

model

Figure 5.2 Gynecological training system used to evaluate image quality of the PPRIM.

5.2.2. Image analysis

The four generated polarization states and the three analyzed polarization states form a 3 x
4 Mueller matrix that can be decomposed using the 3 x 4 decomposition. This reduced
decomposition assumes a negligible diattenuation and focuses on obtaining the
depolarization, retardance and azimuth of the sample. The decomposition is defined as

follows:

[5.1] M = MpMpgMg,

Where Mueller matrix M is equal to the matrix multiplication of a pure depolarizer matrix,

Mg, and two retarder matrices, M. The decomposition of the Mueller matrix solves for
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four unknown values: the linear depolarization coefficient (d1), the circular depolarization
coefficient (d2), the retardance (8) and the azimuth (0), which leads to the polarization

parameters of depolarization, retardance and orientation that characterize the sample.

The decomposition has been previously shown to work using retarders, such as quarter
wave plates, uniformly organized samples (such as silicone with parallel striations) and

depolarizing samples (5 pm section of a human skin model).

5.2.3. Ex vivo testing

The device and decomposition are first tested on ex vivo chicken tendon, which due to the
high collagen fiber alignment exhibits strong birefringence. Moreover, due to the
biological nature of the tissue, there is a high level of scattering and therefore high
depolarization. Due to these properties, this sample is often used for polarization system

characterization and testing’+17.

A second sample of ex vivo porcine cervix embedded in paraffin is also tested. The porcine
cervix has circumferentially aligned collagen structure around the os, similar to a human
cervix, therefore exhibiting similar polarization properties'”. The embedding process can

be found elsewhere!’®,

5.2.4. In vivo testing

The device was clinically tested under IRB protocol IRB-21-0173-AMO01 approved by
Florida International University. Eligibility criteria for imaging included: (1) age > 18
years, (2) willing to undergo imaging, and (3) having the capacity to undergo informed
consent process. The imaging process consisted of the participant lying flat on their back

while bending their legs to create a 45 degrees angle, similar to the position during a
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gynecological exam. The sheath is lubricated (using a water-based lubricant) and then
inserted by the participant. Then, when the sheath is placed in position, the imager is
inserted to fit the depth of the sheath, and 12 images are taken. These 12 images will be

used to make the Mueller matrix.

5.3. Results

5.3.1. Ex vivo chicken tendon

Chicken tendon is often used for polarimetric imaging due to its highly ordered fibers. The
fiber orientation can be seen in figure 5.3a, where the intensity image (M11) is shown. The
decomposition can be appreciated in figure 5.3, where the depolarization and orientation
of the ex vivo tissue are presented. The depolarization (Figure 5.3b) shows a median value
of 0.89, as expected. Biological tissues are highly scattering and therefore exhibit high
depolarization (close to one). The orientation of the tendon can be observed in Figure 5.3c
by the azimuth angle. Chicken tendon (oriented at 55 degrees for this experiment) has a
high fiber alignment, as the black bars defining the angle for a 10 pixel ratio display. The
imaging outcome of the chicken tendon sample agrees with previously reported work*?®.
Chue-Sang et al., showed similar outcomes in their polarimetric studies, where they
showed the highly depolarizing nature of the tendon and the uniformity of fiber alignment
upon decomposition®%’. Moreover, chicken tendon sample being used as a common

polarimetric validation metric has been previously reported.
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Figure 5.3 Chicken tendon sample showing (a) the intensity image, M11, (b) the
depolarization and (c) the orientation, as shown by the azimuth angle. The black bars
indicate the preferred alignment of the tissue within a 10 pixel range.

5.3.2. Paraffin porcine cervix

Another sample often used to validate and test polarimetric devices is the porcine cervix.
The porcine cervix is similar to the human cervix and therefore has a high fiber alignment
surrounding the 0s. Two porcine cervixes embedded in paraffin samples were imaged. This
alignment can be visible using Mueller matrix polarimetry in both samples, as is shown
Figures 5.4 and 5.5. Figure 5.4c and figure 5.5¢ show the cyclical nature of the fibers in
the cervix, where the black bars represent the angle preference within a 10 pixel range.
Moreover, the depolarization of the first porcine cervix sample (Figure 5.4b) has a median
value of 0.77 and of the second sample a median of 0.85 (Figure 5.5b), as expected from a

healthy biological sample, as seen in literature!™*7"
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Depolarization [-] Azimuth angle [deg]

Figure 5.4 Porcine tendon embedded in paraffin sample one showing (a) the intensity
image, M11, (b) the depolarization and (c) the orientation, as shown by the azimuth
angle. The black bars indicate the preferred alignment of the tissue within a 10 pixel
range.
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Figure 5.5 Porcine tendon embedded in paraffin sample two showing (a) the intensity
image, M11, (b) the depolarization and (c) the orientation, as shown by the azimuth
angle. The black bars indicate the preferred alignment of the tissue within a 10 pixel
range.

