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Abstract 
Cervical cancer is the fourth most common female cancer in the world, primarily 

caused by the human papillomavirus (HPV). It about 570, 000 women annually, killing 

more than half of those affected. Approximately 90% of cervical cancer mortality occurs 

in low- and middle- income countries and this number is expected to rise to 98% by 

2030, furthering global disparities in health care. Even within high-income countries 

where cervical cancer incidence and mortality has decreased drastically - by over 70% 

over the last 50 years - regional and racial disparities in cervical cancer mortality 

continue to exist among people with limited access to health care. The drastic decrease 

in incidence and mortality among high-income countries can be primarily attributed to a 

multi-tiered screening and treatment approach.  

 The American Society for Colposcopy and Cervical Pathology (ASCCP) 

recommends screening with the Papanicolau (Pap) smear/Cytology every 3 years from 

the age of 21-29 years. For women aged 30-65 years, HPV and Pap smear co-testing 

every 5 years, or HPV alone every 3 years is recommended. Positive results have a 

variety of follow up management recommendations. For a high-risk result, a 

Colposcopy-guided biopsy is performed to provide diagnostic conformation and 

classification of pre-cancer or cancer. Colposcopy involves application of contrast agents 

(3-5% acetic acid and/or Schillers iodine) onto the cervix. These sources of contrast 
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produce changes in pre-cancerous lesions which are illuminated and magnified using a 

a colposcope.  Biopsies (small pieces of tissue) are taken from the highlighted lesion 

regions and sent to a pathologist, which then informs treatment management.  

This approach to screening, diagnosis and treatment, though highly effective, 

requires expensive equipment for cytology, colposcopy and histopathology analysis 

which may not be available in resource-limited settings. It also involves multiple visits 

for each tier with long wait times for results in between, leading to high rates of loss to 

follow-up among women.  

Due to these limitations, the WHO recommends a screen-and-treat approach 

which involves a single visit with visual inspection of the cervix with the naked eye after 

application of acetic acid (VIA) followed by treatment with cryotherapy, which involves 

killing pre-cancerous cells with extremely low-temperatures or by LEEP for non-

cryotherapy eligible women. Recently changes have been made to WHO guidelines 

recommending utilization of HPV screening in combination with or over the VIA test, 

where available followed by treatment. However due to limitations in cost and time to 

attain results associated with HPV tests, VIA is still recommended and used in most 

resource-limited settings. 

VIA on its own is however not an appropriate measure due to lack of sensitivity, 

from visualizing cervix changes with the naked eye, lack of specificity associated with 

features which might also be seen in benign lesions and in other cervical trauma and 



 

 

vi 

inter-provider variability. Additionally, the lack of documentation with VIA limits 

quality control and opportunities for training. Finally, the speculum used not only in 

VIA but in all aspects of screening has been demonstrated as a barrier and associated 

with pain/discomfort, vulnerability and fear.   

The goal of this work is to overcome these barriers using three main aims (1) 

develop a portable, low-cost cervix imaging device, the Callascope, that can be used 

without the speculum and potentially enable self-imaging for cervical cancer screening.  

(2) Validate the device through clinical studies and in-depth interviews, to determine 

feasibility of visualizing the cervix with a provider and by the patient, and (3) develop 

algorithms for automated classification of pre-cancer to reduce inaccuracies and inter-

provider variability. 

For aim 1, different designs were explored for an introducer which would 

replace the speculum, using 3D computer-aided design (CAD) software, and mechanical 

testing simulations were performed on each. Designs were rapidly prototyped and 

tested using a custom vaginal phantom across a range of vaginal pressures and uterine 

tilts to select an optimal design. Two final designs were tested on fifteen volunteers to 

assess cervix visualization, comfort and usability as compared to the speculum and the 

optimal design, a curved-tip inserter, was selected for subsequent use. Additionally, a 

smaller version of the Pocket Colposcope, a low-cost imaging device with image quality 

on par with higher end colposcope, was developed to accommodate the introducer and 
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enable use without the speculum. Image quality assessment was performed to compare 

the smaller 2MP Pocket Colposcope, referred to as the Callascope to that of the original 5 

MP Pocket Colposcope. 

The final introducer device has a slim tubular body with a funnel-like curved tip 

measuring approximately 2.5-2.8 cm in diameter. The introducer has a channel through 

which the Callascope, a 2 megapixel (MP) mini camera with LED illumination fits to 

enable image capture. Mechanical finite element testing simulations with an applied 

pressure of 15 cm H2O indicated a high factor of safety (90.9) for the inserter. Testing of 

the device with a custom vaginal phantom, across a range of supine vaginal pressures 

and uterine tilts (retroverted, anteverted and sideverted), demonstrated image capture 

with a visual area comparable to that of the speculum for a normal/axial positioned uteri 

and significantly better than that of the speculum for anteverted and sideverted uteri 

(p<0.00001). A channel enabling application of liquid contrasts (Acetic acid or Lugol’s 

iodine) by spraying was developed and tested for ability to cover spray targets. Image 

quality testing with resolution and color targets demonstrated comparable image quality 

at low magnification. 

For aim 2, 3 main clinical studies were conducted to assess the feasibility of the 

device as well as various in-depth interviews to understand attitudes towards the 

Callascope and acceptability for self-screening. For the clinical studies,  a pilot was first 

conducted with fifteen volunteers through physician-assisted insertion to assess cervix 
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visualization, comfort and usability as well as to optimize the design. Results showed 

adequate cervix visualization for 83% of patients. In addition, questionnaire responses 

from volunteers indicated a 92.3% overall preference for the inserter over the speculum 

and all indicated that the inserter was more comfortable than the speculum.  

This was followed by a clinical study in which a physician imaged the cervix of 

patients using both the speculum and Callascope in a 2×2 crossover design for n=28 

patients. The clinical study data indicated that the Callascope enabled similar 

visualization compared to the speculum while significantly improving patient 

experience. With physician insertion and manipulation, the Callascope enabled cervix 

visualization for 82% of the participants. 

The third study involved a feasibility study with 12 volunteers for home-based 

self-cervix imaging with the Callascope. Eighty-three percent of participants were able 

to visualize their cervix with the Callascope on the first try and 100% after multiple 

attempts. 

Finally, a clinical study on a small cohort of women was used to test the contrast 

application on the cervix. These studies indicated sufficient contrast application 

coverage over the entire cervix using 2ml of liquid in a 10ml syringe. 

In-depth interviews were conducted in Durham to assess women’s knowledge 

about reproductive health, cervical cancer screening and attitudes towards the speculum 

and the Callascope. Themes from the interviews showed high lack of knowledge about 
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cervical cancer screening, unfavorable attitudes towards the speculum examination 

procedure and overall preference for the Callascope over the speculum-based exam. 

For the third aim, I developed a series of methods and algorithms for automated 

analysis of cervigrams (colposcopy images of the cervix) with various contrasts and a 

combination of the contrasts. First, I developed algorithms to pre-process pathology-

labeled cervigrams and to extract simple but powerful color and textural-based features. 

The features were used to train a support vector machine model to classify cervigrams 

based on corresponding pathology for visual inspection with acetic acid (VIA), visual 

inspection with Lugol’s iodine (VILI), green illumination vascular imaging (GIVI) and 

various combination of these contrasts. The initial framework built on VIA and VILI 

achieved a sensitivity, specificity, and accuracy of 81.3%, 78.6%, and 80.0%, respectively 

when used to distinguish cervical intraepithelial neoplasia (CIN+) relative to normal and 

benign tissues. This is superior to the average values achieved by expert physicians on 

the same data set for discriminating normal/benign from CIN+ (sensitivity=77%, 

specificity=51%, accuracy=63%). For next steps, the methods used were extrapolated to a 

larger data set and results for VIA only, VIA+GIVI, VIA+VILI, and VIA+VILI+GIVI were 

explored. With additional contrast, diagnostic accuracy was increased. The results 

suggest that utilizing simple color- and textural-based features from VIA, VILI and GIVI 

images may provide unbiased automation of cervigrams, and that combining contrasts 

improved on only VIA use. This would enable automated expert-level diagnosis of 
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cervical pre-cancer at the point-of-care.
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Preface 
“Do you know what the cervix is? “ No”. Have you heard about cervical cancer? 

“On the radio and news”.... “never heard of it”…. “I’ve heard of Cancer but not the 

cervix”. What are your feelings towards pelvic exams? “I hate that cold metal thing they 

use”…I hate having all the doctors and nurses looking at my private parts”. “It is 

painful”… “I just try to avoid them”. These are some of the questions and responses 

obtained from multi-country, in-depth interviews conducted in Ghana, Peru, and the 

United States, assessing women’s knowledge and attitudes towards cervical cancer 

screening, as part of this dissertation. More than anything these responses demonstrate 

that simply developing innovative, low-cost tools for screening, is not enough but rather 

a small part towards the solution of eliminating the monster that is cervical cancer. 

Engineering research towards this end should not be done in a silo, but in collaboration 

with various stake holders to ensure culturally appropriate, patient and physician-

centered tools are developed. There is also a need for a holistic approach that involves 

innovative accessible tools for vaccination, screening and treatments, education and 

awareness through various means, involving local leaders and players, and coming 

together to get each and every woman vaccinated or screened or treated. 
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1. Introduction  
1.1 Background and Significance 

1.1.1 Cervical cancer incidence and mortality demonstrates global 
disparities 

Cervical Cancer is the fourth most common female cancer worldwide and affects 

an estimated 570,000 women each year and killing more than half of the women affected 

[1]. Approximately 90% of cervical cancer deaths occurs in low- and middle-income 

countries. Many African countries have cervical cancer incidence and mortality rates 10- 

to 20- fold higher than several West-Asian, Middle-East and European countries [2]. Of 

the top 25 countries with the highest mortality rates, 100% are African countries [2]. 

These high rates have been linked to human development index, gender inequality 

index (GII) poverty rate, health expenditure per capita, urbanization and literacy rate. 

HDI and poverty have each been found to contribute to >52% of global mortality 

disparities [2].  
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Figure 1: Global mortality rate for cervical cancer in year 2012, demonstrating 
wide health disparities [3]. 

Whereas for many developing countries, incidence and mortality rates are 

increasing, in high-income countries, there have been drastic decreases in incidence and 

mortality over the last 50 years due to a comprehensive approach which includes 

prevention through vaccinations, early detection and through screening, and effective 

treatment of for different stages of the disease [4].  However, even in high-income 

countries, disparities surrounding cervical cancer incidence and mortality continue to 

exist and need to be addressed. For example, in the United States, cervical cancer 

disproportionately affects women with in medically underserved regions  due to factors 

such as socioeconomic status and neighborhood poverty [5]. This results in racial and 

regional disparities in incidence and mortality. A recent study by Yoo et al (2017) found 

that black race and living in the South were associated with higher cervical cancer 

incidence and mortality [5].  Rate and mortality from cervical cancer for black women is 

also twice that of white women. The age adjusted incidence rate is highest among non-
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hispanic black women living in the south (11.1) with mortality rate of (5.4) [5]. In 

countries like Australia and New Zealand, which have set goals to completely eliminate 

cervical cancer by 2035 [6], disparities exist in both incidence and mortality between 

indigenous and non-indigenous women [7, 8]. A study by Maturitas et al (2013) on the 

New Zealand populace found age standardized incidence rate of 16.9% compared to 

non-indigenous women who had an incidence rate of 7.1, with mortality for indigenous 

being 5 times that of non-indigenous women [9]. 

 
Figure 2: Age-specific cervical cancer incidence and mortality rates in the 

South by race (2008–2012). Bar graphs represent incidences rates (gray for NHW and 
navy for NHB) and line graphs represent mortality rates (gray for NHW and navy for 

NHB). Abbreviations: NHW–non-Hispanic white, NHB–non-Hispanic black [5]. 

The United Nations 2030 Sustainable Development Goals (SDGs), is a universal 

call to action to improve life in a sustainable way [10]. Of the 17 SDGs cervical cancer 

incidence and mortality is closely tied to the following: SDG1 End poverty, SDG3 Good 

health and well-being, SDG 5 Gender Equality, and SDG10 reduced inequalities. This 
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demonstrates that it is now more important than ever to tackle global disparities in 

cervical cancer through innovation, education, and partnerships. 

The WHO has also developed a global strategy towards eliminating cervical 

cancer as a public health problem [11]. Based on this goal WHO has modelled three 

scenarios to analyze impact of interventions for elimination, 1) modeling current HPV 

vaccination, screening and treatment coverage, which will not achieve global 

elimination within the next century, 2) modeling intensive HPV vaccination which will 

eliminate cervical cancer within a century, and 3) modeling the combination of  intensive 

HPV vaccination, screening and treatment, which will achieve elimination in less time 

and prevent millions of cervical cancer-related deaths. To achieve the optimal scenario, 

which is scenario 3, WHO has developed the 90-70-90 targets defined as 90% of girls 

fully vaccinated with HPV vaccine by 15 years, 70% screened with high precision test at 

35 and 45 years, and 90% of women identified with cervical disease receiving treatment 

and care. Development of the Callascope and algorithms falls directly into enabling 

these targets to be achieved and is directly related to accelerators identified towards this 

which are: a) sufficient, affordable supply of optimal screen-and-treat tests and other 

medical devices, b) identifying innovative, optimal service delivery models for increased 

quality and coverage in different contexts, c) integrating testing networks. 
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1.1.2 The Cervix 

The cervix is part of the lower female reproductive system and is also termed the 

neck of the uterus. It severs as a connection between the vagina and uterus and is 

comprised of two main portions. (1) The ectocervix that can be seen from inside the 

vagina during a gynecologic exam. The ectocervix from the axial view is shaped like a 

doughnut ring with a small hole in the center known as the os. The os allows passage of 

materials between the uterus and the vagina. (2) The endocervix/endocervical canal 

which is a tunnel that runs from the external os to the uterus [12]. The border between 

the endocervix and the ectocervix is called the transformation zone [12]. The cervix is 

where menstrual blood and mucus pass from the uterus to the vagina. It is where semen 

enters the uterus from the vagina in order for fertilization to take place. During 

pregnancy the os is plugged and during childbirth, dilates to enable passage of the baby 

[13]. The ectocervix is made up if squamous cells while the endocervix consist of 

columnar epithelial cells. The transformation zone of the cervix is where columnar cells 

of the endocervix are constantly changing into squamous cells of the ectocervix [14]. This 

makes the area vulnerable for development of abnormal cells including pre-cancerous 

and cancerous cells [14]. Among teenage girls the transformation zone is located in the 

ectocervix and more susceptible to infection, where as it retracts into the endocervical 

canal in older women [14].   
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Figure 3: A diagram of the cervix, showing the differences in cells between the 
endocervix (columnar epithelium) and the ectocervix (squamous epithelium) [15]. 

1.1.3 Cervical cancer causes and progression [16] 

Cervical cancer is a disease that affects and originates from the cervix, caused 

primarily by persistent infection with high-risk human papillomavirus (HPV) 

genotypes. There are over 100 subtypes of HPV, and at least 14 are high-risk cancer-

causing types. HPV genotype 16 is the most carcinogenic and causes 55-60% of all 

cervical cancers. HPV 18 contributes to 10-15% of cervical cancer and an estimated 10-15 

other HPV types cause the remaining 25-35% of cervical cancers. HPVs that lead to 

cervical cancer are acquired through sexual intercourse and genital skin-to-skin contact. 

However, most infections of HPV (~90%) are cleared out by the immune system within 

1-2 years.  Persistence of HPV leads to development of pre-cancers, which are pre-cursor 

lesions of cervical cancer and also called cervical intraepithelial neoplasia (CIN). CINs 

have different grades, with CIN1 being early low-grade stages, CIN2/3 being higher 

grade stages and CIN3+ indicating invasive disease.  Persistent infection of HPV, 

os
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particularly the high-risk types, for more than 2 years is predictive of CIN2/3 and for 

more than 5 years of CIN3+ (20-30% risk). If left untreated, it takes 15-20 years for 

cervical cancer to develop in women with normal immune systems and 5-10 years in 

women with weakened immune systems such as those with untreated HIV infections. 

CIN1 has a 57% probability of regressing back to normal, CIN2 a 43% probability and 

CIN3 a 32% probability of regression. Most (>50%) cervical cancer cases are found in 

women who have never been screened and 10% found in women who have not been 

screened in the past 5 years. 

 

Figure 4: Cervical cancer progression from HPV infection to invasive disease 
showing normal cellular layers of the cervix, infection with the HPV virus and 

binding to the nuclei, which initiates changes in the cells,  through different pre-
cancerous grades and finally, breaking through the basement membrane to become 

invasive cancer [17]. 
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1.1.4 Current cervical cancer screening and treatment methods 

The decrease in incidence and mortality in high income countries is due to a 

multi-tiered screening and treatment approach. Methods used are described below.  

1.1.4.1 The vaginal speculum [18] 

Screening for cervical cancer typically involves a pelvic examination in which a 

vaginal speculum is inserted into the vagina and gently opened to spread and hold the 

vaginal walls for examination of the walls and the cervix. The speculum is used in all 

aspects of screening and treatment, to visualize the cervix, obtain a biopsy and 

administer certain treatments. Vaginal Specula can have 2-4 blades and can be made of 

plastic (disposable between patients) or metal (sterilizable and reusable). They also come 

in different sizes and slightly different functional mechanisms depending on the 

manufacturer. During the exam the speculum may be warmed with hot water or lightly 

lubricated to improve comfort. 

 
Figure 5: Bivalve vaginal speculum of different sizes (metal)  
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1.1.4.2 Pap smear/Cytology [19] 

A pap smear is performed as a screening test for cervical cancer. During a Pap 

smear the speculum is used to expand vaginal walls and visualize the cervix. A pap 

spatula is inserted and used to scrape cells from the ectocervix. Additionally, a 

cytobrush is inserted into the endocervical canal to obtain cell samples. These samples 

are transferred and examined with a microscope to look for indicators of cancer or pre-

cancerous cells. Pap smears have a high false negative rate due to inadequate cell 

collection, small number if abnormal cells, and blood or inflammatory cells which may 

obscure abnormal cells. Hence the need for multiple Pap smears. Results are outcomes 

of normal cells, Atypical squamous cells of undetermined significance (ASCUS), Low-

grade Squamous intraepithelial lesion (LSIL), High-grade Squamous intraepithelial 

lesion (HSIL), Atypical glandular cells (AGC), Squamous cell cancer or adenocarcinoma 

cells (SCC).  Results take a minimum of a week to be conferred to the patient. 

1.1.4.3 Colposcopy 

Overview: If a Pap Smear is abnormal (ASCUS, LSIL, HSIL, AGC or SCC) a 

colposcopy procedure is performed. Colposcopy involves the application of contrast 

agents, acetic acid and Lugol’s iodine to the cervix through a speculum. The cervix is 

then viewed with a colposcope, a low-level magnification device used to enhance 

changes on the cervix after contrast application. Tissue samples (biopsy) may then be 

taken from abnormal areas. A procedure called an endocervical curettage (ECC) is also 
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performed to scrape the endocervical canal to obtain tissue samples from the 

endocervix. These samples are then sent to a pathologist for histopathologic analysis.  

Colposcopes [20]: Traditionally Colposcopes are devices that look like binoculars 

on a stand. They typically have a light source to illuminate the cervix and vaginal canal 

and sometimes a green-filter to enhance contrast of blood vasculature which may be 

indicative of cervical cancer grades. Modern colposcopes consist of a high-end digital 

camera on a stand, that connects to a screen for magnified cervix imaging. Colposcopes 

are usually placed a small distance outside from the patient and are usually about 30cm 

from the cervix. Colposcope magnification can range from 3.5x to 30x, however most 

functionality can be achieved with 6x to 15x magnification. Low magnification provides 

a whole field view of the cervix. More magnification is not necessarily better due to 

tradeoffs with increasing magnification such as decreasing field of view, diminishing 

depth of field however it is useful for viewing small features. A variety of colposcopes 

have also been developed for use in resource-limited settings. Features for these are 

mostly low-cost, portability, battery powered/independent of constant electrical supply, 

and compatibility with mobile technology[21]. 
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Figure 6:  Different standard and portable colposcopes. A) Leisegang OptiK 
colposocope, a high end colposcope for imaging, magnification and image capture of 
the cervix. B-D) Budget portable devices for magnified visual inspection of the cervix, 
E-G) Budget portable devices for visual inspection and image capture. 

Contrast agents [22]: During the colposcopy procedure a contrast agent, either 3% 

acetic acid and/or Lugol’s Iodine is applied to the surface of the cervix. These solutions 

produce morphological changes in the cervix, which are prognostic for cervical pre-

cancer and used to guide the biopsy. Acetic acid interacts with lesions to reveal a sharp, 

distinct, well-defined, dense acetowhite area, with or without raised margins. This 

change occurs due to a reversible coagulation of nuclear proteins and cytokeratin, which 

is seen in intraepithelial lesions because of higher content of nuclear proteins present in 

pre-cancer and cancer cells. Lugol’s Iodine alters lesion areas, turning them 

bright/mustard yellow with well-defined margins, while normal cervix areas transform 

to a dark brown color.  These changes are due to the uptake of the glycophilic Lugol’s 

Iodine solution by glycogen-rich cells in normal squamous mucous epithelium of the 

cervix and non-uptake (staining) of the solution by glycogen-depleted pre-cancerous 

Leisegang OptiK colposcope

A B C D

E F G
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cells. Imaging may also be performed with green and/or blue filters at high 

magnification to facilitate visualization of abnormal blood vessels which may be 

indicative of high-grade pre-cancers or cancers.   

In addition to these liquid-based contrasts, contrast is also achieved with a 

green/blue filters which may be found in some colposcopes. The filter is used to remove 

red light to highlight contrasts for blood vasculature, making them appear darker. 