5.3.3. In vivo human cervix

5.3.3.1 Insertion: patient feedback
Two subjects were recruited to test the PPRIM in the clinical setting on in vivo human

cervixes. A non-lubricated condom along with water-based lubricant was added to the
inserter to aid in positioning the imager to collect the cervical images (Figure 5.6). The tip
of the condom was cut in order to not interfere with the image quality (dashed line in Figure

5.6). The subjects lay flat with the knees making a 45 degrees angle during the imaging,
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same position taken at annual cervical screening exams. The inserter was slid in the vaginal
canal while being held by the handle, then the imager was inserted to the position where
the cervix could be seen in focus. The live video provides feedback to the clinician to find

the distance where the imager focuses.

Cervical images of the two subjects were successfully acquired. The two subjects found
the PPRIM to be comfortable to use. The inserter with the condom and lubricant made it

easy to slide into position and the imaging was overall an acceptable experience that could

be performed recurrently.

Figure 5.6 PPRIM device showing inserter and imager. The left image shows the inserter
with a condom used to aid slide it into position. The dashed line shows where the condom
is cut to not interfere with the image quality. The right image shows the device fully
assembled including the inserter and imager.
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5.3.4. Clinical deployment

The device was ultimately tested in healthy volunteers. The polarimetric behavior of human
cervix has been previously reported®®®. The intensity image (M11) can be observed in
Figures 5.7 and 5.8. The healthy cervixes are highly depolarizing with a median value of
0.80 for the first in vivo cervix sample (Figure 5.7b) and a median value of 0.78 for the in
vivo second cervix sample (Figure 5.8b), as expected. Moreover, for the cervix sample one
the orientation as shown by the azimuth angle shows a cyclical rotation around the os
(Figure 5.7c), where the black bars show the preferred angle within a 10 pixel range. The
second sample (Figure 5.8c) shows the profile of a tilted cervix, where the lines show a
semi-circular path of rotation with respect to the os (right top corner of the image). The
saturated pixels are omitted from both sets of sample images. Healthy cervical tissue has
been previously shown to be highly depolarizing and circumferentially aligned around the
0s, whereas pathologic tissues change in polarimetric response, showcasing a lower
depolarization and alignment. These in vivo cervical samples reflect the results from

previously reported polarimetric studies performed on healthy human cervix888%141,
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M11

Figure 5.7 In vivo human cervix sample showing (a) the intensity image, M11, (b) the
depolarization and (c) the orientation, as shown by the azimuth angle. The black bars
indicate the preferred alignment of the tissue within a 10 pixel range.

M11 Depolarization [-] : Azimuth angle [deg]
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Figure 5.8 In vivo human cervix sample two showing (a) the intensity image, M11, (b)
the depolarization and (c) the orientation, as shown by the azimuth angle. The black bars
indicate the preferred alignment of the tissue within a 10 pixel range. The os can be seen
as the black semi-circle in the top right corner.

As all samples show, the four cervixes exhibit an angular rotation around the os, where the
tendon has a preferred angular orientation. The PPRIM is able to reproduce expected

polarimetric results of biological samples using the 3 x 4 Mueller matrix decomposition.

5.4. Conclusions and future work
Polarimetric measurements provide quantitative information about sample. The device
presented in this chapter uses Mueller matrix polarimetry to image and extract information

of the cervix that could potentially be used in a cervical screening. The device was built to
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be used with a reduced decomposition method, 3 x 4 Mueller matrix decomposition,
making the compact and handheld nature possible. The low energy usage and portability
could prove to be useful, especially for remote, low resource settings. Moreover, the self-

imaging capabilities introduce the possibility of increased comfort during testing.

The implementation of the 3 x 4 decomposition for biological ex vivo and in vivo testing
proved to be successful with the chicken tendon, porcine cervix and human cervix. The
depolarization measurements were all in agreement with the reported values (all healthy
tissues therefore displaying high depolarization values). Moreover, the orientation, as
described by the azimuth angle, was able to display the high alignment of the chicken
tendon tissue and the cyclical nature of all cervix samples. These results are in agreement
with previously published studies from Chue-Sang et al., Pierangelo et al., Rehbinder et

al., and other similar work®889.123.130.141

Testing the 3 x 4 decomposition with different types of biological tissue samples confirm
the applicability of a simplified polarimetric device that can be potentially translated to
clinical settings. The significance of using a quantitative measurement during cervical
cancer screenings could lead to more uniform screenings worldwide, regardless of
socioeconomic status. In order for this to be applied in clinical settings, the presented 3 x
4 imager needs to be tested in a larger population, as well as include subjects with

pathologies to better understand the polarimetric behavior of unhealthy cervixes.
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CHAPTER 6 : Conclusions

The slow progression of cervical cancer makes it a highly preventable disease with proper
treatment. The high incidence worldwide—with the highest mortality rate found in
developing countries due to lack of human resources to conduct screening and inadequate
preventive medicine services and systems—could benefit from quantitative screening tools
that aid in the interpretation of the cervical tissue’s health. Mueller matrix Imaging
(MMI)—also referred to as Mueller matrix polarimetry (MMP)—is an approach used to
distinguish collagen fibers from images that can provide contrast of areas with irregular
collagen arrangement. Precancerous tissues have shown to have lower depolarization,
retardance and a decreased organization in fiber alignment as opposed to healthy tissue.
This dissertation focuses on the polarimetric imaging of the uterine cervix in order to
provide useful quantitative information of the function and structure of the cervical

extracellular matrix (ECM).