Significance of the blood vasculature for screening is highlighted in Table 1, which 

describes the modified Reid colposcopic index. 

Pathology analysis : There are 3 different types of methods for obtaining tissue 

samples from the cervix for analysis: (1) a punch biopsy  in which small pieces of tissue 

are taken with an instrument called  a “biopsy forceps”, (2) cone biopsy  where a scalpel 

or laser is used to remove large cone-shaped pieces of tissue from the cervix, and (3) an 

endocervical curettage where tissue is scraped from the endocervical canal with a hook 

shaped device called a curette. Samples are sliced thinly, and slices attached to a glass 

slide. H&E stains are added and then the tissue section is visualized under high 

magnification using a microscope. Pathologist classify samples as normal, benign 

(including other cervical inflammation and anomalies such as cervicitis and 

condilomas), pre-cancer (CIN1, CIN2, or CIN3) or invasive cancer. Pathology is 

regarded as the gold-standard for cervical cancer diagnosis. 
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1.1.4.4 The modified Reid colposcopic index [22] 

This is described as an objective method of grading colposcopic severity of 

premalignant cervical lesions. The index uses a combination of four main colposcopic 

indicators: lesion margin, color of acetowhitening, blood vasculature and iodine 

staining. Studies have found that utilizing the modified Reid index improves colposcopy 

performance, even over that of high-risk HPV testing.  Hong et al, found sensitivity and 

specificity of modified Reid index to be 91.3%, 92.9% respectively, compared to HPV 

sensitivity and specificity of 94.4% and 65% respectively[23]. Features used in the index 

are summarized in Table 1 and 2 below. 

Table 1:  The modified Reid colposcopic index [22] 

Colposcopic 
signs 

0 points 1 point 2 points 

Color Low-intensity acetowhitening (not 
completely opaque); indistinct 
acetowhitening; transparent or 
translucent acetowhitening; 
acetowhitening beyond the margin of 
the transformation zone; Pure snow-
white color with intense surface shine 

Intermediate shade - 
grey/white color and 
shiny surface (most 
lesions should be scored 
in this category) 
 

Dull, opaque, oyster 
white; grey 
 

Lesion 
margin 

Microcondylomatous or micropapillary 
contour; Flat lesions with indistinct 
margins. Feathered or finely scalloped 
margins; Angular, jagged lesions 
Satellite lesions beyond the margin of 
the transformation zone 

Regular-shaped, 
symmetrical lesions with 
smooth, straight outlines 

Rolled, peeling edges 
Internal demarcations 
between areas of differing 
colposcopic appearance-a 
central area of high-grade 
change and peripheral 
area of low-grade change 

Vessels Fine/uniform-caliber vessels- closely 
and uniformly placed Poorly formed 
patterns of fine punctation and/or 
mosaic; Vessels beyond the margin of 
the transformation zone; Fine vessels 
within microcondylomatous or; 
micropapillary lesions 

Absent vessels Well defined coarse 
punctation or mosaic, 
sharply demarcated - and 
randomly and widely 
placed 

Iodine Positive iodine uptake giving 
mahogany-brown color 
Negative uptake of insignificant lesion, 
i.e., yellow staining by a lesion scoring 
three points or less on the first three 

Partial Iodine uptake 
with speckled 
appearance 

Negative iodine uptake of 
significant lesion, i.e., 
yellow staining by a lesion 
already scoring four 
points or more on the first 
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criteria 
Areas beyond the margin of the 
transformation zone, conspicuous on 
colposcopy, evident as iodine-negative 
areas (such areas are frequently due to 
parakeratosis)7 
 

three criteria 

 

Table 2: Colposcopic prediction of histologic diagnosis using the modified 
Reid Colposcopic Index (mRCI) [22] 

mRCI (overall score) Histology 
0-2 Likely to be CIN 1 
3-4 Overlapping lesion: likely to be CIN 1 or CIN 2 
5-8 Likely to be CIN 2-3 

 

1.1.4.5 Visual inspection of the cervix 

Sometimes rather than use a colposcope, direct visual inspection of the cervix is 

performed with the naked eye to identify any changes before and after application of 

contrast agents. In these cases, an external light source such as a lamp may be used to 

illuminate the vaginal or cervix. A biopsy may or may not be taken to confirm diagnosis. 

1.1.4.6 HPV vaccination and testing [24] 

Vaccination: HPV vaccine protects against high risk HPV types that can lead to 

cancer or genital warts. The vaccines protect against HPV types 16 and 18, which have 

been found to cause about 80% of cervical cancer cases. It also protects against HPV 6 

and 11, which causes 90% of genital warts and 5 other subtypes can lead to cervical, 

anal,  vulva/vagina, penis, or throat cancers. Previously vaccinations were 

recommended for people up to the age of 26 years, however more recently vaccination 
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recommendations have been extended to people aged 9-45 years. The vaccine is given in 

3 shots over a 6-month period for ages 15-45 and in two shots over a 6-month period for 

ages 9-14. 

HPV testing: As mentioned in prior the chapter, persistent infection with HPV is 

required for high-risk CIN3 and ICC to develop. It should be noted that detection of 

high-risk HPV is necessary but not sufficient for development of cervical cancer. About 

90% of HPV infections are transient and are cleared within 1-2 years. HPV testing 

performed is similar to a Pap smear procedure. A speculum is inserted, and cells are 

taking with a spatula and sampling brush. Cells are analyzed for HPV DNA by 

polymerase chain reaction (PCR) which can look for specific types of HPV, or general 

HPV presence. Liquid hybridization is another method for HPV DNA detection, a 

amplification assay that uses chemiluminescence to qualitatively detect presence of 

HPV, however does not distinguish between HPV types. There is also HPV mRNA 

detection that actually determines whether HPV genes that cause malignant changes are 

present and active. 

1.1.4.7 Treatment 

Several treatment options for cervical pre-cancer and cancer exist and vary 

depending on stage. Cervical pre-cancers which ae usually on the surface of the cervix 

are highly curable and easy to treat. These can be treated with the following: 
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Cryosurgery/cryotherapy: This involves the use of a freezing gas such as liquid 

nitrogen or CO2 to destroy pre-cancerous cells on the cervix. When pre-cancerous cells 

are destroyed, they are replaced with healthy cells. A speculum is used to visualize the 

cervix and a colposcopy or VIA/VILI performed to highlight lesion regions. A cryoprobe 

is placed on the cervix. Nitrogen or CO2 gas at -50C/-58F freezes the metal tip of the 

probe to create an ice ball which kills abnormal cells. The probe is placed on the cervix 

for three minutes, then removed for thawing to occur for 5 minutes, then placed again 

for 3 minutes. Typically, gasses are obtained in large 6 ft tall cryo tanks. To improve 

portability and accessibility of cryotherapy, innovations such as the Cryo Pen GY2 [25] 

and Cryopop [26] which use compressed CO2 gas in a hand held device to perform 

cryosurgery. 

Thermal coagulation: Innovative Thermal coagulation methods [27] have recently 

been introduced as a low-cost, portable, handheld method for treating cervical pre-

cancers Cancerous cells typically have a higher sensitivity to temperature than normal 

epithelial cells. Thermal ablation destroys tissue locally by increasing tissue 

temperatures to above 55 C.  Similar to cryotherapy, a thermal probe is placed on the 

cervix. The cost of the primary thermal coagulator on the market is about $1500 fractions 

less than a LEEP machine.   

Loop electrosurgical excision procedure (LEEP)[28]: This involves cutting out the part 

of the cervix that is abnormal. It is done using a thing wire loop, through which 
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electrical current is passed. A speculum is inserted for the procedure and apatheias is 

applied locally to prevent pain. The wire is placed against the cervix and rotated, as 

current is passed through to cut the cervix. The procedure only takes a few minutes and 

electrocautery used to stop the bleeding from the cut. The most common risk of LEEP is 

heavy vaginal bleeding. However, depending on the depth of the cut it may also cause 

an increase in risk of pre-term birth, premature baby and in some cases a narrowed 

cervix leading to menstrual issues. The average cost of a LEEP machine is about $20,000 

and typically requires a constant source of electricity. 

Cold knife conization [29]: CKC is used for both diagnosis and treatment of the 

cervix. This involved cutting a cone-shaped piece out of the cervix to remove a cervical 

lesion or the entire transformation zone. An angled knife is used to cut out the lesion 

and transformation zone, under local anesthesia. The primary complication of CKC is 

hemorrhage and rarely, infections. CKC has a greater depth of excision than LEEP which 

increases associated risk for preterm delivery and perinatal mortality. CKC is no longer 

recommended for treatment. 

Hysterectomy: Simple hysterectomy is performed on high-grade pre-cancers or on 

women who do not wish to preserve fertility. This involves a surgical procedure to 

remove the uterus and the cervix. In radical hysterectomy tissues next to the uterus and 

a part of the vagina closes to the cervix are also removed. 
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Laser Surgery: This involves using a high-intensity laser light (Carbon dioxide 

laser) to increase the probe of the cervix to above 55C to destroy abnormal cervical cells. 

For more advanced pre-cancers or early stage 1A cancer, a cone biopsy or simple 

hysterectomy can be performed. If cancer has grown into lymph nodes and blood 

vessels, a radical hysterectomy with removal of pelvic lymph nodes is performed. 

For stage 1A2 Cone biopsy with removal of pelvic lymph nodes and radical 

trachelectomy is performed for women who want to have children. For woman who 

don’t want to maintain fertility, external beam radiation therapy (EBRT) or radical 

hysterectomy with removal of pelvic lymph nodes and sampling of para-aortic lymph 

nodes.  For stages IB1 and IIA1 treatment options are surgery, radiation or concurrent 

chemo radiation. Subsequent stages chemoradiation primarily with radical 

hysterectomy and removal of pelvic lymph nodes. At Stage IVB the cancer has spread 

from the pelvis to other parts of the body and is no longer considered curable. Radiation 

therapy and/or chemo can be used to try to slow the cancer growth and relieve 

symptoms [30].  

Table 3: survival rate at each stage of pre-cancer and cervical cancer. 

Stage Description 5-year Survival Rate 
0 Cells confined to cervix surface 91-93% 
1 Cancer in cervix only 80%-93% 
2 Cancer has grown beyond cervix into uterus 50-63% 
3 Cancer spread to lower part of vagina or pelvis walls 32-40% 
4 Cancer spread to nearby organs or other parts of the body 5-16% 
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It is obvious from this description that treatment complexity increases with advance in 

cervical cancer stages while survival rate decreases. This demonstrates the importance 

for early screening and detection of cervical pre-cancers/cancers. 

1.1.5 WHO and ASCCP recommendations for screening and 
treatment 

1.1.5.1 Screening age recommendations [16] 

The ASCCP recommends cervical cancer screening to begin at the age of 21 

years. Screening is not recommended for women less than 21 years of age regardless of 

risk factors or initiation of sexual practice.  This is due to 1) rarity of occurrence within 

this age group (2) no change in cervical cancer incidence for this group even with wide 

spread screening (3) high prevalence of transient HPV infection, potential for benign or 

low-grade lesions which regress on their own. Screening this group can lead to 

overtreatment and potential reproductive problems. Hence no screening of any kind is 

recommended for women of this group, however wide spread HPV vaccinations should 

be performed.  

For women aged 21-29 years, cytology/pap smear is recommended every 3 years. 

HPV co-testing or stand-alone screening is not to be performed for women of this age 

group, again due to the high prevalence of transient HPV infections. 

Women aged 30-65 years screening with both cytology and HPV testing (co-

testing) every 5 years is preferred.  Screening with cytology alone every 3 years is 

acceptable. This is because co-testing with HPV and cytology there has been increase in 
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sensitivity, that has been found to increase detection of prevalent CIN3+ with lowered 

risk of high-grade lesion detection following a negative screen, and thus enabling longer 

screening intervals. 

For women over 65 years old and evidence of adequate negative screening 

results in the past, and no history of CIN2+ within the past 20 years screening should be 

discontinued. For women older than 65 with a history of CIN2+ screening should 

continue for 20 years following regression or management of disease with treatments for 

pre-invasive disease. This should be done even if it goes past the 65-year limit. With 

women at any age who have had a hysterectomy with cervix removal, screening should 

be discontinued.  

Screening practices should not change on the basis of HPV vaccination. This is 

because HPV vaccines protect against the most carcinogenic HPV types 16 and 18, which 

cause 70% of cervical cancers. However, the remaining 30% of cervical cancer would 

continue to occur after vaccination due to the other HPV subtypes. 

1.1.5.2 Multi-tiered screening and treatment management recommendations [16] 

Different management methods are recommended for different outcomes of 

screening. For a negative cytology report where the endocervical/transformation zone 

(EC/TZ) is absent or insufficient, there might be a chance of insufficient sampling of the 

squamocolumnar junction, which might lead to missed disease. However meta-analysis 

studies have found that negative cytology had a good specificity and negative predictive 
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value even with insufficient or absent EC/TZ. Women with absent or insufficient EC/TZ 

do not have a higher risk for CIN3+ compared to women with negative EC/TZ present. 

HPV testing is independent of EC/TZ sampling and adds an added margin of safety for 

women aged 30-64.  

For women 21-29 with negative cytology and insufficient EC/TZ, routine 

cytology screening every 3 years is recommended. For age 30 or older if cytology 

negative and no HPV is performed, it is recommended to perform HPV screening 

however if not available cytology every 3 years is adequate. If HPV is negative routine 

screening is recommended but if positive, cytology and HPV testing should be repeated 

in a year. If HPV specific testing is performed with subtype 16 and 18 positivity, 

colposcopy is recommended for follow up. 

For HPV positive and cytology negative for women above 30 years, co-testing 

should be repeated in 1 year. For women who have ASCUS cytology and no HPV results 

screening should be repeated in a year, for women with ASCUS cytology and positive 

HPV, follow up colposcopy is recommended, for women with positive ASCUS and 

negative HPV contesting, repeat co-testing should be done in 3 years. For LSIL with 

negative HPV, contesting is performed in 1 year, whereas for LSIL with no HPV or with 

positive HPV, colposcopy follow-up recommended. For women with ASC-H, a 

colposcopy is recommended for follow-up regardless of HPV status. For women with 
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HSIL, either treatment with LEEP or follow-up with colposcopy for disease confirmation 

is recommended. 

If after colposcopy guided biopsy pathology is CIN1, or nor lesion, follow up 

cytology or contesting is recommended in a year. If after a year these are negative, 

patient can resume routine screening. If CIN1 is persistent for 2 or more years, follow up 

treatment by ablation or excision with LEEP can be performed. For colposcopy CIN1 

following a HSIL or ASC-H, diagnostic excision or co-testing in 1 and 2 years is 

recommended. For women with CIN2 or 3 treatment with excision. 

1.1.5.3 Screen-and-treat management recommendations for resource-limited settings 
[31] 

The methods described above work well particularly for resource-rich settings, 

where human and laboratory resources for cytology, histopathology and follow up exist 

reliably. In low-and-middle income countries, due to high cost of these screening 

methods, screening coverage is quite low, typically existing only in larger cities, thus 

requiring the need for alternative approaches for early detection of pre-cancers. The 

WHO currently recommends different screening programs depending on program 

resources. One such program is a screen-and-treat approach, where the treatment 

decision is based on the screening outcome, rather than a diagnostic outcome from 

pathology. Treatment is typically provided soon after, or ideally immediately after a 

positive screening outcome. Screening tests for these purposes include HPV tests, pap 

tests, or VIA which can be performed as a single test or in combination depending on 
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resources available. Treatments are mainly cryotherapy, LEEP or cold knife conization 

(CKC), though CKC is no longer recommended. Recommendation for screening 

programs are detailed in the figure below. 

 

Figure 7: WHO screen-and-treat recommendations for different screening 
programs dependent on program’s resources [31]. 
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1.1.6 Limitations to current methods of screening 

1.1.6.1 Limitations to multitiered screening and treatment approach for resource-
limited settings. 

Though early diagnosis and treatment of cervical pre-cancers have been shown 

to significantly increase survival rates [32, 33], this multi-tiered approach requires 

multiple hospital visits, is labor- and equipment-intensive, and requires trained 

personnel and resources, which may not be readily available in low-resource 

settings[31]. The Pap smear (highly specific) is the most common screening method in 

developed countries, yet generally not available in LMICs; it has insufficient sensitivity 

to CIN-2+ for use in once-in-a-lifetime screening. Visual inspection with acetic acid 

(VIA) is a widely used screening test in LMICs, yet is challenging to scale, due to limited 

training of non-physician providers and lack of quality control following provider 

training [34]. Even amongst trained providers, it suffers from high interobserver 

variability, with sensitivity ranging from 14% to 95% and specificity from 14% to 98%, 

dependent on experience [35-43]. In areas where gold standard biopsy is used for 

diagnostic confirmation this is a non-issue. However, in low-resource settings without 

pathology, inaccurate visual inspection diagnosis can lead to undertreatment, which 

may lead to progression of disease and death, or overtreatment, which can cause pre-

term labor, unnecessary anxiety, and increased healthcare expenditures [41, 44]. Highly 

sensitive testing for HPV infection is on the horizon with the potential for scale up in 

primary screening. It has improved reproducibility and quality control compared to VIA 
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but, lacks specificity. Colposcopy is recommended as a confirmatory test for women 

with positive screening results [34], but creates a bottleneck in screening programs as it 

requires referral to a hospital that has a colposcope (costs ranging from $5000-$33000) 

and an expert colposcopist to interpret the images followed by biopsy. Multiple referrals 

necessitated by this method result in loss of women to follow up. For example, our 

partner at la Liga Contra el Cancer, in Lima, Peru which specializes in detection and 

prevention of women’s cancers, estimates that 45% of women who are VIA positive do 

not get secondary testing.  

1.1.6.2 Limitations to screening and treatment guidelines for resource-limited 
settings. 

For these reasons, WHO guidelines currently recommend a screen-and-treat 

paradigm to maximize programmatic success for cervical cancer prevention in LMICs 

[45]. Women should undergo HPV testing if available, followed by VIA if they are HPV-

positive, and cryotherapy if VIA-positive and cryotherapy-eligible. Women should be 

referred to a hospital for colposcopy followed by LEEP for  high-grade pre-cancer. The 

irony in this situation is that most often, low-grade lesions regress and are likely over-

treated since it is difficult to follow women in LMIC settings, while a large proportion of 

women with high-grade lesions who will likely develop ICC will never visit a referral 

setting for colposcopy and LEEP [46]. Thus, it is critical to design a screen-and-treat 

paradigm that has the greatest likelihood of success within the WHO framework. The 

success of a screen-and-treat program requires not only high-sensitivity, which 
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magnification with the Pocket colposcope provides, but also high-specificity such that 

women are not over-treated in the absence of biopsy confirmation. VIA has low-

specificity due to the fact that benign conditions of the cervix can take up 

acetowhitening and appear as lesions [36-38, 40, 42, 43, 47]. Over-treatment can result in 

pre-term labor in women of reproductive age [48], and it is not economically feasible to 

scale cervical pre-cancer treatment for the high number of false positives that result from 

VIA. Thus, additional sources of contrast as well as automated algorithms are essential 

to make this technology effective in deciding who needs treatment for a pre-cancerous 

lesion.  

1.1.6.3 Limitations to the speculum-based exam 

The speculum, which is used to expand the vaginal canal to enable clear 

visualization of the cervix, is widely acknowledged as a source of attrition for women, 

particularly those who have never had a pelvic exam or who were sexually abused [49]. 

The speculum is a significant barrier for women to seek out cervical cancer screening, 

largely due to anxiety, fear, discomfort, pain, embarrassment, and/or vulnerability 

during the procedure. A study of 354 women in Moshi, Tanzania revealed that key 

barriers for cervical cancer screening were significant concerns about embarrassment 

and pain due to screening from the speculum as well as physician gender [50]. In 

Australia, a study seeking to determine women’s attitudes towards physician versus 

self-insertion of the standard speculum found that 91% of 133 women would choose 
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self-insertion over physician-insertion, and that women have indicated discomfort, 

embarrassment and vulnerability from having another person insert a device and 

examine their cervix [51].  In the U.S., even though there is greater access to health care, 

compliance rates to cervical cancer screening vary, and embarrassment and fear of pain 

during examination have been reported as potential barriers to screening [50, 52-54]. The 

speculum is a cause of discomfort, especially for women with vaginismus, a condition 

involving the involuntary tightening of the vagina often caused by sexual abuse [49]. 

East African countries, such as Tanzania, have among the highest sexual violence rates 

worldwide [55, 56] and also have the highest rate of cervical cancer incidence and 

mortality [57]. Thus, women in low-resource settings may be more likely to participate 

in frequent cervical screening if they have access to a less painful and invasive screening 

method that does not require a speculum. Making the screening process speculum-free, 

allowing for easy insertion and removal of the colposcope, would improve workflow for 

the provider and comfort for women undergoing screening. 

1.1.6.4 Other barriers to screening 

Other barriers cited are the medical and travel costs, and time associated with the 

need to visit a tertiary health institutions for cervical cancer screening [5, 58]. Even 

though there are efforts to deploy visual inspection to community health settings, most 

women still need a follow-up visit for confirmatory colposcopy and another follow-up 

visit for treatment. In this era of patient-centric medicine, self-imaging of the cervix 



 

   28 

would allow colposcopy to reach marginalized women and reduce the need for multiple 

hospital visits. Self-sampling of the cervix has previously been limited by the need for 

the speculum, to visualize the cervix and the cervical os for accurate sampling. HPV self-

sampling overcomes these limitations through sensitive molecular testing and has 

proven feasibility of success [59] . However, HPV sampling is not readily available and 

when it is, there is still a requirement for follow-up cervix visualization to improve 

specificity. Image capture with a low-cost, easy-to-use, self-imaging device, which can 

enable diagnostic reading by a remote health provider would allow women to visualize 

their cervices and receive expert feedback, without the need for a hospital visit. This 

could also be coupled with HPV self-sampling to more effectively triage women. 

1.1.6.5 Awareness related barriers 

Finally, in many settings, women are often not aware of their reproductive 

anatomy and health, which can deter positive health-seeking behavior, particularly as it 

relates to cervical cancer screening [60]. In 2014, the American Congress of Obstetricians 

and Gynecologists (ACOG) and Women’s Health magazine conducted a survey of 7,500 

women and found that 64% of them could not identify a picture of the cervix. The same 

survey found that 54% of women admitted keeping secrets related to their reproductive 

anatomy from their gynecologists, perhaps out of embarrassment related to issues 

pertaining to their reproductive system [61]. Women’s awareness of their reproductive 

anatomy has been associated with high education level of both the women and their 



 

   29 

parents, exposure to media outlets and living near healthcare facilities [62-64]. Further, 

several studies have found that educating women on their cervix and cervical cancer 

significantly increased cervical cancer screening rates more than two-fold [60, 61, 65-71]. 

Simply put, giving women access to accurate information and a comprehensive 

education on their sexual anatomy can significantly improve their understanding of 

sexual and reproductive health. One strategy to empower women to care and advocate 

for their reproductive autonomy is the provision of self-exploration technology that 

facilitates women’s visualization, understanding and appreciation of their own vagina 

and cervix. 

If the limitations that produce significant bottlenecks in cervical cancer screening 

in low-resource settings are not addressed, they will lead to increased incidence and 

mortality from the disease and increased disparities between high-income and low-

income countries. We seek to address these limitations by creating a low-cost toolbox 

that would enable wider acceptance of the cervical screening examination, easier access 

to cervical cancer screening through primary care health workers in community health 

settings and accurate diagnoses and treatment of cervical pre-cancers. 

1.4 Specific Aims 

The goal of this work is to develop a novel, low-cost portable device for 

speculum-free cervix imaging, with comparable cervix visualization as the standard-of-

care speculum while providing improved patient comfort. This is coupled to the 
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development of automated algorithms with comparable diagnostic accuracy as expert 

physicians. The overall goal is to improve access to cervical cancer screening particularly 

in resource-limited settings. In the short-term, the speculum-free colposcope will 

address reluctance to screening due to fear of the speculum, while the algorithm will 

bring colposcopy expertise to the point of care, thus enabling expert diagnosis for low- 

or high-grade pre-cancers by community health providers and enabling treatment 

within the same visit. Combining features from various sources of contrast will increase 

the sensitivity and specificity of automated cervical pre-cancer risk assessment. Long-

term, this technology could be utilized for self-screening and tracking cervical cancer 

progression by women themselves in the comfort of their homes. While the studies 

presented here evaluate the Callascope and algorithms for cervical cancer, they can be 

applied towards other applications such for infections, forensic exams, s and cervix 

dilations. The algorithms have applications in a variety of medical imaging applications. 

Our first aim was to develop a patient-centric, mechanical vaginal expander as 

an alternative to the clinical speculum and validate the expander through computational 

finite element analysis, and bench testing in phantoms. For this aim design specifications 

and constraints were determined, plausible designs were developed and rapidly 

prototyped through these specifications. Final designs were tested on custom-built 

vaginal phantoms. Additionally, protocols were developed and conducted to determine 
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the factor of safety, compare cervix visualization of prototypes to the standard-of care-

speculum.  

Our second aim demonstrated clinical feasibility of the Callascope for provider 

insertion and self-imaging of the cervix. Endpoints of cervix visualization, ease-of-use, 

and improvement of comfort were collected and compared to that of the standard 

speculum, As part of the human centered design approach of this work, in-depth 

interviews to key stake holders in Durham, Lima Peru and Accra, Ghana were also 

conducted to determine trans-cultural acceptability for the Callascope and self-cervical 

cancer screening in general.  

Our third aim focused on developing algorithms to extract useful diagnostic 

features from cervigrams and classify them using machine learning methods.  

Algorithms were developed for individual VIA, VILI and GIVI contrasts as well as 

combinations of VIA+VILI, VIA+GIVI and VIA+VILI+GIVI to determine algorithm 

improvement with additional contrast agents. End points of ROC AUCs, sensitivity, 

specificity and accuracy were determined and compared to gold standard pathology 

and to expert colposcopists. 
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2 Aim 1: Design, development and experimental 
validation of the Callascope introducer for use with a 
tampon-sized Pocket Colposcope 

The author of this dissertation, Mercy Asiedu, was the primary investigator of 

this work, performed with the assistance of Júlia Sroda Agudogo, Marlee Krieger, 

Jennifer Gallagher, John W. Schmitt and Nirmala Ramanujam. I would also like to 

acknowledge Christopher Lam for his invaluable technical advice, Robert Miros for his 

advice in design and Rhea Chitalia for her assistance in development of a custom 

phantom for bench testing. 

2.1 Preface 

This aim establishes the development of design specifications, computational 

models and testing, prototyping, development of a custom vaginal model and testing 

protocols needed for a speculum alternative for use with a low-cost, tampon-sized 

colposcope. Towards this end we hypothesize that selected design meets design 

specifications, providing sufficient factor of safety from computational models (greater 

than 4) to withstand simulated vaginal pressures;  enabling cervix visualization in 

phantom testing on par with that of the standard speculum at different vaginal 

pressures corresponding to different patient BMIs, as well cervix orientations 

(retroverted, anteverted, sideverted, etc); and enabling application of liquid contrast 

agents (acetic acid and Lugol’s iodine) routinely used in colposcopy. As a secondary aim 

we develop a miniature version of the Pocket Colposcope to accommodate design 
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specifications. Image quality testing is performed using industrial testing standards and 

compared to the Pocket colposcope which has already been validated against standard 

colposcopes. 

2.2 Introduction 

We have developed a patient-centric vaginal inserter as an alternative to the 

speculum (Fig. 8a), for use with the Pocket colposcope to enable speculum-free, self-

insertion, and image capture of the cervix. The device has a slim tubular body of 1.0 cm 

diameter opening up to a curved funnel-like tip measuring approximately 2.5 cm in 

diameter. The curved tip enables easy manipulation of the cervix, especially in cases 

where the patient has a tilted uterus. The inserter has a channel through which a 2MP 

mini universal serial bus (USB) camera with LED illumination fits to enable cervix image 

capture (Fig 8b). The channel also enables acetic acid/Lugol’s iodine application and 

insertion of swabs for Pap smear sample collection. The camera can be connected to any 

USB enabling device such as a mobile phone, tablet or computer for image capture. This 

study presents the computational design, fabrication,  bench-testing and evaluation of 

the device with 15 volunteers. Our results demonstrate that the device can be combined 

with the Pocket colposcope to enable speculum-free cervix visualization.  This inserter 

not only has the potential to allow for patient-centered colposcopy, but can also be used 

to center and identify the cervix for physician-based or self-Pap/HPV testing.  
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Figure 8: Vaginal inserter prototype and components. a) Vaginal Inserter with 
digital colposcope inserted, imaging a mannequin cervix with white LED 

illumination. b) Image of the device with dimensions with the mini USB camera 
inserted and interfacing with the smartphone for imaging. The image shows the 

camera in the introducer imaging a mock cervix in real time. 

2.3 Materials and Methods 

2.3.1 Modeling and finite element analysis of candidate inserter 
designs 

Several inserter designs were proposed as potential replacements for the 

speculum to enable speculum-free self-colposcopy. Three main designs were explored: a 

mechanical billed expander, a silicone expander and a probe inserter (Fig. 9). The idea 

for the billed expander was to have a mini-speculum at the tip of a probe, which would 

be closed upon insertion and opened once inserted to expand approximately an inch of 

the vaginal walls closest to the cervix. Since there would only be minimal expansion of 

the walls, we speculated that this would be more comfortable than the speculum, which 

expands the entire vaginal canal for cervix visualization. We also considered a silicone 

expander, with similar expansion material and geometry to a menstrual cup. The head is 

connected to a hollow cylindrical stem, which serves as the working channel for camera 
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insertion, acetic acid application, etc. The idea for this model was to insert the silicone 

component similar to how a menstrual cup is inserted (by folding over the silicone). 

Once inserted, the silicone cup would expand and the stem could be used to further 

push up the cup until it reaches the cervix. When a menstrual cup is inserted properly, it 

cannot be felt at all hence we anticipated that this approach would be a comfortable 

alternative to the speculum.  The third model was based on a vaginal suppository 

design, enabling simple insertion and removal. It is comprised of a single hollow probe 

with a funneled-out tip of a smaller open diameter than the silicone cup (~2.5 cm). 

 

Figure 9: CAD designs of standard speculum (from GrabCAD) and vaginal 
inserter/expander prototypes. 

The probe with the camera can be inserted into the vaginal canal and pushed 

through until the cervix comes into view. Design specifications and constraints (Table 4) 

were considered in the design of each model. Other important considerations included 

ease and simplicity of use by both physician and patients. The designs were modeled 

using 3D computer-aided design (CAD) software, SolidWorks®. The 3D model for the 



 

   36 

speculum was obtained from GrabCAD. The mechanical expansion design was 

comprised of four main parts: 1) an outer stem with an extension on one end (fixed bill) 

for manipulating the cervix; 2) a single bill with an extender connected to a plunger to 

expand and close the bill; 3) the silicone cup model comprised of a shore 40A menstrual 

silicone cup attached to a plastic hollow cylinder; and 4) the probe comprised of a single 

plastic piece with a hollow cylinder which tapers open at one end. The different designs 

were tested using finite element static analysis by applying a pressure of 15 cm H2O, 

slightly higher than the vaginal pressures of a woman is in supine position [72] 

(protocol: http://dx.doi.org/10.17504/protocols.io.hrgb53w). Analysis was simplified by 

assuming the devices had been inserted and expanded (where applicable) to a fixed 

position and fixed boundary conditions were applied. 

Table 4: Design specifications and constraints 

Specification/Constraints Metric   Rationale 
 

Visual Area 2.0cm – 3.0 cm  Average cervix diameter = 2.5cm [73]   
Working distance from 
camera to cervix 

4.5cm – 7.0cm Imaging distance determined (specific to camera) 
which enables visual area specified to be achieved 

Minimum working channel 
diameter 

0.8 cm Smallest diameter of cameras in use (Supereyes 
Y002) 

Total length 15cm Maximum vaginal length (10 cm) plus grip (5 cm) 
[74] 

Range of vaginal pressures 
to withstand 

0.1 – 12 cm H2O Range of vaginal pressure for supine position [72] 

Safety factor 4 Medical device factor of safety [75] 
Biocompatibility ISO 10993-5, 10993-10 Biological evaluation of medical device tests for 

irritation, sensitization and cytotoxicity [76, 77] 
Sterilization compatibility ETOH, Autoclave, sodium 

hypochlorite 
Sterilization recommendations for medical 
equipment [78, 79] 

Compatibility 
with other devices 

USB Camera, Cotton swabs, 
cytobrush 

Tools that would be used with the inserter for 
cervical cancer screening 
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Designs were tested using stainless steel (A316) for the speculum, ABS plastic for 

billed mechanical expansion and probe inserter designs and silicone (Shore 40 A 

durometer) for the silicone cup design. Stainless steel was selected based on prior 

materials used for speculum design. ABS plastic was selected based on rapid 

prototyping materials approved for medical use and the silicone material was selected 

based on existing materials used for menstrual cups.  The Factor of Safety (FOS), a 

dimensionless mechanical term describing the capacity of a device to withstand loads 

greater than the expected load, was determined by dividing the yield strength by the 

maximum strength. The food and drug administration (FDA) does not specify any 

particular FOS for medical devices. For our context, we selected a factor of safety of 4 

which has been previously used in the design of a speculum by a different group [75].  

The finite element analysis showed factor of safety (FOS) plots over the entire 

device, ranging from relatively low values in red to high FOS values in blue (Fig. 10). 

The lower the FOS, the more likely the device is to fail under pressure and possibly 

fracture within the patient’s body during use. This metric is especially important for 

devices that have to expand to open the vaginal walls. All the devices had a minimum 

FOS above the acceptable value of 4. The standard speculum had a minimum FOS of 

8.07. The billed expander was rated 11.67; the silicone expander, 346; the flat tip inserter, 

3095.3; and the curved tip inserter, 90.9.  
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Figure 10: Finite Element Analysis and Factor of Safety (FOS) plots for the 
standard speculum and the inserter/expander prototypes. Green arrows indicate fixed 

surfaces and other colored arrows indicate applied pressure. All the prototypes 
designed have minimum FOS greater than 4 with the minimum factor of safety for 

the devices as follows: a) speculum = 8.07, b) billed expander=11.67, c) silicone 
expander=346, d) flat tip inserter =3095 and e) curved tip inserter=90.9 

2.3.2 Rapid prototyping and bench testing 

Once the designs were finalized, each device was rapid prototyped using a 3D 

printer (dimension 1200es, Stratasys, Ltd.). The mechanical expansion device was 

assembled using stainless steel pins. The silicone device was assembled by attaching a 

menstrual cup to a 3D-printed cylindrical stem. For bench-testing, we created a custom-

made vaginal phantom using a synthetic female reproductive organ obtained from 

Syndaver labs™. The organ was comprised of outer genitalia, labia, a vagina, cervix, 

inner and outer os (cervical opening into the uterus), uterus, ovaries and fallopian tubes. 

The structural design was based on an amalgam of CT and MRI images from actual 

patients and the synthetic tissues employed in construction had been validated against 

the mechanical, physicochemical, thermal and dielectric properties of living tissue 

(Syndaver labs™). The organ was compatible with both imaging and surgical equipment 
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and devices, hence provided a realistic experimental testing platform for our prototypes. 

Different vaginal pressures were simulated by suspending the organ in a custom-made 

tank that was filled with ultrasound gel of known density, to appropriate heights (Fig. 

11a), to provide the desired pressures through the relation shown in Equation 1:  

(1) 

 

 

Figure 11: Custom phantom for bench testing of developed prototypes. a) 
Vaginal organ model b) Schematic of phantom with vaginal organ suspended in 

acrylic tank and filled with gel. Pgel is pressure from the gel, ID is inner diameter of 
the opening. c) Cervix image from phantom showing central os and side walls d) 

Circular cervix grid for calculating percent visual area e) Cervix overlaid with circular 
grade with PVA calculated. 

Where the density (ρ) was equal to 1 g/cm3  and acceleration due to gravity (g) 

was equal to 10 m/s2. Each prototype was inserted into the phantom vagina, opened to 
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the desired position (where applicable) and images of the cervix were captured with a 

2MP USB camera (Supereyes Y002) and saved for further analysis to determine the 

percent visual area (PVA) that each prototype allowed. It should be noted that the 2MP 

USB camera used for our experiments and clinical studies is a low-cost, off-the-shelf 

camera with no added features and is different from the 5MP Pocket colposcope camera 

on which our group previously published [20]. However, all of the proposed designs are 

adaptable to the 5 MP Pocket colposcope by simply increasing the diameter of the stem 

diameter of the speculum-free device. Testing was performed under vaginal pressures of 

0.1cmH2O to 15 cmH2O, spanning the range of supine position pressures previously 

cited (protocol: http://dx.doi.org/10.17504/protocols.io.hrhb536). Images were also 

captured with the standard Graves speculums for comparison. The percentage of 

unobstructed cervical area, with the os centered, was calculated from each image using a 

circular grid (Fig. 11d and e)  [80] and Equation 2, which provided a standardized 

comparison regardless of distance between the camera and the cervix.  

   

(2) 

Based on initial favorable testing with the flat tip inserter, we designed an 

iteration of it for further testing to enable manipulation of the cervix for effective use in 

women with severely tilted uteri, namely retroverted (tilted posteriorly), anteverted 

(tilted anteriorly) and sideverted uteri (tilted to the side), a condition which affects about 
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20% of women [81]. The main modification made to the probe inserter was the addition 

of a slanted curvature to the tip as shown in Fig. 12. Since the cervix is shaped like a 

semi-sphere with the curved portion interfacing with the inserter, protrusion of the tip 

of the inserter is required to easily manipulate it (Fig. 12). The variation of the design 

was tested in the phantom to assess ability to manipulate the cervix at different tilts.  

 

Figure 12: Original flat tip inserter and optimized curved tip probe inserter. 
Images of the devices inserter into the vagina show how the curved tip of the 

optimized inserter enables manipulation of the cervix. 

To test the two probe inserters, the uterus in the phantom was tilted under 

constant pressure (5 cm H2O) 30◦ to the side for sideverted, 30◦ downwards for 

retroverted and 30◦ upwards for anteverted position. Height and angle measurements 

were achieved using a 30 cm ruler and a protractor attached to the acrylic walls of the 

phantom respectively. The prototypes were inserted and used to gently manipulate the 
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cervix into the mid-position, with the os centered as well as possible.  Images were then 

taken for further visual analysis to estimate how much of the cervix, with the os 

centered, could be visualized. The percentage of unobstructed visual area was calculated 

using Equation 2. The offset of the os from the center for each image was also 

determined by measuring the distance from the position of the os to the center of the 

grid.  Each experiment was repeated 5 times and all results were statistically compared 

between designs and the standard speculum using Student t-tests (α=0.05) 

Testing in the phantom was conducted to compare visualization of the cervix 

afforded by the different prototypes under different pressures (0.1-15 cmH2O) 

corresponding to and slightly above a range of vaginal pressures of 0.1-12.0 cmH2O 

measured in the supine position [72]. Images were also taken with a standard medium-

sized Graves speculum to compare visualization with the standard of care. Fig. 13a and 

13b show representative images and a graph of the percent visual area from each 

prototype as well as the standard Graves speculum of the cervix phantom at an untilted 

position under different pressures. The images show the central os of the cervix, the 

cervix and the vaginal walls in some cases. Table 5 shows the mean percent visualization 

for the speculum, silicone expander, flat tip inserter, and the billed expander.  



 

   43 

 

Figure 13: Results from experimental determination of percent visual area. a) 
Images of the mock cervix (with centered os) in the vaginal phantom with the graves 

speculum, silicone expander, flat tip inserter and the billed expander. Images are 
captured at different vaginal pressures:0.1, 5, 10, and 15cm H2O, b) Grouped bar plot 

of mean percent visual area of the cervix for the different under the different 
pressures. Error bars are standard deviations. 

 

Table 5: Mean percent visual area (PVA) enabled by speculum and different 
inserter designs under a range of supine position vaginal pressures and normal 

(axially) positioned uteri. 

Pressure value (cm H2O) 0.1 5 10 15 

Speculum mean PVA (%) 100 +/- 0 88.1+/-1.5 78.8 +/- 6.8 80.7 +/- 1.2 
Silicone expander mean 
PVA (%) 

100 +/- 0 100 +/- 0 100 +/- 0 96.9 +/- 3.8 

Flat tip inserter mean 
PVA (%) 

100 +/- 0 97.7 +/- 3.1 92.0 +/- 5.3 78.86 +/- 8.7 

Billed expander mean 
PVA (%) 

98.86 +/- 1.5 45.78 +/- 7.0 31.94 +/-5.7 30.38 +/- 7.4 
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Figure 14: Results from comparing the ability of the speculum, flat tip and 
curved tip probe inserters to manipulate the cervix. a) Images of the cervix at after 

manipulation with the standard speculum, flat tip and curved tip inserters for normal, 
sideverted, anteverted and retroverted positions. b) Top: Measured mean offset of the 
os from the center for each device under different uterus tilts. Bottom: Mean PVA for 

each device under different uterus tilts. Error bars are standard deviations. 

 

Table 6: Mean percent visual area (PVA) enabled by speculum, flat tip and 
curved tip inserter designs under 500 cm H2O pressure and various uterine positions 

(normal, anteverted, retroverted and sideverted). 

Uterine Position Normal Position Anteverted Retroverted Sideverted 
Speculum mean PVA (%) 100 +/- 0 75.8 +/-4 92.0 +/- 5.3 66.5 +/-4 

Flat tip inserter mean PVA (%) 95.78 +/- 3.92 75+/-1.2 51.9 +/- 2.1 59.2 +/- 5.4 
Curved tip inserter mean PVA (%) 95.4 +/-4.5 100 +/-0 93.8 +/-4.3 96.9 +/- 3.8 
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Table 7: Mean percent offset of os from central position after manipulation 
with the speculum, flat tip and curved tip inserter designs under 500 cm H2O 

pressure and uterine tilts (anteverted, retroverted, sideverted) 

Uterine Position Anteverted Retroverted Sideverted 
Speculum mean offset (%) 26.6+/-8.4 15.6+/-6.2 50+/-0 
Flat tip inserter mean offset (%) 41.0+/-3.6 74.7+/-4.4 48.5+/-11.0 
Curved tip inserter mean offset 
(%) 

20.0+/-6.1 33.9+/-3.0 12.5+/-0 

 

Although the devices performed similarly at 0.1 cm H2O, we found statistically 

significant differences at other pressures. Statistical analysis showed that the mean PVA 

for the silicone expander was statistically higher (i.e. better) than the standard speculum 

(p<0.001) for 5, 10 and 15 cm H2O. The PVA for the flat tip inserter was also statistically 

higher than the standard speculum (p<0.01) for 5 and 10 cm H2O. The billed expander 

was worse than the speculum (p<0.00001) for 5, 10 and 15 cm H2O. Even though the 

silicone expander provided the best PVA, it was limited by the complexity of insertion 

and removal. Because the flat tip inserter also performed better than the speculum, we 

decided to further optimize this design by adding a curved tip for manipulation of the 

cervix and further experimental and clinical studies.  