Focusing on the limitations of low-resource settings (where cervical cancer incidence is
highest), Chapter 1 delves into existing low-cost imaging methods that have been clinically
deployed in the field. The devices are explored for their optical and practical specifications,
such as their field of view (FOV), magnification, light source, power consumption, among
other capabilities. Moreover, clinical translation of the devices is introduced and pilot study

data relating to comfort, ease of use and handling are recounted.

The quantitative nature of MMP and its sensitivity to collagen (due to collagen’s
birefringence) makes this modality ideal for cervical imaging (principles of Mueller matrix

polarimetry are presented in Chapter 2). It has been previously shown that heathy and
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diseased cervical tissue behave differently with incident polarized light. Healthy cervices
show a pattern of circumferential alignment of fibers around the os. For healthy, highly
aligned tissue, retardation and depolarization are expected to be high. When a cervix
becomes diseased, its polarization properties change—the retardance and depolarization
become lower. The wide-field capability of MMP also allows the full cervix to be captured.
Chapter 3 explores of the clinical deployment in the low resource setting of a portable
colposcope Mueller matrix polarimeter. The device is designed to be a snapshot Mueller
matrix polarimeter, using a ring illuminator with four different states of polarization as the
polarization state generator (PSG) and a combination of Savart plates along with a CMOS
camera as the polarization state analyzer (PSA). The snapshot system obtains the full
Mueller matrix in four images, where different Stokes vector information is spatially
separated and filtered from each image. The handheld device is characterized with various
ex vivo samples such as chicken tendon and porcine cervix and ultimately used in vivo in a
pilot study in Mysore, India. The study imaged 22 healthy cervixes that showed the
polarimetric response expected of healthy cervical tissue with the exception of one patient,
which had a cervical polyp. The polarimetric response of the polyp agreed with previous

reports.

The availability of new instrumentation such as polarized cameras, which have wire-grid
polarizer array of repeating polarizer patterns (i.e. 0°, 45°, 90°, 135°) mounted on four
adjacent pixels creating a super-pixel on board, encouraged the development of new
methodology for polarimetric imaging. Previously, a full 4 x 4 Mueller matrix was needed
to obtain the polarimetric parameters of retardance, depolarization and diattenuation. This

required a PSG and PSA capable of generating and analyzing 16 different polarization state
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combinations. The polarized camera simplifies the Mueller matrix acquisition by capturing
all linear states simultaneously. Generating four different polarization states (i.e. 0°, 45°,
90°, right circular) with the PSG and analyzing three linear states (i.e. 0°, 45°, 90°) with
the PSA, a reduced 3 x 4 Mueller matrix is obtained. This reduced matrix alleviates the
equipment necessary to obtain quantitative information from a sample. However, in order
to extract this information, a decomposition method for the reduced 3 x 4 Mueller matrix
is needed. Chapter 4 focuses on the development, theoretical and experimental testing of
this new decomposition method. The 3 x 4 Mueller matrix decomposition assumes there is
no diattenuation present (which is true for biological tissues) and can be solved to obtain
the depolarization power, retardance and azimuthal angle. The decomposition was
compared to two other established 4 x 4 decompositions: Lu-Chipman decomposition and
differential decomposition. Multiple samples were tested, including a previously published
Mueller matrix, quarter waveplates (QWPs), striated silicone and a skin sample. The results

for all three decompositions were in agreement.

To further test the reduced 3 x 4 decomposition, a handheld device that could potentially
be used for self-imaging was designed. More specifically, the device is designed for
cervical imaging. The device uses eight LEDs with four different polarization states as the
PSG and a polarization camera as the PSA. The field of view is 25 mm, providing the
capability of capturing the full cervix. Chapter 5 focuses on using the device, which
implements the 3 x 4 decomposition method. The device was tested on multiple biological
media, including ex vivo chicken tendon, ex vivo porcine cervix and in vivo human cervix.
Polarization parameters of depolarization, retardance and azimuthal angle were obtained

for all samples and compared with current literature. All samples were in accordance with
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reported values showing high depolarization (as expected of healthy tissue) and

characteristic fiber alignment as anticipated of each individual sample.

Polarimetric imaging of the uterine cervix would be useful to use along cervical screening
since it could provide quantitative information about the tissue. The potential low-cost of
a polarization based device and the previously reported polarimetric differences between
healthy and neoplastic tissue could lead to a wide-reaching technology that can be
implemented in low-resource settings. Further studies need to be carried to better
understand the polarimetric response of pre-neoplastic tissues in its various stages.
Moreover, including polarimetric imaging in cervical screenings could add quantitative
information that can be routinely used to monitor cervical changes and disease progression.
The work presented in this dissertation aims to further close this gap and provide a

stepping-stone to accomplish this task.
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