The two variations of the inserter were tested on the vaginal phantom, which 

had been positioned at different tilts to simulate cervices that are sideverted, anteverted, 

and retroverted. Fig. 14a shows images from testing, after the tilted cervices had been 

manipulated towards the center position by the Graves speculum and both the flat tip 
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and curved tip inserters. Fig. 14b and 14c show graphs of the percent visualization and 

percent offset of the os from the center respectively.  

Table 6 shows the mean percent visual area (PVA) of the cervix enabled by the 

speculum, flat tip and curved tip inserters after attempts by each device to center the 

tilted uterus under constant pressure. Table 7 shows the mean percent offset of the os 

from the center after manipulating the cervix.  Results showed that the curved tip was 

best able to manipulate the cervix to a position with the os closest to the center, 

providing the lowest offsets with p <0.00001 for the sideverted position compared to the 

speculum and p< 0.001 for all three positions compared to the flat tip inserter. The 

curved tip also provided the highest PVA across the anterverted and sideverted 

positions compared to the speculum (p <0.00001) and across all three positions 

compared to the flat tip inserter (p<0.0001). 

2.3.3 Addition of a Contrast Channel and Bench Testing  

Use of the Callascope for cervical cancer screening requires the use of contrast 

agents such as acetic acid or Lugol’s iodine. Thus, a channel for contrast agent 

application was added to the inserter of the gen 2 Callascope. The distal end (the part 

farthest from the cervix) of the contrast channel has a Luer lock connector, which 

couples to a Luer lock syringe for contrast application. The proximal end (the part closer 

to the cervix) has a nozzle, which sprays the contrast over the surface of the cervix. The 
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nozzle has several holes designed at varying angles to cover a cervix of about 30mm at a 

distance of 25-30mm away from the cervix. 

 

Figure 15: Liquid contrast application mechanism for Callascope inserter. a) 
Callascope tip with spray nozzles in different directions to cover the cervix, b)Luer 
lock adaptor on inserter, c) Luer lock syringe for contrast application. 

Liquid contrast application testing: Coverage for the spray mechanism on the 

Callascope inserter was tested in a phantom to determine coverage and uniformity (Fig. 

16). For this experiment, a uterus and cervix model was prototyped using 3D printing 

and a circular grid was overlaid on the model (Fig. 16a-c). The grid was 2.5 cm 

indicating the average cervix diameter. An enclosure was placed over the uterus to 

simulate vaginal walls. The inserter was placed and a syringe with diluted Lugol’s 

iodine solution was attached to the Luer lock adapter. The syringe was then pressed for 

contrast release and an image was taken of the grid. The area coverage was calculated as 

areas covered with the brown Lugol’s iodine dye. For contrast application we 

determined the volume of solution needed for coverage. Based on physician input, the 

maximum solution for application was determined as 3ml (enough to cover the cervix 

a
c

b
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but to prevent pooling of liquid). We initially used a 3ml syringe, but due to decreased 

pressure in the 3ml syringe, which led to inadequate coverage, we developed an 

application method with a 10ml syringe. In this method the contrast is drawn into the 

10ml syringe up to the 3ml mark. The syringe is then drawn up all the way to the 10 ml 

mark, making the composition 3ml of liquid, with 7ml of air. When applied this 

provides higher pressure than that of the 3ml syringe, while maintaining the same liquid 

volume.  We also tested 2ml, and 1ml volume delivery to determine the minimum 

needed for adequate cervix coverage. These results were plotted and analyzed for 

statistical significance using a students’ t-test. (α = 0.05).  

Contrast application: Testing of the contrast applicator over the grid of the 

cervix phantom was carried out for 4 application scenarios: 3ml of contrast agent with a 

3ml syringe, and 3 ml, 2 ml and 1 ml of contrast agent with a 10ml syringe. 

Administration of 3ml and 2ml of contrast agent with the 10 ml syringe provided the 

most uniform and complete distribution over the grid. This is likely due to the higher 

pressure afforded by the 10ml syringe. 1ml of contrast agent resulted in insufficient 

liquid to cover the entire grid (Fig. 16 d-h). 
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Figure 16: Testing of contrast application. a)Uterus model with circular grid 
fixed, b)Uterus model with vaginal wall model fixed, c) Set up showing contrast 

application (Lugol’s iodine) and imaging on Android software, Contrast application 
testing over a circular grid with 2.5cm diameter for an average cervix. Testing was 

performed with 3ml of liquid, according to expert physician maximum volume 
recommendation. Testing was performed with d) 3ml of liquid in 3ml syringe, and in 

e)10 ml syringe, in which air was drawn up to fill the remainder of the syringe to 
increase spray pressure. This was repeated with f) 2ml of liquid in the 10ml syringe 

and  g)1 ml of liquid in the 10ml syringe, h) Bar graphs for results with each test 
conducted with 5 repetitions. Error bars are standard deviations. 

 

2.3.4 Development of a miniature 2MP Pocket Colposcope, the 
Callascope and comparison to 5MP Pocket 

Imaging component: The camera that was described in our previous publication 

was an off-the-shelf USB camera, Supereyes Y002. Limitations of this camera were low 

illumination, haziness when inserted into the vaginal canal, and were not ergonomic as 

d e

f g

h

3m
l s

yr
in

ge, 
3m

l

10
m

l s
yr

in
ge, 

3m
l

10
m

l s
yr

in
ge, 

2m
l

10
m

l s
yr

in
ge, 

1m
l

0

50

100

P
er

ce
nt

 c
ov

er
ag

e 
(%

)

Spray coverage of target

c



 

   50 

required for cervix imaging. The new custom camera (Fig. 17), which we call the 

Callascope camera, prototyped using a 2MP camera sensor and module components and 

custom designed, 3D printed parts and a blue tooth button enables a more ergonomic 

device for use with the inserter. The cost of materials for the camera is less than $30 

enabling decreased cost compared to the off-the-shelf camera.  

 

Figure 17: Custom built 2MP camera for use with inserter: a) 3D CAD of 
Custom 2MP camera, the Callascope camera, with components for image capture, 

brightness adjustment, camera module and LED, b) 3D CAD of Callascope camera 
with inserter, c) Schematic of hardware components of Callascope camera. 

Image quality testing: Image quality testing was performed using a cervix 

mannequin with acetowhitening, while resolution and color characterization was 

performed using a USAF1951 resolution target and a Rezchecker color accuracy target.  

Images were captured from each image target with n=5 repetitions for each of the 
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imagine devices, i.e the Supereyes Y002 camera previously used, and the new custom 

2MP camera. The cameras were used with the inserter covered with a reflector. Cervical 

mannequin and resolution target images were analyzed using the open-source Fiji 

software package [82]. Michelson contrast was calculated using pixel information 

obtained from Fiji software to determine difference in contrast for the Supereyes camera 

and the new 2MP camera. The Michelson contrast was analyzed and compared using a 

student’s t-test with n=5 repetitions (α = 0.05). 

Image quality: Representative images of a resolution target and synthetic cervix 

comparing the 5MP camera (used in the Pocket Colposcope), the Supereyes Y002 camera 

and the custom Callascope is shown in Fig. 18. The resolution for the Supereyes camera 

was 125 um while both the Callascope and 5MP Pocket provided a resolution of 49.6um 

at a working distance of 30 mm. Color targets (Fig. 18b) and cervix mannequin images 

(Fig. 18c) comparing the 3 cameras show hazy, imaging with the Supereyes Y002 

compared to the 2MP Callascope and  the 5MP Pocket Colposcope; and this is also 

reflected in the line plots (Fig. 18d). 
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Figure 18: Image quality analysis and comparison for  5MP Pocket, Super eyes 

2MP camera, and Callascope. a) Resolution testing, b) color target testing, c-d) 
phantom imaging and line plots for all three cameras. Results demonstrate 
similarities between Pocket colposcope and Callascope. 

Mobile health application: We have also developed a mobile application 

utilizing android studio and amazon web services for HIPPA compliant image capture 

and cloud storage (Fig. 19a-d).  This mobile app was designed, and pilot tested by the 

author of this dissertation. Coding of the application into android was done by Aaron 
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Randall (software developer, SAS). The software is secured, requiring a user 

authentication upon use. It allows EMR-style, patient lookup and data entry of patient 

information on forms that can be customized by an admin through a backend web 

portal (Fig. 19 e-f). As part of data entry forms new patients can be registered, 

colposcopy imaging performed, by connecting the USB camera to the phone for 

imaging, and follow-up appointments scheduled. Data is saved in a HIPAA compliant, 

cloud-based server if internet connection is present. If not, data is saved on board the 

device until connection is obtained, and then uploaded to the cloud. The application also 

allows a remote health provider to review patient images for telemedicine capabilities, 

to track patients over time, and to follow-up with patients.  

 

Figure 19: Calla mobile application and website. a) Mobile application 
introductory page after log-in, b) sample patient form entry page, c) imaging page 
showing imaging of a mock cervix, d) review page showing data collected during a 
test exam, i.e date of exam, images and initial diagnosis, e) website log-in. Website 
enables providers to review patient images and information online, it also enables 
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admin to enter forms, add users, change user roles, add languages, etc which is 
reflected in the mobile application, f) sample admin form for colposcopy exam where 

admin enters questions for inputs which are then deployed in application. 

2.4 Discussion 

We have developed an Inserter as an alternative to the standard speculum for 

use with our Pocket colposcope to enable speculum-free, self-insertion, and image 

capture of the cervix. The device has a slim tubular body of 1.0 cm diameter opening up 

to a curved funnel-like tip measuring approximately 2.5 cm in diameter. The materials 

used for manufacturing the body of the inserter will be made of similar material as 

standard-of-care plastic speculums and future work will include a soft-touch silicone tip 

to further reduce any vaginal discomfort, particularly for patients with vaginal atrophy. 

We also expect that the device will be lubricated, per standard-of-care before insertion to 

prevent tearing of the vaginal epithelium. The inserter has a channel through which a 

2MP mini USB camera with LED illumination fits to enable cervix image capture. The 

channel also enables acetic acid/Lugol’s iodine application and insertion of swabs for 

Pap smear sample collection. The camera interfaces via a USB cable to a phone, tablet, or 

computer, all of which provide power to the camera and enable image capture. Thus, the 

camera only requires a charged phone, tablet, or computer to operate, but does not 

require AC power or a separate battery source. Illumination is provided by built-in 

white LEDs from the camera. We envision that the camera/inserter device will replace 

the standard colposcope and speculum in the cervical cancer screening paradigm. The 
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cost of the 2MP USB camera is $54. This is much less compared to the cost of a standard-

of-care Leisegang Optik2 digital colposcope (up to US$20,000). We estimate that the 

projected cost of the inserter under mass production will be less than a dollar about the 

same price as a plastic speculum. This provides a significantly lower cost for colposcopy 

examinations. Combined with the Pocket colposcope, the inserter can also be used for 

HPV and Pap smear sample collection by the patient herself or clinician since the 

cytobrushes used have similarly small diameters. 

The final inserter design was selected out of four initial designs as optimal due to 

results obtained from mechanical simulations and phantom tests. The mechanical tests 

demonstrated a high factor of safety (90.9) for the selected inserter under vaginal 

pressure simulations and the phantom tests demonstrated adequate unobstructed 

visualization and ability to manipulate the cervix. The inserter was compared to the 

Graves speculum. Visualization between the two, though not significantly different for 

normal positions and retroverted uterus tilts, showed that the inserter was significantly 

better for sideverted and anteverted positions (p<0.00001). Pressures used for testing 

were obtained from a study using a vaginal pressure catheter to record vaginal pressure 

in fifteen women without risk of prolapse during different exercises and states of rest 

[72].  Testing with the range of pressures for women in a supine position demonstrated 

that, even though visualization from the speculum and inserter are comparable at lower 

vaginal pressures, the inserter is superior at higher pressures, where there is more 
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obstruction of the cervix by the vaginal walls. Hence, our device has the potential for 

more comfortable cervical examination for larger women or women with multiple prior 

pregnancies who have lax vaginal walls that might require use of a large speculum or a 

side wall retractor, which adds to the pain and discomfort of the procedure. Our design 

also enables manipulation of the cervix for cervical imaging of women with tilted uteri, a 

condition that affects about 20% of women and is difficult and painful when using the 

standard speculum for manipulation. 

The USB camera used for this study’s experiments is a low-cost, 2MP off-the-

shelf camera with no added features and substandard image quality and is different 

from the Pocket colposcope camera we have previously published on [20]. The Pocket 

colposcope, a low-cost, pen-sized, transvaginal digital colposcope, has been clinically 

validated by physicians worldwide to have image quality concordance comparable to 

high-end state-of-the-art digital colposcopes [20]. The Pocket colposcope uses consumer 

grade lighting sources and a 5MP camera in a tampon form factor for white and green 

light colposcopic imaging. Our next steps will be to modify the inserter to accommodate 

the Pocket colposcope for added image quality for cervical cancer diagnosis and 

clinically validate that the use of the Pocket colposcope with the inserter does not 

deteriorate image quality and cancer screening and prevention.  

In addition to image capture of the cervix for colposcopy examinations, the 

channel of the inserter enables the insertion of cotton swabs and cytobrushes typically 
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used during HPV and Pap smear collection. Procedures to obtain these samples 

typically involve the use of a speculum. Due to the small diameters of the swabs and 

brushes used (≤ 7mm) the inserter could provide a more comfortable alternative to the 

speculum for cervix sample collection. Additionally, the camera/inserter technology can 

be used at home by women to view the cervical os for determination of cervical dilation 

during labor and detection of false labors.   
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3. Aim 2: In vivo clinical and home-based studies to 
determine feasibility for provider and self-use 
The author of this dissertation, Mercy Asiedu, was the primary investigator of 

this work, performed, with assistance from Júlia Agudogo, Mary Elizabeth Dotson,  Rae-

Jean Proeschold-Bell, Wesley Hogan, Gita Suneja, John W. Schmitt and Nimmi 

Ramanujam. For this work I would also like to acknowledge Jennifer Gallagher and 

Bonnie Thiele for their invaluable clinical assistance, as well as Tish Griffin and Shirby, 

nurses in Duke clinic 1J. 

3.1 Preface 

This work describes a series of in vivo studies to test the feasibility of the 

Callascope for health provider use in the clinic, for use by patient in the clinic and use by 

a patient in the comfort of their home. Additionally, results from in-depth interviews 

with women are described. Towards this aim we hypothesize that the Callascope 

provides an increased (2x) patient acceptability and comfort over the standard of care 

speculum while providing cervix visualization and provider ease-of-use on par with the 

standard speculum.  

3.2 Introduction 

This work reports on five distinct avenues of inquiry that directly serve to 

address the barriers described in the introduction: (1) a pilot clinical study in healthy 

volunteers to determine feasibility of self-imaging of the cervix with physician assistance 
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using of the flat and curved-tip introducers in a clinical setting. The pilot clinical study 

in volunteers provided initial validation on the functionality of the Callascope to be used 

by women, with some physician assistance, if needed to image their own cervices, (2) a 

pilot clinical study in pap patients to demonstrate the effectiveness of the Callascope for 

examination of the cervix by health care providers providing cervical cancer screening, 

and provide direct comparison of cervical visualization with the Callascope versus the 

speculum on the same patients (3) healthy volunteer studies where women performed a 

home-based self-exam after completion of a short training session in a clinical setting to 

demonstrate the feasibility of self-screening in the absence of a health professional, (4) 

Studies in patients and volunteers to demonstrate cervix coverage with contrast agents, 

and finally (5) in-depth interviews, pre- and post-surveys as well as audio reflections (in 

the self-imaging group only) to collect perceptions of the speculum, cervical cancer 

screening, and experiences with the Callascope. Results demonstrate that the introducer 

can be used by at least 80% of women for visualization of the cervix with greater than 

90% of women indicating low pain and greater than 75% indicating high ease -of-use. 

Visualization with the Callascope with physician use and self-imaging produced 

comparable results- the Callascope visualized the cervix in more than 80% of women in 

both groups. Further, this increased to 100% in the self-imaging group when they were 

allowed to repeat this at least once at home. Both patients and healthy volunteers 

indicated overwhelming preference for the Callascope over the standard-of-care 
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speculum. In their audio reflections from the home study, volunteers indicated that the 

Callascope was easy to use and they expressed improved awareness of their 

reproductive anatomy. In in-depth interviews majority of interviewees indicated a 

preference for the Callascope and for self-cervix imaging. Overall these studies suggest 

the feasibility of using the Callascope for speculum-free clinic-based imaging and self-

imaging of the cervix.  

3.3 Study to determine feasibility for self-cervix imaging 
with physician assistance 

3.3.1 Methods 

A pilot exploratory study in human subjects was conducted to demonstrate 

feasibility of the inserter with a 2MP camera to capture cervix images without the 

speculum while providing higher level of comfort compared to the speculum. This 

study was approved by Duke University’s institutional review board (IRB) and 

performed with approved protocol, informed consent process, and data storage system 

(Pro00008173) at the Duke University Medical Center (DUMC). Fifteen healthy 

volunteers (21–65 years of age) provided written informed consent using an institutional 

IRB-approved consent form for the insertion and image capture procedure. Since Pap 

smears are recommended for women starting 21 years of age and some of these women 

may present with an abnormal Pap and need a colposcopy, we considered women 21-65 

years of age for our study [83]. Participating volunteers were also provided a copy of 

their signed consent form. The original consent form is kept in a secured research binder 



 

   61 

that is also used to document the consent process and procedure followed the approved 

protocol in a locked cabinet residing in a locked office that only IRB-approved personnel 

on the study have access to.  

After informed consent was obtained, volunteers were asked to complete a pre-

examination questionnaire to assess their experiences with and attitudes towards the 

standard speculum and vaginal examinations. Volunteers were then trained for about 5 

minutes on how to use the inserter with the camera and capture images of their cervices 

using a pelvic mannequin. Once trained, each volunteer inserted the device herself and 

maneuvered it to find her cervix with the aid of the camera (for image capture) and 

mobile phone (for image display). The physician on the study, assisted when the 

volunteer found it difficult to find her cervix. Physician assistance came in the form of 

guidance on how to manipulate the inserter rather than physical manipulation of the 

inserter. Images were captured once the cervix was in view. Since these were healthy 

volunteers, no acetic acid was applied during the procedure. Between patients, we 

performed high level disinfection by submersion in 2% hydrogen peroxide for eight 

minutes under room temperature, as recommended for semi critical devices (contact 

with mucous membranes or non-intact skin during patient use) [84, 85].  

After the examination was complete, the volunteers were asked to complete post-

examination questionnaires. The volunteer post-examination questionnaires assessed 

comfort and compared their experience with the inserter to previous examinations with 
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a speculum. Volunteers who had no previous speculum examinations did not complete 

the portion of the questionnaire that asked for comparisons between previous 

examinations with the inserter examination. In addition, responses from one volunteer 

were eliminated due to failure of the volunteer to complete required sections of the 

questionnaires. For the study we qualitatively compared the visualization of the cervix 

and the centeredness of the os for both the flat tip and curved tip inserters. 

3.3.2 Results 

Testing of the flat tip and curved tip inserter variations were performed in fifteen 

volunteers. Volunteer demographics for the study are outlined in Table 8. For 

demographics, we looked at the number of vaginal deliveries, previous history with the 

speculum and use of tampons, as these could affect how easy and comfortable women 

would find the inserter.  
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We also determined whether women thought the speculum was a barrier to 

screening and what they considered to be the top three most important factors for 

cervical cancer screening. Most of the volunteers were under the age of 29 and had not 

had any vaginal deliveries and approximately half of them had had fewer than two 

speculum examinations, however, three- quarters of the volunteers were regular users of 

tampons/menstrual cups. Two-thirds of the women did not consider the speculum to be 

a barrier to cervical cancer screening, however, one-third thought it was a small to 

medium barrier. Most of the women thought that adequate assessment of risk was most 

important in cervical cancer screening, while cost (three- quarters of the women) and 

comfort (half of women) were the second and third most important factors, respectively. 

Only one woman considered physician gender to be an important factor.  

Table 8: Participants’ (n=15) demographics for clinical study 

Characteristics Response Volunteers 
% (n) 

Age, y • ≤ 29 
• 40-44 
• 45-49 

86.7 (13) 
6.7 (1) 
6.7 (1) 

Number of vaginal deliveries  • 0 
• 3 

93.3 (14) 
6.7   (1) 

Number of cervical examinations with a 
speculum 

• 0 
• 1-2 
• 3-5 
• 6-10 
• >10 

13.3 (2) 
33.3 (5) 
26.7 (4) 
6.7   (1) 
20   (3) 

Regular use of tampons • Yes 
• No 

77.8 (7/9) 
22.2 (2/9) 

Barrier of speculum to getting cervical 
cancer screening  

• Not a barrier 
• Small barrier 
• Medium barrier 
• Large barrier 

60    (9) 
26.7 (4) 
13.3  (2) 
0       (0) 

Top 3 most important considerations for 
cervical cancer examination 

• Adequate assessment of risk 
• Travel distance to provider 

93.3 (14) 
46.7 (7) 
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• Cost 
• Comfort during screening 
• Procedure time 
• Physician gender 

73.3 (11) 
53.3 (8) 
26.7 (4) 
6.7   (1) 

 

Images were captured from twelve out of the fifteen volunteers. We were unable 

to find the cervices of two of the volunteers and cervix imaging from one volunteer was 

terminated due to personal reasons. Six of the acquired images were obtained from the 

flat tip inserter while six of the images were acquired from the curved tip inserter. Fig. 

20a and 20b show representative images from a single volunteer with a sideverted cervix 

using the flat tip inserter (Fig. 20a) and the curved tip inserter (Fig. 20b). The flat tip 

inserter was only able to sufficiently manipulate the cervix to a centered position and 

provide an adequate view (constitutes the entire os and a proportion of the surrounding 

cervix on all sides of the os) of the cervix for two out of six of the women assigned to it. 

In contrast, the curved tip inserter was able to center the cervix for imaging and provide 

an adequate view of the cervix for five out of six women, showing the os and an 

adequate section of the cervix. The mean percent visual area for the six patients who 

used the flat tip inserter was 63.4 +/- 9.1% and the mean percent offset was 40.25 +/- 

15.6%. For the curved tip inserter, the mean percent visual area 81.5+/- 16.7% and the 

mean percent offset was 38.8+/-15% (Fig. 20c and d). 
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Figure 20: Results from in vivo studies with volunteers comparing flat tip and 
curve tip inserters. a) A sideverted cervix manipulated and imaged using the flat 

probe inserter, showing off centered cervix with os to the side. b) Same sideverted 
cervix manipulated and imaged using the curved tip probe inserter, showing a more 

centered cervix with os closer to the center. c) Graph comparing percent visual area for 
the flat and curved tip inserters. d) Graph comparing percent offset of the cervical Os 

from the center for the flat and curved tip inserters. Error bars are standard deviations. 

We provide a summary of pre- and post-insertion questionnaire results, 

assessing past experience with the speculum and vaginal examinations, and comfort and 

ease of use of the inserter compared to the speculum. The pre-insertion questionnaire 

responses (Fig. 21) of fifteen volunteers showed that most women did not find the 

speculum physically appealing. Half of the women found the inserter physically more 

appealing than the speculum. About a quarter of the women were willing to have a 

physician perform an examination with the inserter rather than the speculum and about 
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a third of the women were willing to perform self-insertion examination with the 

inserter rather than the speculum. About a third of the women indicated a preference for 

physician examination over self-examination for both speculum and inserter scenarios.   

 

Figure 21: Pre-insertion questionnaire responses regarding attitudes towards 
cervical examinations from volunteers for self-testing (n=15) showing responses to 

questions. 

The post-insertion questionnaire responses (Fig. 22) compared experiences with 

the inserter to previous experiences with the speculum.  Two of the volunteers were 

excluded from participating in the post-insertion questionnaire as they had never had 

vaginal examinations with a speculum. Almost all (92.3%) of the women indicated that 

their experience with the inserter was “much better” or “slightly better” than previous 

experiences with the speculum. Only one volunteer indicated a slightly worse 

experience with the inserter than with the standard speculum. All of the volunteers 

indicated that, in terms of comfort, the inserter was either “slightly better” or “much 

better” than the standard speculum.  Some comments from the surveys included: “this 

feels like using a tampon” and “if the inserter was what was used for testing I wouldn’t 



 

   67 

have been as hesitant to come in for an examination”. Almost all (92.3%) of the 

volunteers indicated that the inserter was overall “slightly better” or “much better” than 

the speculum, with only one volunteer indicating that it was “much worse” than the 

speculum. Even though the general experience with the inserter was better than that 

with the speculum, about a third (70%) of the women indicated that it was harder to 

perform self-examination on themselves than have a physician perform the examination. 

 

Figure 22: Post-insertion questionnaire responses from volunteer (n=13) after 
self-testing, comparing the inserter to a speculum and self-examination to physician 

examination. Volunteers with no prior history of speculum examinations were 
excluded from answering these questions. 

3.3.3 Discussion 

Even though pre-insertion questionnaires from the clinical studies indicated that 

the majority of the volunteers did not consider the speculum to be a barrier to cervical 

cancer screening, this may be likely due to women feeling more concerned over 

adequate assessment of risk rather than comfort during the examination. Results from 

post-insertion questionnaires found that 92.3% thought the inserter was slightly better or 

much better than the speculum, and 100% of volunteers indicated that the inserter was 
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slighter or much more comfortable. Additional questionnaire responses found that even 

though from past experience women were willing to use the speculum, from appearance 

most women found the speculum intimidating. Responses also revealed that women 

would be more likely to perform self-insertion examinations with the inserter than the 

speculum. One woman indicated in her comments that she could probably perform the 

exam herself at home once she had practiced it a couple of times.  

The fixed viewing area offered by the inserter may be problematic in viewing 

cervices of different sizes, particularly those of larger sizes.  Even though the inserter is 

limited by its smaller diameter, it can image a 2.5 cm diameter, the average size of a 

cervix, and can capture an image of the transformation zone and sufficient cervical area 

around the central os (which is < 0.5cm diameter). Since cervical cancer originates from 

the transformation zone, this would be a sufficient area for an adequate evaluation in 

most cases. There may also be avenues for the production of inserters of varying sizes to 

match cervix size. The lack of ability to see the squamocolumnar junction with the 

inserter and camera is another limitation but this is also a limitation to current methods 

of visual inspection of the cervix. It is therefore not a replacement for gold standard 

pathology, where cells from the squamocolumnar junction are removed for pathology. 

However, our device can aid in guiding biopsies and has merit for places that lack gold 

standard biopsy. Even though the inserter enables comfortable, self-insertion and 
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cervical image capture, there is still a need to improve the quality of the images taken for 

comparable quality to standard colposcopes. 

3.4 Study in patients to demonstrate clinical feasibility for 
provider insertion and provide direct comparison 
between Callascope introducer and speculum 

3.4.1 Methods 

This study was approved at the Duke University Medical Center Institutional 

Review Board (DUMC IRB) (Pro00008173). All patients provided written informed 

consent prior to participating in these studies.  

The clinical study was performed to determine the comfort and visualization 

capabilities of the Callascope in comparison to the duckbill speculum in a 2x2 cross over 

study. The 2x2 cross over study was chosen to reduce patient bias from discomfort 

associated with order of placement. It also served to reduce physician bias from prior 

knowledge of the cervix position. Adult patients (n=28) undergoing routine Pap smears 

were recruited for the study. Pap smear patients were chosen due to the logistical 

challenges of performing a 2x2 crossover study during colposcopy in which multiple 

procedures (contrast application, biopsy, endocervical curettage, etc.) are being carried 

out.  

Patients were asked to complete a pre-exam survey. Per the crossover design, 

either the speculum or the Callascope was randomly assigned in terms of order of use; 

n=17 of the participants were examined with the speculum first followed by the 
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Callascope, and n=11 participants were examined with the Callascope first, followed by 

the speculum. There was a two-minute delay between insertions to reduce any 

carryover effect. It should be noted in order to maintain consistency in imaging, the 

Callascope was used either alone (speculum-free imaging) or through the duckbill 

speculum (speculum-based imaging). The Pap smear was performed after imaging was 

completed with both approaches. After the procedure, the participant was asked to fill 

out a post-exam survey which assessed comfort, quantified on a 0-10 Wong-Baker pain 

scale, with the Callascope and the speculum. 

 High-level disinfection of the Calla introducer prior to clinical exams was 

performed by submersion in 2% hydrogen peroxide for 8 minutes at room temperature, 

as recommended for semi-critical devices (contact with mucous membranes or non-

intact skin during patient use) [85, 86] while the imaging component was wiped down 

with a Sani wipe by study personnel. Calla introducers were discarded after use and 

were not shared between patients since they came into direct contact with vaginal 

mucosa. 

A two-tailed Student’s t-test was used to determine if any significant differences 

were observed in visual area when the cervix was viewed with the speculum versus the 

Callascope, with the null hypothesis that there was no significant difference in visual 

area (alpha=0.05). A two-tailed Student’s t-test was also used to analyze post-exam 

survey data comparing comfort/discomfort between the speculum and Callascope, with 
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the null hypothesis that the Callascope enabled the same comfort level as the speculum 

(alpha=0.05).  

3.4.2 Results: The Callascope has equivalent visualization but 
significantly superior patient comfort relative to the 
speculum 

Pre-insertion survey responses by substudy are summarized in Table 9. 

Participants represented different races and had a wide range of ages, vaginal births and 

BMIs. 40% of women reported regularly use of tampons or menstrual cups. Most 

women reported having had greater than ten speculum exams. Results from the pre-

insertion survey found that 62.5% of women from the clinical study found the speculum 

to be a barrier to cervical cancer screening. Most participants ranked comfort as most 

important factor for screening while physician gender was ranked least important.  

Table 9: Participant demographics and pre-questionnaire responses 

Age (years) (pre-survey) Median 
Range 

31 
25-65 

Race (pre-survey) Asian 
Black 
Hispanic white 
Hispanic 
unknown/other 
Non-Hispanic white 
Unknown  

1 (3.6%) 
13 (46.4) 
1 (3.6%) 
3 (10.7%) 
8 (28.6%) 
1(3.6%) 

BMI (pre-survey) Median 
Range 
Inter Quartile Range 
Underweight (<18.5) 
Normal (18.5 - 24.9) 
Overweight (25 – 29.9) 
Obese (>30) 

30.3 
16–58 
28.0-36.3 
1 (3.6%) 
5 (17.9%) 
8 (28.6%) 
13 (46.4) 

Number of vaginal births  0 
1 
2 
3 

8 (28.6%) 
5 (17.9%) 
7 (25.0%) 
5 (17.9%) 
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5 1 (3.6%) 
Regular use of Tampon/Menstrual 
cup  

Yes 
No 

10 (35.7%) 
15 (53.6%) 

Prior number of speculum exams 1-2 
3-5 
6-10 
>10 

0 
4 (14.3%) 
3 (10.7%) 
16 (57.1%) 

Perception of speculum as a barrier 
to cervical cancer screening  

Not a barrier 
Small barrier 
Medium barrier 
Large barrier 
Unanswered 

11 (39.3%) 
6 (21.4%) 
5 (17.9%) 
4 (14.3%) 
2 (7.1%) 

Willingness to use 
Speculum/Callascope based on 
appearance 

 
Not willing 
Slightly willing 
Very willing 
Extremely willing 
unanswered 

Speculum 
4 (14.3%) 
8 (28.6%) 
13 (46.4%) 
3 (10.7%) 
2 (7.1%) 

Callascope 
2 (7.1%) 
5 (17.9%) 
12 (42.9 %) 
9 (32.1%) 
2 (7.1%) 

Willingness to have a physician use 
the Speculum/Callascope 

Not willing 
Slightly willing 
Very willing 
Extremely willing 
unanswered 

2 (7.1%) 
10 (35.7%) 
11 (39.3%) 
4 (14.3%) 
1 (3.6%) 

1 (3.6%) 
6 (21.4%) 
12 (42.9%) 
9 (32.1%) 
0 (0%) 

Willingness to perform a self-exam 
with the Speculum/Callascope  

Not willing 
Slightly willing 
Very willing 
Extremely willing 
Unanswered 

9 (32.1%) 
8 (28.6%) 
10 (35.7%) 
1 (3.6%) 
0 

6 (21.4%) 
6 (21.4%) 
13 (46.4%) 
3 (10.7%) 
0 

Top three important features for 
cervical cancer screening 

Comfort 
Adequate assessment 
of risk 
Cost 
Procedure time 
Travel time 
Physician gender 

23 /28 
19 /28 
 
10 /28 
14 /28 
5 /28 
2 /28 

 

 

The Callascope was evaluated in a clinical study on 28 patients undergoing a Pap 

smear at DUMC to evaluate cervical visualization and patient acceptability. Patient 

demographics for the study are outlined in Table 9. Prior to the exam, patients filled out 

pre-questionnaires on the Callascope and the speculum. Participants in the clinical study 

ranked comfort, adequate assessment of risk and cost as the top 3 most important 
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features for cervical cancer screening (Table 9). More than half (62%) of patients 

perceived the speculum as a barrier to screening and a higher percentage indicated 

either very or extreme willingness to use the Callascope for both self- (57.1%) and 

clinical- (75%) exams over the speculum (39.3% for self, and 53.6% for clinical) (Table 9). 

Representative images from the speculum and Callascope are shown in Fig. 23a. 

Visual area calculated for the speculum and Callascope inserter is shown in Fig. 23b 

with no significant differences between the speculum and the Callascope for lower 

BMIs, but a trend towards slighter lower visualization area with the Callascope in 

women with BMI > 25. With physician insertion, the Callascope enabled visualization of 

the cervix in 23/28 (82.1%) of women. The women for whom the Callascope failed, were 

either overweight (BMI>25) or obese (BMI >30). In these instances, a larger speculum 

size was used, whereas the same size of Callascope was used. We can easily overcome 

this limitation by introducing two different sizes of the Callascope. In the post-insertion 

questionnaire, the Callascope was scored by patients as causing significantly less 

discomfort than the speculum for insertion, manipulation, and removal (Fig. 23c). These 

results demonstrate that the Callascope can be readily used for clinical cervix and 

vaginal wall visualization in place of the standard-of-care speculum, while enabling 

significantly improved patient experience.   
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Figure 23: Cervix imaging results from clinical feasibility studies comparing 
Callascope to the standard-of-care speculum a) Representative images from clinical 
feasibility studies comparing Callascope to the speculum with age, BMI, and parity 
indicated. Images from both the Calla and Speculum are cropped to only show the 
cervix without vaginal walls, or device parts. The speculum and Callascope images 

from the same patient are shown for each participant. Blue arrows point to the 
cervical os. Blood in images are primarily from Pap smear sample removal or 

menstruation. b) Cervix visual area results comparing Callascope to speculum by 
BMI. It should be noted that different speculum sizes were used depending on 

patient BMI and parity, i.e.,  a larger Graves speculum was used on women with BMI 
> 24.9 whereas the same Callascope size was used across all BMI ranges. c) Patient 

discomfort for Callascope compared to speculum. P-values are *=0.05, **=0.005, 
***=0.0005, ****=0.00005. Error bars are standard deviation. 

3.4.3 Discussion 

Studies demonstrated adequate visualization of the cervix in greater than 80% of 

participants. Diversity in BMI, vaginal births and age were key to our study since these 

Age: 54
BMI: 50.2
Parity: 0

Age: 65
BMI: 27.9
Parity: 1 

Age:28
BMI: 18.8
Parity: 0

C
al

la
sc

op
e

Sp
ec

ul
um

a

b c

a



 

   75 

typically affect speculum-based cervical examinations. Higher BMIs have been 

associated with vaginal wall prolapse, which causes the walls to obscure the cervix in a 

speculum-based exam. Number of vaginal births affect the size of the cervix and could 

affect positioning and visualization. Age-related vaginal atrophy can also influence 

visualization of the transformation zone.  High BMI and vaginal parity were attributed 

to the inability of the Callascope to visualize the cervix in 20% of the participants and 

could be potentially addressed by having an extended lip or larger opening designing 

on the inserter of the Callascope. Patients indicated a significantly greater comfort with 

the Callascope compared to the speculum. 

The results from this study agree with results from our pilot study in which over 

90% of participants mentioned overall preference for the Callascope over the speculum. 

Our previous results also found that about 83% of users were able to view their cervix 

with physician assistance, consistent with our new results. 

3.5 Study to determine feasibility for home-based, self-
cervix imaging after in-clinic training and imaging. 

3.5.1 Methods 

This study was approved at the Duke University Medical Center Institutional 

Review Board (DUMC IRB) (Pro00008173). All participants provided written informed 

consent prior to participating in these studies.  

The self-exam study involved training healthy volunteers to use the Callascope and 

usage of the device over a one-week period to assess ease-of-use and feasibility of 
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imaging the cervix without physician guidance. This involved (1) on-site training and 

initial self-imaging of the cervix and (2) repeated self-imaging at home. 

Part 1: On-site training and initial cervix imaging. Healthy volunteers (n=12), were 

recruited using online advertisements and flyers, and scheduled for a research visit at 

DUMC. Following informed consent, participants were asked to complete a pre-

insertion survey. Participants were then given a user kit containing a Callascope, an 

android phone and phone charger, Sani wipes, vaginal wipes, lubricating jelly, printed 

user guide, and audio reflection guide. Participants were asked to watch a video tutorial, 

available on the custom Calla mobile application, which provided information on how 

to assemble the Callascope and use it to capture images of the cervix. Training took 5-10 

minutes. After watching the tutorial, participants could ask the study coordinators 

questions regarding use of the Callascope. Participants were then allowed to capture an 

image of their cervix with the Callascope in a private room. This typically took 5-10 

minutes. A study nurse confirmed whether or not the images captured were those of the 

cervix. The participant repeated the procedure if the image was not of the cervix. After 

the self-exam, participants were asked to indicate their level of discomfort on a Likert 

scale with the following options: “No discomfort”, “Slight discomfort”, “Moderate 

discomfort”, “A lot of discomfort”, and “Extreme discomfort”. They also indicated how 

easy or difficult it was to follow the instructions and to use the Callascope to find and 

manipulate their cervix.   
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Part 2: Home self-exam. After completing their on-site training and initial self-

imaging session, the participants were sent home with the Calla user kit for a week. At 

home, participants were asked to perform a self-visualization exam at least once and up 

to 3 times and to capture images of their cervix using the custom mobile application 

which enables them to re-watch the video tutorial, capture images, and store images. At 

the end of the one-week period, participants completed a final survey to assess the 

degree of ease/difficulty of use and comfort/discomfort level on a Likert scale, after 

using the Callascope during their final attempt at home. Participants also completed an 

audio reflection guide to share their thoughts on exploring their inner reproductive 

parts for the first time and to give feedback on the study. In the event that participants 

menstruated during the study, they were asked to postpone imaging until the end of 

their period.  

High-level disinfection of the Calla prior to self- exams was performed by 

submersion in 2% hydrogen peroxide for 8 minutes at room temperature, as 

recommended for semi-critical devices (contact with mucous membranes or non-intact 

skin during patient use) [85, 86] while the imaging component was wiped down with a 

Sani wipe. Components that came into direct contact with vaginal mucosa were 

discarded after use and were not shared between participants. A summary of data 

collected from surveys in both studies is found in Table 10. 
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A paired, one-tailed t-test (alpha=0.05) was used to determine significant 

differences in post-exam responses for comfort/discomfort and ease-of-use between the 

initial Callascope use (during the training exam) and the final use (during the home 

exam).   

Table 10: Participant demographics and pre-questionnaire responses 

  Self-exam group 
(n=12) 

Age (years) (pre-survey) Median 
Range 

28.5  
22-56 

Race (pre-survey) Asian 
Black 
Hispanic white 
Hispanic 
unknown/other 
Non-Hispanic white 
Unknown  

1 (8.3%) 
3 (25%) 
0 
0 
 
8 (66.7%) 
0 

BMI (pre-survey) Median 
Range 
Inter Quartile Range 
Underweight (<18.5) 
Normal (18.5 - 24.9) 
Overweight (25 – 29.9) 
Obese (>30) 

21.7 
18-38 
19.3-24.0 
2 (16.7%) 
7 (58.3%) 
2 (16.7%) 
1 (8.3%) 

Number of vaginal births  0 
1 
2 
3 
5 

9 (75.0%) 
2 (16.7%) 
1 (8.3%) 
0 
0 

Regular use of Tampon/Menstrual cup  Yes 
No 

9 (75.0%) 
3 (25.0%) 

Prior number of speculum exams 1-2 
3-5 
6-10 
>10 

3 (25.0%) 
3 (25.0%) 
3 (25.0%) 
3 (25.0%) 

Perception of speculum as a barrier to cervical 
cancer screening  

Not a barrier 
Small barrier 
Medium barrier 
Large barrier 
Unanswered 

6 (50.0%) 
4 (33.3%) 
2 (16.7%) 
0 
0 

Willingness to use Speculum/Callascope based 
on appearance 

Not willing 
Slightly willing 
Very willing 

Speculum 
1 (8.3%) 
8 (66.7%) 

Callascop
e 
0 
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Extremely willing 
unanswered 

2 (16.7%) 
1 (8.3%) 
0 

0 
9 (75%) 
3 (25%) 
0 

Willingness to have a physician use the 
Speculum/Callascope 

Not willing 
Slightly willing 
Very willing 
Extremely willing 
unanswered 

 
 
Not asked 

Willingness to perform a self-exam with the 
Speculum/Callascope  

Not willing 
Slightly willing 
Very willing 
Extremely willing 
Unanswered 

 
 
Not asked 

Top three important features for cervical 
cancer screening 

Comfort 
Adequate assessment 
of risk 
Cost 
Procedure time 
Travel time 
Physician gender 

8 /12  
9 /12 
9 /12 
3 /12 
3 /12 
4 /12 

 

3.5.2 Results 

In the self-examination study, the study nurse confirmed that 10 out of 12 (83.3%) 

participants were able to visualize their cervix on their first attempt. Of the 12 

participants, 11 (91.7%) were also able to use the device to visualize their cervix at home; 

one participant was unable to do so due to a self-reported device fail with the camera of 

the Callascope. All participants were able to capture at least one image of the cervix by 

the end of the study. Images of the cervix captured in the self-exam in the clinic and at 

home are shown in Fig. 24a. Additionally, a representative video of the insertion of the 

Callascope, showing the vaginal wall and cervix manipulation, is shown in this link.  
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Figure 24: Representative images captured by participants using the 
Callascope during the on-site exam and the home-exam, respectively. a) Case where 
participant adequately captured cervix image with centered os in both on-site and 
home exams, b) case where participant could not center cervical os on-site but was 

able to do so in the home exam, c) case where participant was able to center os in on-
site exam but was unable to do so in-home exam. Blue arrows indicate the cervical os. 
d) Bar graphs comparing images from first insertion with final insertion. Overall the 
images don’t show any significant differences in cervix area visualization between 

the first insertion on-site exam and final insertion at home exam. Error bars are 
standard deviation, e-l) Responses from post-insertion surveys for first and last 

attempts of self- exam. e/f) Discomfort level of insertion of the Callascope during first 
and last use. g/h) Discomfort level of removal of the Callascope during first and last 
use. i/j) Ease of following the Callascope training instructions during first and last 

use. k/l) Ease of using the Callascope to find the cervix during first and last use. 

The post-insertion survey results from the self-exam in the clinic (initial) and self-

exam at home (final) are shown in Fig. 24e-l. To summarize, a paired, two-tailed t-test 

(alpha=0.025) demonstrated no significant differences in discomfort or ease-of-use 
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between the initial and final Callascope use, although the sample size was small. Most of 

the participants found the instructions easy to use and half of the participants found it 

extremely easy to slightly easy to find their cervix and this improved with repeat 

insertions at home (Fig. 24e,f). Most women found it easy to visualize their cervix with 

the Callascope but the difficulty they reported did increase when the exam was 

performed at home vs. the clinic (Fig. 24 g,h). Almost half (45%) of women had little to 

no discomfort inserting the Callascope during the initial use, 46% found insertion 

moderately uncomfortable and only 9% (1 participant) had a lot of discomfort during 

insertion (Fig. 24i). In the case of final use, the same participant continued to report a lot 

of insertion discomfort, but 67% reported little to no discomfort (Fig. 24j). All 

participants found that removal of the Callascope posed no discomfort or only slight 

discomfort (Fig. 24k,l). In the final post-insertion survey, all of the participants indicated 

that they would recommend the Callascope to others. 

3.5.3 Discussion 

Studies demonstrated adequate visualization of the cervix in greater than 80% of 

participants. Self-imaging studies demonstrated that women could adequately visualize 

their cervix with the os centered and without physician guidance using a tutorial guide. 

While 83% of the participants adequately imaged their cervix on the first try, all the 

participants eventually imaged their cervix during subsequent tries (usually the second 

or third). Even though there is the argument that participants in the home study were 
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already self-motivated to seek an alternative to the speculum since they voluntarily 

signed up to be in the study. Other than our preliminary published work in a pilot 

group of volunteers for physician-assisted self-imaging of the cervix, there have been no 

other studies that we know of examining the feasibility for self-imaging of the cervix. 

The results from this study agree with results from our pilot study in which over 90% of 

participants mentioned overall preference for the Callascope (inserter/introducer) over 

the speculum. Our previous results also found that about 83% of users were able to view 

their cervix with physician assistance, consistent with our new results [87]. 

3.6 Audio reflections and optional comments provided more 
in-depth reviews by participants 

During the Clinical studies, patients who participated in the study provided 

optional comments on the experience. Participants from the home study also provided 

audio reflections of their experience with the Callascope. The themes that emerged from 

the comments after physician-based exam, and audio reflections after the self-exam, 

related to comfort, ease of use, visualization, and awareness. (Table 4). Almost all of 

participants mentioned the device was more comfortable than the standard of care 

speculum. Self-exam participants mentioned that the device was easy to use at home 

and expressed excitement over being able to view their cervix themselves. Participants 

also mentioned feeling empowered and having improved cervix awareness by being 

able to visualize their reproductive anatomy themselves, which they did not have 
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previously. Key words associated with use of the Callascope include “comfortable”, 

“tampon-like”, “easy to use”, “empowering”, and “fascinating”.  

Table 11: Themes and representative quotes from clinical study comments and 
home study audio reflections on experience with Calla exam. 

Emerging themes % of 
Participants 

Representative Quotes  

Most participants found it easy and 
comfortable to use the device 

90.9% “I really liked this device. I thought it was really easy to use. 
I thought the instructions were really straight-forward. I 
think it is a really cool idea” 

 
“Much better (than the speculum), I like it. I would like this 
new one every time.” 

 
“The inserter was a smoother transition (than the 
speculum). It felt like someone inserting you with an object 
literally but with little to no discomfort.” 

 
“The new inserter was much more comfortable and easier.  
It’s never enjoyable going to a Dr., however this is much 
more welcoming than the old speculum.” 

 
“It’s awesome.” 

 
About half of the participants 
mentioned that it was very easy to 
visualize the cervix at home 

45.45% “At home I was able to find it [the cervix] very easily, it 
maybe took me what felt like maybe three minutes at the 
most “ 

 
“My Calla exam was very easy. It was very useful to 
actually be able to see my cervix” 

 
“Physicians have a hard time locating my cervix. I did it in 5 
min.” 

 
 

Most participants found the 
experience empowering. 

63.63% “It was an empowering and intimate experience with 
myself.” 

 
“It’s not something that I have ever thought about before, so 
it was empowering in that way.  
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Most participants found the 
experience allowed self-exploration 
and improved awareness of female 
reproductive anatomy. 

72.7% “The pictures were, well, sort of fascinating to see yourself 
the way a Doctor or a medical student sees other people’s 
bodies. Some Other feeling you know? Some feeling of 
alienation in looking at myself in terms of such a physical 
view that is so different than self-image. Yet also it's just 
nice to be able to really access your own body visually... It 
probably left me more motivated to undergo gynecological 
exams if recommended.” 

 
“I'm a cis female in my late twenties with an IUD, so I've 
had several gynecological exams over the years and I have 
been on the receiving end of a speculum and so I guess I 
was expecting this to be a similar experience, very clinical 
and impersonal in a way. I think when I think of female 
reproductive anatomy I think of that it's enigmatic, that it's 
hidden from us physically. We don't have a lot of external 
genitalia, but it's also kind of hidden in the way that we 
don't talk much about vaginas and uteruses and cervices. So 
this was kind of an eye-opening experience to be able to 
visualize something that is so intrinsically a part of me that I 
have never seen in this way before. It was much more 
personal and fascinating than I expected it to be.” 

 
"I think this is a very cool project and I'm excited to see 
where it goes and if it does indeed prove useful in both low-
resource settings and traditional western higher resource 
clinics. I think it is a potentially a very useful tool." 

 

3.7 In-depth Interviews 

3.7.1 In-depth Interviews in Durham, NC 

3.7.1.1 Methods 

Healthy volunteers age 21-65 years recruited participated in an hour long in-

depth interview  to determine perceptions about their reproductive health, knowledge 

of the cervix and cervical cancer, experiences with pelvic exams and initial perceptions 

on the Callascope. Effort was made to include a diverse array of women from various 

socio-economic statuses, education levels, ages and race. To summarize, the interview 

sessions were held in a secure and private location in Durham. Subjects were consented 



 

   85 

upon arrival for the interview. The interview was audio recorded and the subjects were 

informed that the interview will be recorded before the recording began.  

The interview centered on the subject’s perceptions of their reproductive 

anatomy, openness with healthcare providers, pelvic exams, the speculum, and the 

Calla. Specifically, women were asked about, thoughts, stories or images that came to 

mind when thinking about the female reproductive system, the cervix and cervical 

cancer. Women were asked what topics surrounding their reproductive health they felt 

comfortable or uncomfortable discussing with their health provider. They were also 

asked what their experiences with previous pelvic exams were, and their thoughts on 

the speculum and the Callascope. After the interview, participants were asked to fill out 

a survey on their age, education and income level, number of pelvic exams, preferences 

for cervical visualization exams, and whether they would like to receive additional 

information on future studies and the results of the interview. 

In-depth interviews were analyzed with NVIVO to determine emerging themes. 

Themes across women from different demographic subtypes of age, race and 

socioeconomic status were analyzed. 

3.7.1.2 Results 

Results from in-depth interviews centered around eight main themes. The 

overall themes are as follows:  
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(1) Openness with health care providers concerning reproductive health: The 

majority of women feel comfortable discussing most topics with their healthcare 

provider, but only if the provider is a woman. Women feel judged when talking about 

things relating to their sexual activity including yeast infections, etc. Some women feel 

that they can share everything with doctor as they perceive this as the Doctor’s job. 

(2) Knowledge and Perceptions of Reproductive Anatomy and Health: Most 

women who have prior knowledge about their reproductive anatomy have had a 

reproductive health or birth control procedure, for example placement of an Inter-

uterine device (IUD). 

Many women have basic reproductive anatomy knowledge from high school 

sex-education classes. Some women had no prior knowledge, but a vague idea of where 

parts are located. About half the women interviewed did not know what a cervix looked 

like before being shown a photo, but they vaguely knew where it was located and its 

purpose 

(3) Thoughts, stories and perceptions of female reproductive anatomy: Women 

reference politics and political decisions in relation to their perception of the female 

reproductive anatomy (FRA). Childbirth and menstruation are both heavily associated 

with FRA 

At least 33% of women associate happiness with their FRA. The majority of 

women associate the color red with their FRA because of menstruation. 
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(4) Thoughts, stories, and perceptions of the cervix: Many women do not have 

immediate strong feelings about their cervix. 

Many women immediately associate the cervix with pain; for example, pain from 

the menstrual cycle, childbirth, IUDs, and pelvic exams. Childbirth was mentioned four 

times in relation to first thoughts and feelings about the cervix; one woman thought of it 

as a delicate area that can be bruised during birth. Some women were taught that 

abstinence and purity are the only ways to deal with reproductive health in relation to 

the cervix. Some women cite the cervix as an uncomfortable area during sex. Multiple 

women describe the cervix as a doughnut, soft and squishy. One woman describes it as 

raw fish. 

(5) Knowledge and perceptions of cervical cancer: All of the interviewees had 

heard about cervical cancer prior to interview. The majority of women stated that their 

knowledge of cervical cancer came from TV shows like Grey’s anatomy and the media. 

Most women did not know specific details about the disease apart from the need for 

screening. Almost every woman associated cervical cancer with fear, pain, and sadness, 

but one woman whose friend was cured from the disease stated that it was joyous to 

receive the good news. Women’s associations with cervical cancer appeared to be 

directly related to their individual experiences with friends, family, or coworkers having 

the disease. 
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(6) Experiences and associations with pelvic exams: Overall women indicated 

that they had pelvic exams primarily for health purposes and accepted that it was an 

essential part of their health. Most women described the pelvic exam as painful,  

uncomfortable, and unpleasant. None of the women indicated that they liked any part of 

the pelvic exam except for the end when it was over and they got good news. Many 

women referenced the stirrups and not being able to see what was happening inside of 

them as scary and painful. 

Some women were neutral about the pelvic exam, because they viewed it as 

necessary for health. 

(7) Thoughts and feelings about the speculum: All women described the 

speculum experience with words such as “uncomfortable” and “pain”. Almost all 

women said it looked too big. Many women indicated that the speculum is cold and 

some women were very upset with how it pinched them during exams. Some women 

commented that it looked like a “torture” device.  

(8) Thoughts and feelings about the Callascope based on appearance and 

touch: All women said they would rather use the Calla instead of the speculum. Some 

women said they liked it because the Callascope was more accessible. Several women 

indicated that it was a more appropriate size than the speculum because it has a form 

factor tampon. All women felt that they could do a self-exam with it. The camera to see 

the cervix and the custom app was exciting for many women. The majority of women 
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said they would perform a self-exam. Some women indicated that they would not know 

what they are looking for in the photos. One woman indicated that it might scare 

women. 

3.7.2 Discussion 

 
With these studies demonstrating an overwhelming participant preference for 

the Callascope for self-use and clinical use, the Callascope could provide a patient-

centric alternative to the standard speculum in clinical exams and provide an avenue for 

women to perform basic cervical exams in the comfort of their homes, analogous to the 

self-breast exam. Studies for self-cervical cancer screening in general have primarily 

been around the acceptability and feasibility of HPV self-sample collection methods in 

which women insert a brush into the vagina and rotate it to acquire samples. 

Acceptability for these studies have been measured by scores of discomforts, pain, 

embarrassment, and privacy.  Even though physician-collected HPV samples were 

initially viewed as the gold standard, with large scale studies, it has come to light that 

women are capable of collecting viable samples for HPV screening, and this is currently 

being recommended for use in several resource-limited settings [88-90] .  

Additionally, the unique ability of the Callascope to enable low-cost, comfortable 

and portable cervical visualization presents an opportunity for its use in educational 

initiatives to improve women’s awareness of their vaginal and cervical anatomy. While 

having access to one’s cervix and reflecting on the factors that influence one’s experience 
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of reproductive anatomy in and of itself is insufficient to solve the numerous challenges 

of female reproductive health, it can be an important and enriching step for many 

women. For example, in many parts of the world, the lack of cervical cancer awareness 

is compounded by lack of awareness of the cervix and/or stigma associated with 

thinking and talking about it. We believe that demystifying the cervix for women and 

having them engage with their own bodies in a new way can shift the narrative from 

invisible and negative to visible and positive. We envision that as women discover their 

own cervices, they will be more comfortable talking about their reproductive health. 

Increased knowledge of their own cervices from visualization of its anatomy, can 

improve women’s awareness of and interest in cervical cancer screening and can also 

improve confidence when self-sampling for cervical cancer screening. The Callascope 

can also be easily used by transgender men who still have female anatomies yet face 

various barriers to reproductive health care and education. This could not only serve as 

a home-based self-screening tool for these men, but also provide awareness of their 

reproductive anatomy and reduce stigma associated with it. 

Overall, the Callascope allows women-centered cervix imaging to reduce barriers 

to cervical cancer screening, primarily by removing the speculum and associated pain 

from initial screening, enabling self-screening and providing a tool for women to 

educate themselves on their reproductive anatomy. The Callascope has the potential to 

reduce loss to follow-up rates, encourage cervical cancer screening and reduce mortality 
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from the disease. Since it enables cervix visualization, it can also potentially be used by 

women in the comfort of their homes to view the cervix and vaginal walls for infections, 

IUD strings and labor dilations. The Callascope is part of a paradigm where technology 

extends from improving clinic-based medical care to giving women greater control and 

information at home. 
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4. Aim 3: Development and testing of algorithms for 
automated cancer diagnosis: single vs multi-
contrast comparison. 
The author of this dissertation, Mercy Asiedu, was the primary investigator of 

this work, performed with the assistance of Anish Simhal, Usamah Chaudhary, 

Christopher Lam, Jenna Mueller, Elena Roberts, John W. Schmitt, Guillermo Sapiro and 

Nimmi Ramanujam. I would also like to acknowledge all those who helped with data 

collection, including providers in the various sites from which these images were 

obtained, Jenna Peters, Max Kellish and Jordyn who helped to prepare data for analysis. 

4.1 Preface 

This work describes development of algorithms to extract simple, yet powerful 

color and texture features from colposcopy images for VIA, VILI and GIVI contrasts. 

Features are used to train and validate a classifier for the individual contrast agents as 

well as for different combinations of the contrasts to assess improvement in 

performance. Towards this we hypothesize VIA algorithms developed can enable 

diagnostic accuracy on par with expert physicians (+/- 5%). Including additional sources 

of contrast increases diagnostic accuracy on par with gold standard pathology (~80%). 

4.2 Introduction 

The Pocket Colposcope and Callascope can overcome the limitations of VIA in 

settings where traditional colposcopes are too cumbersome and/or expensive to use. 

This will not only provide enhanced visualization and magnification compared to 
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traditional VIA but will also provide much needed documentation and feedback to 

ensure quality control in healthcare provider performance. However, the limited 

availability of expert colposcopists in low resource settings represents yet another 

bottleneck [91, 92]. Therefore, our goal in this study is to develop image processing and 

machine learning-based approaches for images obtained with the Pocket Colposcope, in 

order to potentially recapitulate the expertise of an experienced colposcopist in settings 

where there is a shortage of experts available to screen large populations. 

Recently, deep learning methods have been explored for classifying cervigrams 

and other cancer imaging applications, such as endoscopy. Xu et al used a multimodal 

convolutional neural network with inputs from a combination of (1) physician 

interpretation of 10,000 colposcopy images, and (2) patient clinical records (age and pH 

value, Pap smear cells, HPV signal and status) to a provide a cervical pre-cancer/cancer 

classification model with 88.91% accuracy, 87.83% sensitivity, and 90% specificity [93]. 

However, limitations include the need for a large data set (10,000 images), and the use of 

Pap and HPV information, which may not be available, particularly in low-resource 

settings where incidence and mortality are highest. Additionally, in most prior studies 

physician diagnosis was used as ground truth for training classifier on image 

interpretation, which introduces human subjectivity present in colposcopy. In 

endoscopy, another internal imaging technique, deep learning has been used for 

computer aided diagnoses in recognizing and identifying polyps and tumors [94-97].  
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Even though deep learning has a huge potential application in medical imaging 

for accurate computer-aided diagnosis (and has seen recent successes in FDA cleared 

technologies), its application has yet to scale up due to the lack of large datasets 

comprised of accurately annotated images that transfer across acquisition devices and 

protocols. Though these barriers listed can be overcome for cervical colposcopy 

applications, it will require time, cost, and availability of resources for pathological 

annotation. Studies have proposed image data generation methods to overcome the 

obstacle of large data sets needed for deep learning [95, 96]. Though these methods have 

promise for future applications, they are currently not viable for our application. Finally, 

domain specific features exploited here are more explainable than those often obtained 

from deep-learning, and this is critical both for adoption by providers and identifying 

clinical steps following screening. 

  Several groups working to create algorithms for automated computer-

aided colposcopy have shown proof of concept and feasibility using traditional 

classification methods with hand-crafted feature extraction, classifier training, and 

validation [98-108]. The majority of these methods have been applied to the use of VIA 

only, which, on its own, suffers from limitations in sensitivity and specificity [36-38, 40, 

42, 43, 47]. Additionally, most of these methods require pre-selection of suspicious 

regions, and use physician labels for ground truth rather than gold-standard pathology, 

introducing a level of human error.  
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 Visual inspection with Lugol’s iodine (VILI), which provides another 

important source of contrast for the visualization of cervical abnormalities, has not been 

evaluated previously. Studies with physicians providing diagnosis based on both 

contrasts, have shown that VILI has the potential to bolster the performance of 

algorithms based on VIA alone [109, 110]. To increase specificity and sensitivity of 

automated diagnosis, our group is developing a method that factors in all sources of 

contrast physicians consider on the modified Reid Colposcopic Index (RCI) for cervical 

pre-cancer diagnosis [22].  

While some recent tools such as U-NET [111] have demonstrated to be very 

general for numerous medical imaging tasks, the goal of this work is not to introduce a 

powerful, generic, new algorithm, but to use domain knowledge to solve a very specific 

and important challenge: automatic screening of cervical pre-cancers. We demonstrated 

that with a very simple, computationally efficient, and explainable tool we achieve 

expert-level diagnosis with limited training data. Some of the lessons learned from the 

proposed technical contribution, could potentially benefit other medical image 

segmentation and screening applications, when properly combined, as done here, with 

domain knowledge and other more generic tools. 

 We have developed a series of feature extraction and simple machine 

algorithms that leverage VIA, VILI and GIVI images obtained with Pocket Colposcope 

for the automated diagnosis of cervical pre-cancers to recapitulate expert colposcopist 
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performance. By developing a novel strategy incorporating VILI and GIVI algorithms, 

we hypothesize we can achieve improved sensitivity and specificity performance over 

VIA alone.  Unlike previous approaches, this method uses pathology gold standard 

labels for training and does not require a health provider to pre-select an area of 

concern, but rather evaluates the entire cervix to automatically identify regions of 

interest. The algorithms pre-process images to reduce specular reflection, automatically 

segments a region of interest from the cervix for analysis, extracts color- and texture-

based features, and utilizes a support vector machine for binary classification of VIA, 

VILI and GIVI mages. Receiver operating characteristics (ROC) curves are generated 

from the classifier to determine the area under the curve (AUC),  which indicates how 

well a model predicts classes [112]. VIA, VILI and GIVI algorithms are then combined 

using methods explained further below. With the proposed framework, we demonstrate 

that individually, algorithms perform on par expert physicians’ interpretation but when 

features are combined, algorithms could potentially significantly improve diagnostic 

accuracy. 

Our main contributions are summarized in the following three areas and their 

complete integration: 

An overall real-time, simple, efficient, and repeatable algorithm which utilizes 

established approaches in image processing and machine learning to classify cervical 

cancer images. Classification is performed for individual contrasts, and combinations of 
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these contrasts with high accuracy and speed are compared to expert colposcopists. We 

develop algorithms for acetic acid only, Lugol’s iodine only, GIVI only and different 

combinations of the two and show a synergistic improvement in performance, 

compared to using one source of contrast. To the best of our knowledge, this is the first 

work extracting and combining explainable features from acetic acid and Lugol’s iodine 

images for cervical cancer classification. The proposed methods for combining contrasts 

can be potentially applied to other imaging modalities, specifically, clinical colposcopes 

that use more than one source of contrast for diagnosis. 

This method is different from other methods for cervical cancer image 

classification that require preselection of suspicious regions of the cervix, or use 

physician interpretation as ground truth, which introduces subjectivity and human 

error. In previous published studies, a region of the cervix is manually selected and then 

further analyzed for classification. In our study, we automatically segment a region of 

interest using Gabor filters and then further analyze the segmented regions for color and 

texture. Additionally our classifier is trained using gold-standard pathology as ground 

truth rather than physician interpretation. 

The Pocket Colposcope used in this study is unique compared to other 

colposcopes in its ability to acquire an image an inch away from the cervix, remove a 

majority of the noise (speculum, vaginal walls), and consequently decrease the level of 

image processing complexity required for cervix segmentation, which has been 
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documented in previous methods [20, 87, 109]. When combined with the algorithms 

introduced here, the Pocket Colposcope could enable widespread scalable screening for 

cervical cancer. 

4.3 Development and testing of algorithms for a VIA and VILI 
data set to determine feasibility for improved performance 
with combination of contrasts 

4.3.1 Methods 

4.3.1.1 Summary 

VIA and VILI images from the Pocket Colposcope were cropped to remove 

clinically irrelevant features such as the speculum, vaginal walls. Specular reflection was 

then automatically attenuated to reduce glare artifacts. For both VIA and VILI images, a 

Gabor filter was applied to automatically segment regions within the cervix for further 

analysis based on color and texture differences. Haralick’s features (contrast, correlation, 

energy and homogeneity) [113] were calculated from these segments. The segments 

were also transformed to different color spaces (grayscale, RGB, YCbCr, HSV and 

CIElab). Central tendencies of mean, median, mode, variance and Otsu threshold level 

[114] were calculated for each color channel of each color space. Additionally, for VILI 

images the percentage of pixels corresponding to the yellow staining from non-uptake of 

Lugol’s iodine by the lesion region was used to determine a pseudo lesion size. An 

optimal subset of these features was selected using a wrapper forward sequential feature 

sub-selection method with a support vector machine (SVM) for the individual VIA and 
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VILI algorithms. These features were used to train a SVM classifier with gold-standard 

pathology as ground truth labels. Five-fold cross validation was used to determine 

performance and generate ROC curves for binary classification of images as VIA or VILI 

positive or negative. To combine contrasts, we utilized parallel and serial combination 

methods. For the parallel-combined algorithm, scores for classifying the VIA and VILI 

images with their respective algorithms were input as predictors to generate a classifier 

for combined classification. For the serial-combined algorithm, the VIA algorithm with 

selected features was first applied to the VIA image data set at a threshold set to enable 

high sensitivity which resulted in a high positivity rate. VIA negatives were classified as 

negatives by the algorithm while VIA positives were further analyzed with the VILI 

algorithm. Corresponding VILI images of the VIA positives were analyzed with the VILI 

algorithm (which has higher specificity) for binary classification as negative or positive. 

Results for VIA only, VILI only, and the combined methods were compared to each 

other and to the performance of expert physicians on the same data set. Fig. 25 provides 

a summary of the steps of the individual VIA and VILI algorithms described, which is 

further described below. It is important to note that the algorithm uses a combination of 

domain-knowledge inspired features with machine learning, since unlike other 

applications which use neural networks, the amount of training data is limited. 
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Figure 25: Flow chart of the individual feature extraction and classification 
processes. a) Image collection: A low-cost, Pocket Colposcope for cervix imaging was 

used to obtain 134 image pairs of acetic acid (VIA) and Lugol’s iodine contrasts (VILI), 
b) Pre-processing: These images were preprocessed by applying a specular reflection 

attenuation algorithm to remove bright white speckles. Custom Gabor filters were 
applied to the image to select a region of interest for further processing. The pre-

processing and segmentation stages were the same for both VIA and VILI, c) Feature 
extraction: For VIA pre-processed images, Haralick’s texture features, including 
contrast, correlation, energy and homogeneity, were obtained. Images were also 

transformed into individual channels of different colorspaces, overall generating 69 
features for each VIA image. For VILI images, the same Haralick’s texture and color 
features were extracted, however approximate lesion stain size was also determined, 

yielding 70 features, d) A subset of these features were selected with a wrapper 
feature selection method and selected features were used to train and cross-validate a 
support vector machine, (e-f) Finally, the features from VIA and VILI were combined 

using 2 different methods: e) Parallel method and f) Serial method. These were 
validated to determine improvement of combined classification over using one source 

of contrast alone. 

4.3.1.2 Image Collection 

Images, pathology and physician labels were retrospectively obtained from a 

database of Pocket Colposcope images acquired in a previous clinical study [115] in 

which blinded expert physicians provided a diagnosis for each patient from reviewing 

randomized digital cervigrams based on both VIA and VILI images. 

Cervix imaging with Pocket 
Colposcope 

a)

Pocket speculum

Cervix

Uterus

b)

Preprocessing: Specular reflection 
removal & Gabor segmentation

V
IA

V
IL

I

Original Pre-
processed

Feature extraction

c)

V
IA

V
IL

I

Texture Color

d)

Generate a 
subset

Learning 
Algorithm + 
performance

Selecting best feature subset

Serial Combination of VIA and VILI  

VIA SVM 
classification

Final 
negative

VIA -

VIA + Select 
corresponding 

VILI image 
features 

Classify 
with VILI 

SVM

VILI -

Final 
positive

VIA SVM 
classification 

scores/probability

VILI 
Classification 

scores/ probability

Train and 
cross validate 

SVM

Parallel Combination of VIA and VILI  

Final predicted 
negative and 

positive 

e)

f)

VILI +



 

   101 

To summarize, two hundred patients undergoing colposcopy examination at La 

Liga Contra el Cancer Clinic in Lima, Perú were recruited for a clinical study. This study 

was approved by Duke University Institutional Review Board (Pro00052865) and 

performed with approved protocol, informed consent process, and data storage system 

at La Liga Contra el Cancer, Lima, Peru. For each patient, acetic acid was applied to the 

cervix and images were captured with the standard-of-care colposcope followed by the 

Pocket Colposcope. Lugol’s iodine was then applied to the cervix and VILI images were 

captured with the standard-of-care colposcope followed by the Pocket Colposcope. 

Images, patient demographics, and pathology results were collected and stored in a 

HIPAA compliant secured database, REDcap [116].  No biopsies were taken for normal 

colposcopies as per standard-of-care procedures. Hence, the ground truth for VIA/VILI 

negative images was primarily based on expert physician interpretation. However all 

other images used gold-standard pathology as ground truth. Of the biopsies based on 

positive colposcopy, 6 were confirmed as pathology normal, 19 confirmed as pathology 

benign conditions (cervicitis and condilomas) and the remainder confirmed as 

pathology pre-cancers (CIN1, CIN2+) or cancers (invasive carcinomas). For algorithm 

binary classification labels, condilomas and cervicitis were grouped with normal under 

“normal/benign”. For colposcopy-negatives, 25 out of 51 (49%)  were pathology-

confirmed negative and 26 out of 51 (51%) were negative based on interpretation by the 

lead colposcopist at the clinic. VIA/VILI image pairs which were deemed interpretable 
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by an expert physician were randomized and sent out to three expert colposcopists for 

cervical pre-cancer/cancer reviewing and labeling of the images as negative or positive. 

Two from Duke University Medical Center and one from La Liga Contra el Cancer in 

Lima, Peru. Experts were blinded to the algorithmic results. Physician interpretation 

was based on both VIA and VILI features and were classified as either VILI/VIA positive 

or negative.  

4.3.1.3 Cervigram Pre-processing 

Cervix cropping. Cervigrams typically contain clinically superfluous features such 

as the vaginal sidewalls and the speculum. These artifacts can affect feature extraction 

and diagnostic accuracy of an automated algorithm and therefore were removed to 

accuracy of an automated algorithm and therefore were removed to enable accurate 

analysis and classification of features pertaining to the cervix. Due to diversity in image 

positioning, the cervix region of interest (ROI) was cropped using a minimum bounding 

box around the cervix region. With standardized images in which the cervix took up 

about 90% of the image, no cropping was necessary. 

Specular reflection attenuation. Specular reflections appear as bright white spots on 

the cervigram where there is saturation of light exceeding the camera’s linear detection 

range for a set exposure. Specular reflections from Pocket Colposcope images were 

primarily caused by moisture, the uneven surface of the cervix, excess light illumination, 

and for VILI images, light reflecting off the dark VILI stains. Specular reflection affects 
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subsequent processing methods, which are primarily color-based, hence the need to 

attenuate their effect.  We employed the well-established specular reflection attenuation 

method described by Das et al. (2010) [117]. In summary, the raw RGB image was 

separated into the R, G, and B channels.  Specular reflection was identified by finding 

pixels above a threshold (220 for an 8-bit image) from each channel and logically AND-

ing them. In the binary image, the outlines of reflection were dilated, and the borders of 

dilated outlines were identified on the original image. A Laplacian infill method using 

values from these borders was used to smoothly interpolate inward from the border 

pixels [117], providing an output image with reduced specular reflection.  

 Gabor segmentation. A Gabor algorithm combined with k-means clustering 

was applied to the grayscale of the raw RGB image to select a region within the cervix 

for further analysis. Gabor filters look for specified frequency content in an image in 

specified regions and directions, similar to the human visual system [118]. Our 

hypothesis was that the Gabor filter would have a high frequency response within the 

acetowhite/texturized regions in VIA positive and yellow lesion regions in VILI 

positives. K-means clustering, an unsupervised learning method which splits unlabeled 

data into k number of clusters [119], was then used to segment the Gabor filtered image 

into two clusters, and the cluster with the higher Gabor mean was selected for further 

analysis. For VIA/VILI negative regions, the assumption was that a region within the 

cervix would be selected for further analysis, which would subsequently indicate 
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negativity. Utilizing this approach overcomes limitations from previous studies where 

regions needed to be manually selected for further textural analysis. A multi-scale Gabor 

filter was created with different orientations (0, 45, 90 and 135 degrees) and different 

wavelengths with increasing powers of two starting from  4Ö2 up to the hypotenuse 

length of the input image. The orientations and wavelengths used in this study are well 

established for unsupervised texture segmentation [118]. The filter was convolved with 

each image to obtain the overall Gabor response. K-means clustering (k=2) was used to 

segment the cervix into two regions based on the Gabor response. The region with the 

highest mean Gabor response was selected for further analysis. Gabor segmented 

regions were used to calculate color, and Haralick’s texture features for both VIA and 

VILI images. Pseudo lesion size was also calculated for VILI images. 

4.3.1.4 Feature Extraction 

Haralick’s texture features. Since acetic acid application causes textured mosaicism, 

which highlights different vasculature patterns corresponding to different diagnosis, we 

calculated Haralick’s texture features [113] to analyze the Gabor-segmented VIA regions. 

This method was also applied to VILI images with the assumption that since VILI is 

applied after VIA, there may be texturized regions within the VILI segments. In the 

grayscale image, we calculated the gray-level co-occurrence matrix (GLCM), a second 

order statistical method which characterizes an image by calculating how often a pair of 

pixels with specific values and spatial relationship occur in an image. The GLCM was 
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computed for four different pixel offsets (1, 5, 10 and 15) each in four different directions 

(0, 45, 90 and 135 degrees), for a total of 16 matrices. Small to medium offset values were 

used since we expected mosaicism features to show pixel differences within this range. 

The different directions were used since features of interest may be horizontal, vertical 

or diagonal. From these GLCMs, four Haralick’s features: contrast, correlation, energy 

and homogeneity, were calculated. This yielded 4 texture-based features for each VIA 

and VILI image. 

Color space transformation calculations. According to the mRCI, both VIA and VILI 

cervigram classification are primarily based on staining. For VIA, acetowhitened regions 

correspond to lesions, while light pink regions correspond to normal epithelium. For 

VILI, yellow regions correspond to lesions, while darker brown staining corresponds to 

normal epithelium. Based on this biological effect explained in detail in the introduction, 

color-based features were extracted.  Each image was transformed to five different color 

spaces, and these were separated into individual color channels, specifically ‘Red(R), 

Green(G), Blue(B) (RGB)’, ‘grayscale’, ‘Hue(H), Saturation(S), Value(V) (HSV)’, 

‘Luminance(Y), blue chroma(Cb) and Red chroma(Cr) (YCbCr)’, and ‘Lightness(L), 

red/green(a), and yellow/blue(b) (CIELAB)’ [120]. RGB color space is widely used for 

digital image acquisition; however, one of its primary disadvantages is that it is device 

dependent and sensitive to illumination differences, which limits the use for color-based 

image analysis [121]. CIELAB color space extends the RGB color space from 90% to 100% 
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of all perceivable colors and enables more quantitative applications since it correlates to 

perceptual descriptors of color [122].  Additionally, CIELAB and the YCbCr color spaces 

separate image luminous intensity from color information, reducing factors resulting 

from how an image was taken, such as variations in LED brightness [120]. HSV 

rearranges the geometry of RGB color space to make it more intuitive and perceptually 

relevant, separating color based of its hue, saturation and lightness [120]. Gray scale of 

an RGB image has luminance information [120]. 

For each color channel, we determined central tendencies of mean, median, 

mode, and variance. Otsu threshold level (two-class classification) was also determined 

on color-space transformed images [123] to take advantage of multiple clusters present 

from the brown normal regions and yellow abnormal regions. The Otsu threshold is a 

widely used, nonparametric, unsupervised method, which automatically selects a 

threshold to separate an image into two clusters, maximizing inter-class variance and 

minimizing intra-class variance [114]. From each of the thirteen channels of the different 

color space transforms, the mean, median, mode, variance, and Otsu’s threshold were 

extracted as potential classification features. Overall 65 color-based features were 

extracted for each VIA and VILI image.  

Lesion size determination. A pseudo lesion size detection was performed for VILI 

images after Gabor segmentation. Due to the high variation in acetowhitening lesion and 

normal epithelium shades, it was not possible to determine lesion size for VIA images 
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based on acetowhitening alone. Since VILI images provide a higher, more consistent 

contrast between dark brown normal epithelium and yellow stained abnormal 

epithelium, color-based “pseudo lesion size” was determined using VILI images. VILI 

images were transformed into CIElab color space explained previously and the b 

channel was extracted due to its direct linearity of yellow shades and high contrast in 

color transforms. A threshold was determined via analysis of pixel intensities of ROIs 

from a subset of images corresponding to lesions and non-lesion regions. The number of 

pixels above this threshold was divided by the total number of pixels in the bounded 

cervix region to approximate a percent “lesion size”. We call it pseudo lesion size 

because Lugol’s iodine solution may also result in yellowing due to non-uptake in 

benign cervical conditions, such as condilomas, cervicitis.  Parts of the cervix where 

Lugol’s Iodine is not properly applied (such as cervix boundaries) also show non-uptake 

yellow features. This resulted in overall a total of 70 features for VILI and 69 features for 

VIA images.   

4.3.1.5 Feature selection, classifier training and testing 

Classifier design. We selected a support vector machine classifier, a widely used 

and successful supervised learning method, which outputs an optimal hyperplane for 

classification [120, 124, 125]. SVM parameters are as follows: 

Predictor standardization: Predictors standardized using their corresponding 

weighted means and weighted standard deviations. Kernel function: Gaussian or RBF.  
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G(xj, xk) = exp(-||xj - xk||2)         (1) 

Kernel Scale: ~1.008 by automatic appropriate scale factor determined using a 

heuristic procedure. This heuristic procedure uses subsampling, so estimates can vary 

from one call to another. Solver: ISDA Iterative Single Data Algorithm  

Kernel offset: 0.1 

For standard classifier training, a labeled training data set is input into the 

classifier which then builds a model to enable classification of a new data set. For non-

linearly separable data sets, the SVM can transform data points to higher dimensions to 

linearize them for optimal separation using higher order kernels [126]. From initial 

scatter plots demonstrating non-linearity of the data set, we selected a Radial Basis 

Function (RBF or Gaussian) kernel with automatically selected kernel size using cross 

validation. RBF kernel was selected because it is most widely used due to flexibility and 

ability to project data into high (infinite) dimensionality space to find a linear separation 

[126]. The features were used as predictors while the pathology diagnosis (normal and 

benign vs. CIN+) was used as input labels for binary classification. While other machine 

learning tools could potentially be used, SVM was selected due to the limited data 

available for training and its proven excellent performance.  

Feature selection and validation. In machine learning, classifying data using a 

proportionally high number of features compared to sample size can result in classifier 

failure due to redundancy and overfitting or overtraining to noise/artifacts. High feature 
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number also increases storage and computational requirements. Due to a limited sample 

size (n=134 VIA/VILI pairs), a small subset of important features for satisfactory 

classification performance was determined and selected using forward sequential 

feature selection (FSFS) with minimum classification error (MCE) [127]. The FSFS is a 

fast, wrapper feature selection method, similar to the SVM recursive feature elimination 

(SVM-RFE) method. In the FSFS, feature candidates were sequentially added to an 

empty set to create a subset, until there was no further improvement in prediction. For 

each feature subset, the function performed a 5-fold cross validation with the classifier. 

The forward sequential feature sub selection method is advantageous because unlike 

filter methods which simply look at performance of individual features, FSFS considers 

performance of features when combined, as well as feature correlation. The feature 

number and combination, which provided the minimum error for classification was then 

selected.  

 Training and testing. The optimal feature subset was used as predictors into the 

SVM to generate a classification model which was validated using 5-fold cross 

validation with pathology as ground truth (note that even though we used pathology, 

results from pathology is typically not available in real time, even to clinicians doing 

visual observation). For cross validation for VIA and VILI features, the data set was 

divided into fifths. Training was performed on 4/5 of the data and testing performed on 

the remaining 1/5 of the data. This was repeated leaving a different data set each time 
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and the results averaged. ROCs were generated to determine the AUC, and sensitivity 

and specificity of each the algorithm was compared to physician performance for 

classifying images as negative or positive.  

4.3.1.6 Combining VIA and VILI features 

Parallel combination. When the SVM classifier classifies VIA and VILI images as 

negative and positive it also assigns a score to each image which describes the 

probability or likelihood that the label comes from one of the classes. These probabilities 

for VIA and VILI images were used as predictor inputs into the parallel-combined SVM 

classification model with binary pathology labels. A classification model was then 

generated from these to provide binary classification based on both VIA and VILI 

inputs. 

 Serial combination. For serially combining VIA and VILI results, we 

analyzed the data from the individual VIA and VILI algorithms to determine where they 

complemented each other. Based on this analysis, we first ran the VIA algorithm, using 

the same selected feature subset on all images with a low classification cutoff (-0.25 

instead of 0) for binary classification. This enabled correct classification of all high 

grades but also resulted in a high false-positivity rate. Negatives based on this 

classification were considered true negatives. The VILI algorithm was then run on the 

VIA positive images to increase specificity. An SVM classifier model was generated for 

the VIA and then VILI stage and cross-validated with pathology as ground truth. 
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4.3.2 Results 

4.3.2.1 Image Breakdown 

Of the 200 Pocket Colposcope patients, 66 were excluded due to one or more of 

the following factors: screen fail (2.5%), missing pathology for ground truth (2%), images 

not saved (missing) (6%), blurriness (10%), and device set at the wrong working distance 

(7%). Device related issues have been addressed in a newer version of the Pocket 

Colposcope design and improved control software. For the purpose of this study, data 

from a total of 134 patients were used for image analysis. The pathology distribution of 

patient whose cervigrams were utilized for the study are outlined in Table 12.  

Table 12: Image pathology distribution 

VIA/VILI classification Pathology classification # of patients (%) 

Negative Normal 51 (38%) 

 Cervicitis 17 (13%) 

 Condiloma 2 (0.01%) 

Positive CIN1 41(31%) 

 CIN2 10(0.07%) 

 CIN3 5(0.04%) 

 Invasive Cancer 8(0.06) 

 

4.3.2.2 Image processing and feature extraction 

Specular reflection attenuation. Pre-processing to attenuate specular reflection was 

performed prior to feature extraction and classification to prevent inaccuracies. Fig. 26 
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shows results from representative images with specular reflection before and after 

specular reflection attenuation. Due to the speckled nature of specular reflection it is 

difficult to accurately hand select all specular regions for quantitative comparison and 

analysis of reduction. However, upon visual inspection all images had significantly 

reduced specular reflection without affecting contrast in the images. This finding is 

similar to previous work in this area [117]. 

  Gabor filtering. A Gabor filter was applied to pre-processed VIA/VILI images 

and the response normalized. Lesion regions for both VIA and VILI Images had higher 

Gabor responses than the surrounding epithelium. Images were segmented into two 

main regions by k-means clustering (k=2) and the region with highest mean Gabor 

response selected. Since VIA and VILI negative images had no or little 

acetowhitening/yellowing, regions selected were likely to be a subsection of the normal 

epithelium of the cervix, the os, or the transformation zone. From direct observation, the 

Gabor segments were in approximately the same regions for both VIA and VILI for 

130/134 of the images. The Gabor segmented enabled the automatic selection of a region 

of interest for further analysis with the color and Haralick’s texture features.  

 Haralick’s texture features. VIA positive images had significantly higher 

contrast (p=0.03),  not significantly different correlation, significantly lower energy 

(p=0.013), and significantly lower homogenity (p=0.02) compared to VIA negative 

images. This is expected since “contrast” corresponds to variations between pixels (0 for 
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a constant image), correlation looks at a mutual relationship between pixels (range: -1 to 

1, with Nan for a constant image), energy crresponds to uniformity, with higher values 

for similar pizels (0-1 with 1 for a constant image) and homogenity reflects closeness in 

distribution to the diagonal of GLCM elements (range: 0-1, with 1 for diagonal/constant 

image), which calculate how often a pair of pixels with specific values and spatial 

relationship occur in an image.  VILI positive images had significantly higher contrast 

(p=0.003), insignificantly different correlation, significantly lower energy (p=0.024) and 

significantly lower homogeneity (0.015) compared to VILI negative images. Fig. 26 show 

representative images for Haralick’s texture features. 

 

Figure 26: Endpoints for feature extraction methods used for VIA and VILI 
classification. From left, figure shows original VIA negative and positive images, and 
VILI negative and positive images. This is followed by specular reflection attenuation 
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results which demonstrate significantly reduced speckle and convincing infilling. 
Gabor segmentation selects a highly texturized region of the image for further 

processing. The area around the os is selected and for positive regions in particular, 
the area around the lesion. Haralick’s texture output of the image is also shown with 

low homogeneity in lesion regions and high homogeneity in non-lesion regions. 
Color transforms of the segments are also performed to take advantage in staining 

differences for negative and positive cervix images. Finally, for VILI images, 
approximate lesion size is determined. 

Color transform features. Each image after Gabor segmentation was transformed 

into five main color spaces and the central tendencies and Otsu threshold calculated. Fig. 

26 shows representative color transforms for the VIA (YCbCr-Cb) and VILI (CIElab-b) 

images. As shown, lesion regions for VILI tended to have lower values than non-lesion 

regions in the b channel. In the Cb channel for VIA, lesion regions tended to have higher 

values than non-lesion regions. Different color channels showed distinct trends as well 

as redundancies. The optimal combination of features was later addressed using the 

sequential feature selection method.   

 Pseudo lesion size detection. Pseudo lesion size detection was performed on 

pre-processed VILI images since they enabled higher color-based contrast between 

lesion and non-lesion regions than VIA. We found that a threshold of 40 in the b channel 

of CIElab color space enabled adequate cutoff between the yellow and brown regions of 

the VILI images, the percentage of pixels above a threshold of 40 (which corresponds to 

all shades of yellow) was divided by the total cervical area to compute lesion size. The 

mean lesion size was found to be significantly larger (p=0.0047) in VILI positives than in 

VILI negatives as expected.  



 

   115 

4.3.2.3 Feature selection 

Feature selection was performed to select a subset of all the features to prevent 

overfitting. Rather than use a simple filter method which selects features with the 

highest p-values, we used a wrapper forward sequential feature selection (FSFS) method 

which takes into consideration feature redundancies and interaction. The list of selected 

features and their p-values are in Table 13.  Fig. 27 compares results of classification 

scores for VIA and VILI, achieved using features selected from the simple filter selection 

method and the forward sequential feature selection (FSFS).  Results from VIA and VILI 

images show that features selected with the FSFS method show expected trends in pre-

cancer grades and significantly higher differences and AUC between normal/benign and 

CIN+ compared to intuitively selected features from the simple filter selection method.      

Table 13: Features and p-values from simple filter method and sequential 
feature sub-selection method   

                                               VIA                                           VILI 
Features w/top p-values Sequential selected Features w/top p-values Sequential selected 
Feature P-value Feature P-value Feature P-value Feature P-value 
Correlation 0.0009 A mode 0.07108 CB median 0.0001 B mode 0.0005 
Blue variance 0.0016 B mode 0.2077 CB mean 0.0001 Red variance 0.5681 
L variance 0.0065 CR mode 0.6073 CB mode 0.0001  CB mean 0.0001 
Y variance 0.007 Energy 0.0009 CB level 0.000195 CB level 0.0002 
Grey variance 0.007 Correlation 0.90849 H mean 0.00024 Red mode 0.17415 
Green 
variance 

0.0147 CR level 0.5717 B mean 0.00042 V mode 0.3329 
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Figure 27: Comparing classifications scores from using top features by p-value 
(simple filter method) and by wrapper FSFS method.  a) Box plots of classification 

scores for VIA algorithm using the features with the highest p-values, b) Box plots of 
classification scores for VIA algorithm using features selected with sequential feature 

sub-selection method, c) ROC curves comparing VIA results from features with 
simple filter method to FSFS method, d) Box plots of classification scores for VILI 

algorithm using the features with the highest p-values, e) Box plots of classification 
scores for VILI algorithm using features selected with sequential feature sub-

selection method, f) ROC curves comparing VILI results from features with simple 
filter method to FSFS method. *=p<0.05, **=p<0.001, ***=p<0.0001, ****=p<0.00001. 

4.3.2.4 SVM Classification                                 

Fig. 28a, b show scatterplots of classification scores for the parallel and serial 

combination methods. Classification scores are outputs from the SVM classifier 

indicating the probability/likelihood of an image belonging to either the negative or 

positive class.  Scatterplots show similar expected trends for both methods. ROCs were 

generated to compare how the different algorithms (VIA, VILI parallel combined and 
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ground truth for normal/benign vs. CIN+, normal/benign vs. low grade/CIN1 and 

normal/benign vs. high grade/CIN2+. Performance of three expert physicians (>15 years 

of colposcopy experience per person) for the same data set are also indicated on the 

curve.  The physician interpretations were collected retrospectively and were based on 

features from both VIA and VILI image interpretation. Hence physicians had the same 

information as the combined VIA and VILI algorithms. All physician performance 

points fall within the ROC curve for combined VIA and VILI algorithms, indicating 

superior algorithm performance, which is critical considering experts like the ones used 

in this study are not widely available in low resource areas.  Both combined algorithms 

outperformed the individual algorithms. 

 

Figure 28: Performance of different classification algorithms. a) Scatterplot for 
classification scores from parallel combined method, b) Scatterplot for classification 

scores from serial combined method, c) ROC curves for all algorithms for 
normal/benign vs CIN+, d) ROC curves for all algorithms for normal/benign vs low 
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grade/CIN1, e) ROC curves for all algorithms for normal/benign vs CIN2+. 
Performance of each expert physician reader (n=3) is also indicated for each graph. # 

of images refers to the number of images/ image number. 

Additionally, AUCs for VIA and VILI only were also similar. Fig. 29 shows 

algorithm and each individual physician’s sensitivities, specificities and accuracy as 

compared to pathology (Fig. 29a, b). Sensitivity (also known as the true positive rate) 

measures the proportion of correctly identified positive. Specificity (also known as true 

negative rate) measures the proportion of correctly identified negative cases. Accuracy 

measures the overall proportion of correctly identified cases. Overall accuracy for all 

algorithms was found to be higher than physician accuracies. Though physician’s 

sensitives are on average on par with algorithms, algorithms achieve higher specificities. 

Combined algorithms achieved highest agreement with physicians, particularly with 

physicians who had higher performance with pathology. This is predictable since 

physicians also used both VIA and VILI images for prediction. Fig. 29c shows the 

percentage of correctly classified images by pre-cancer grade for one of the combined 

(serial) algorithms and the best physician. Fig. 29d-k shows representative VIA/VILI 

cervigrams of true positive, true negatives, false positives and false negative images 

classified by the serially combined algorithm. Fig. 29d-g show VIA images with their 

corresponding VILI cervigrams in Fig. 29h-k. True positive images showed 

acetowhitening and mosaicism in VIA image (Fig. 29d) and yellow staining in VILI 

image (Fig. 29h). True negatives showed little to no visible whitening or mosaicism in 
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VIA positive image (Fig. 29e) and showed brown staining from iodine uptake in VILI 

image (Fig. 29i). False positive images classified as negative by pathology but positive by 

the algorithm were due to high texture in the VIA image (Fig. 29f) and the non-uptake of 

Lugol’s iodine in the VILI image (Fig. 29j). The false negative showed no distinct 

acetowhitening in the VIA image (Fig. 29g) and very little area of Lugol’s non-uptake in 

the VILI image (Fig. 29k). This may be a result of the limitation where biopsies are taken 

from the endocervical canal which is not typically visible in the image. To conclude, 

these images as well as all the errors of the automatic algorithms “make sense” and are a 

result from non-trivial images. Recall that we compared with pathology, which contains 

data not available to the algorithm or to the clinician.   

E) Processing Time Analysis 

We ran 10 randomly selected images through the algorithm and measured the 

machine time taken for individual steps and the overall time. For each image pre-

processing for specular reflection attenuation and Gabor segmentation took the most 

time, averaging 27.7 seconds and 21.6 seconds, respectively, while feature extraction and 

classification took less than a second. Overall time taken per image averaged 50.3 

seconds, and was 2 minutes at most, demonstrating the feasibility for real time diagnosis 

of images (Fig. 30). 
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Figure 29: Algorithm and physician performance results. a) Bar charts showing 
sensitivity, specificity and accuracy (red circular marker) with gold standard 

pathology for the 4 algorithms; VIA only, VILI only, combined parallel and combined 
serial compared to average physician performance, b) Bar charts showing percent 

agreement for each of the algorithms compared to the 3 individual physicians. i.e by 
what percentage each algorithm agreed with each physician, c) Bar charts showing 

number of correctly classified images by pathology for the best  performing algorithm 
and the best physician, (d-g) Representative VIA images (h-k) corresponding VILI 
images diagnosed by algorithm: (d, h) True positive, (e, i) True negative, (f, j) False 

positive and, (g, k) False negative. 
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Figure 30: Box plots showing time taken (in seconds) to load, pre-process, 
process and classify a sample of the images (n=10) as positive or negative for pre-
cancer. All but one of the images had a processing time of less than 2 minutes. 

4.3.3 Discussion 

We introduce in this study algorithms that process and classify, in real time, VIA 

and VILI cervigrams as either negative or positive for cervical pre-cancer, and combine 

features from both contrasts to improve overall specificity while maintaining sensitivity.  

 Algorithms for the individual contrasts were developed to extract color 

and texture-based features. A subset of the domain/expertise-motivated features was 

automatically selected and used to train a support vector machine to develop models for 

binary classification of cervigrams. The individual algorithms were combined both in 

parallel (simultaneously with SVM scores) and serially (VIA followed by VILI) to 

improve performance. Combined methods performed on par with each other, with the 

parallel method achieving a sensitivity, specificity, accuracy and AUC of 79.7%, 80.0%, 

a=Loading image

b=Cropping + Specular reflection attenuation

c=Gabor segmentation

d=Feature extraction and classification

e=Total time overall
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80.0%, and 0.86, respectively, and the serially combined algorithm achieving a 

sensitivity, specificity, accuracy, and AUC of 81.3%, 78.6%, 80.0%, and 0.86, respectively.  

This was higher than the average of expert physicians, who achieved a sensitivity, 

specificity and accuracy of 77%, 51%, and 63%, respectively. The algorithm more 

accurately classified negatives, benign conditions, low grades, and high-grade 

conditions than the best performing physician.  

This algorithm has been developed with images captured using the Pocket 

Colposcope, a low-cost, portable, digital colposcope. The labeled images used for this 

study were obtained retrospectively and physicians used both VIA and VILI data, hence 

we were not able to directly compare the individual algorithms for VIA and VILI. No 

previous algorithms for combining VIA and VILI classification have been developed to 

which we can compare our results. There was only one study we found that had 

proposed a method to combine VIA and VILI images for diagnoses  [128]. However, 

though preliminary representative images from color-based segmentation were shown, 

no quantitative performance of the VILI algorithm was provided to which we could 

compare our results. Additionally, there is no previous algorithm that uses VILI alone 

for cervical pre-cancer diagnosis. Several groups have proposed methods towards 

automatic VIA diagnosis which, include automated cervix segmentation, specular 

reflection removal, and acetowhitening detection using color-based and texture features 

[105, 129-132]. However, most of these are only semi-automated, requiring manual ROI 
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selection and focusing on lesion detection within abnormal VIA images. Manually 

selected regions are then classified as a type of cervix tissue using various classifiers. 

Even though some groups have started working to enable full automation, the current 

methods cite device- and illumination-dependence, and image diversity being cited as a 

major challenge in analysis. 

Physician performance in our study is on par to those from previous studies. A 

colposcopy study by Qureshi et al. with 328 women found a sensitivity of 86.84% and a 

specificity of 48.93f% [133]. A study in Tanzania by Ngoma et al of 10,367 women 

screened with VILI found a range of 79.8% - 99.3% for sensitivity and 97.0% - 97.6% for 

specificity [134]. Sankaranarayanan et al performed a study with 4,444 women in Kerala, 

India, and found a range of 80.6% - 92.0% for sensitivity and 83.6% - 85.8% for specificity 

[135]. Our physician performance ranged from 68.3 - 88.9% for sensitivity, 20.0 - 71.4% 

for specificity, and 52.6 - 70.1% for accuracy. It is interesting to note while the average 

sensitivity of physicians in this study was comparable to that reported in previous 

studies, the average specificity was lower. We speculate that this may be because 

physicians who participated in our study were viewing still images of VIA/VILI without 

any information on patient history or demographics compared to previous studies in 

which images were interpreted in real time. Additionally, the prevalence of disease is 

lower at the population level, which was the study population used in published 

studies, compared to the diagnostic population (secondary screening), which was the 
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study population investigated here. In the diagnostic population, there is a higher 

number of borderline benign conditions, which can be easily misinterpreted due to 

intrinsic properties of the contrast agents. Future studies will include testing the 

algorithm in a real time clinical setting and comparing its performance to pathology and 

expert physician interpretation in the field. 

There are a few limitations related to this work. The first is that this methodology 

does not account for noisy images. Though there is an extensive training package with 

the Pocket Colposcope on how to obtain clear images, we acknowledge that, with 

human error, clear images may not always be obtained. Other papers have established 

methods for recognizing and indicating noisy images. Future renditions of the algorithm 

will seek to optimize and incorporate these algorithms, such that during a use case, the 

health provider will be alerted when an image fails to meet quality requirements. An 

additional limitation is that, even though pathology labels used in this work are 

considered the clinical standard, there is a degree of subjectivity when a pathologist is 

histologically grading cervical carcinomas. However, pathological diagnosis has a lower 

degree of subjectivity compared to physician diagnosis from colposcopy images. 

Thirdly, even though most of the algorithm is automated, there is still a need to crop the 

cervix to find a rough ROI in the image using a simple, and easy to use square cropping 

tool (the only manual feature involved in processing). We have developed a cervix 

segmentation tool for full automation, but it currently suffers from low accuracy due to 
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lack of image standardization from different working distances when data is captured. 

In the short term we will incorporate standardization measures into the Pocket 

Colposcope such that images are taken at about the same working distance. This will 

enable us to apply the segmentation algorithm efficiently, thus fully automating the 

process. Long term, as we acquire more data with the Pocket Colposcope we anticipate 

using successful deep learning methods such as U-NET, proposed for biomedical image 

segmentation, to perform this step. 

Lastly, classification with this methodology is based on handcrafted color and 

textural features, identified by expert physicians as predictive of cervical pre-cancer and 

outlined by cervical cancer guidelines. There may be additional, intrinsic features 

available in the images, not recognized by the human eye, which can be assessed using 

deep learning methods. However, due to the limited nature of our data, we are unable to 

implement these methods and transfer learning efforts have failed to yield accurate 

results.  

While tools from deep-learning have become state-of-the-art in many disciplines, 

including in medical imaging applications (different than the one addressed here [111, 

136]), we should note that they often need significant training data, orders of magnitude 

beyond what was used in this work. Even when exploiting deep-learning, combined 

with transfer and/or domain learning to compensate for reduced training data, when the 

algorithms are deployed they tend to suffer from two fundamental caveats: lack of full 
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explainability and computational complexity (which translates into energy consumption 

in mobile devices, critical for low-resource areas). As demonstrated in this paper, they 

are not actually needed, and through use of domain knowledge we can achieve excellent 

results with limited training data and with an algorithm at very low computational cost. 

Comparing results to a previously published study by Xu et al. (2016), which used deep 

learning methods, with multimodal convolutional neural networks and input of a 

combination of 10,000 colposcope images (about 2 orders of magnitude more than in this 

project) and patient clinical records (age and pH value, Pap smear results, HPV signal 

and status), yielded 88.91% accuracy,  87.83% sensitivity, and 90% specificity [93]. 

However, Pap and HPV combinations are not readily available in low-resource settings 

where cervical cancer incidence and mortality is highest, so the real life application of 

this method is unclear. Visual inspection with acetic acid is the standard of care, and the 

Pocket Colposcope provides the ability to bring high level cervix image capture 

(colposcopy) to low-resource settings. We present a method which uses a fraction of the 

data with simple, but powerful features from Pocket Colposcopy images to achieve 

performance of 80% accuracy, 81.3% sensitivity, and 78.6% specificity, comparable to 

that expert physicians and the deep learning method described above. However, as the 

amount of data increases with further implementation of the Pocket Colposcope, our 

algorithms, specifically the segmentation stage, could benefit from the U-Net deep-

learning mentioned above, which will be the subject of future research. 
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Long term, as we continue to accumulate data with various clinical studies using 

the Pocket Colposcope, we foresee incorporating deep learning methods to further 

enhance the hand-crafted, domain-expert features. Given a substantial initial sample size 

(order of 1000s) from longitudinal clinical use of the Pocket Colposcope, we plan to 

employ data augmentation techniques such as transfer learning, patches, and 

transformations to increase the size of our dataset. This will enable us to leverage 

successful deep learning architectures such as convolutional neural networks to extract 

latent features without the need for image pre-processing steps such as cervix 

segmentation. Features can then be used in a traditional classification model like logistic 

regression or support vector machines and thus further improve our classification 

performance. 

4.4 Extrapolating methods used to additional datasets 
obtained for VIA only, VILI only and VIA+VILI+GIVI 

4.4.1 Methods 

Images, pathology and physician labels were retrospectively obtained from a 

database of Pocket Colposcope images acquired in previous clinical studies [115].  As 

part of the studies, blinded expert physicians provided a diagnosis for each patient from 

reviewing randomized digital cervigrams based on both VIA and VILI images. 

Images were obtained from different clinical study sites: Duke University 

Medical Center, Durham, USA; La Liga Contra el Cancer, Lima, Peru; Kilimanjaro 

Christian Medical Center, Moshi, Tanzania; and University Teaching Hospital, Lusaka, 
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Zambia. For each site, different contrasts were used, However as VIA is the base 

standard of care for visual inspection of the cervix, VIA images were obtained from all 

sites. We looked at different combinations: VIA only, VILI only, GIVI only, VIA+VILI, 

VIA+GIVI, and VIA+VILI+GIVI. Due to the differences in data collected we also 

compared combinations to their individual contrast to determine improvements, 

independent of differences in data sets. A table summarizing the different sites and 

images collected as well as their divisions as normal, low-grade or high grade is shown 

in Table 14 below. 

Table 14: Summary of different sites and images collected with subsets of 
normal, low-grade, or high-grade diagnosis indicated, 

 
VIA VIA+VILI VIA+GIVI VIA+VILI+GIVI 

 
normal Low 

grade 
High 
grade 

Normal  Low 
grade 

High 
grade 

Normal  Low 
grade 

High 
grade 

Normal  Low 
grade 

High 
grade 

DUMC 35 23 54 5 12 12 22 19 34 5 12 12 

LLCC 51 41 23 51 41 23 
      

KCMC 2 6 10 2 6 10 2 6 8 2 6 8 

UTH 3 3 33 
   

2 3 32 
   

total 91 73 120 58 59 45 26 28 74 7 18 20 

 

To summarize clinical study procedures, patients undergoing colposcopy 

examination at clinical study sites were recruited. These studies were approved by Duke 

University Institutional Review Board (Pro00052865) and performed with approved 

protocol, informed consent process, and data storage system for each international 

clinical study site. For each patient, acetic acid was applied to the cervix. Visual 
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inspection was performed via standard of care (inspection with the naked eye, with 

magnification, colposcopy or cervicography), followed by imaging with the Pocket 

Colposcope using white light illumination.  

For sites which performed GIVI, white light illumination image capture was 

followed by green light illumination image capture to highlight vasculature features on 

the cervix. For sites which performed VILI, Lugol’s iodine was then applied to the cervix 

and VILI features were observed per standard of care visual inspection methods, 

followed by the Pocket Colposcope. Images, patient demographics, and pathology 

results were collected and stored in a HIPAA compliant secured database, REDcap [116].  

No biopsies were taken for cervices, which appeared normal during visual inspection as 

per standard-of-care procedures. However, some biopsies of cervices which appeared 

abnormal by visual inspection were at times determined to be normal by pathology. 

Based on feedback from previous study, for algorithm binary classification 

labels, normal and CIN1s were grouped under “normal/benign”. This is because most 

CIN1 cases are non-malignant and regress on their own, while CIN2+ cases are typically 

treated. Images, pathology and physician labels were retrospectively obtained from a 

database of Pocket Colposcope images acquired in previous clinical studies [115].  As 

part of the studies, blinded expert physicians provided a diagnosis for each patient from 

reviewing randomized digital cervigrams based on both VIA and VILI images. 
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Additional images obtained with the pocket colposcope from other clinical 

studies were obtained. Depending on standard of care processes for each clinical site, 

contrasts contained were either VIA only, VILI only, GIVI only, VIA and GIVI,  VIA and 

VILI, or all three. 

 Using the methods described in detail in section 4.3 in the initial development 

and feasibility phase, pre-processing was performed to crop the cervix to remove any 

clinically irrelevant information such as the vaginal walls and speculum and specular 

reflection attenuation was applied to reduce the specular reflection in each image. After 

pre-processing, images were passed through the Gabor segmentation algorithm to 

segment a region of interest within the cervix for further analysis. From this region of 

interest, Haralick’s texture features of contrast, correlation, homogeneity and energy, as 

previously described were extracted. The region of interest was also transformed into 

different color channels of color spaces and summary statistics obtained. These features 

were passed through the forward sequential feature selection (FSFS) algorithm to select 

a subset of optimal features for each contrast. Feature subsets were used to train 3 and 

cross-validate (10-fold) different classifiers: Support vector machine used previously, K-

nearest neighbor classifier (KNN) and a generalized linear regression classifier to 

compare results. 

From previous studies with VIA and VILI images from LLCC, Peru, combination 

methods for parallel combination was found to be slightly better than serial 
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combination. Additionally, parallel combination enables simpler, and less subjective 

combination for contrast combinations than serial method, hence parallel combination 

methods was used to combine VIA+VILI, VIA+GIVI and VIA+VILI+GIVI images.  

Results were compared for: VIA only, VILI only, GIVI only, VIA+VILI, VIA+GIVI, and 

VIA+VILI+GIVI.  

4.4.2 Results 

4.4.2.1 VIA only 

VIA cervigrams were obtained from all study sites with 284 total images 

obtained. Of the 284  images, 91 were normal, 73 were CIN1 and 120 were CIN2+. 

Results here are shown for 10-fold cross validation of selected features using SVM, KNN 

and Log classifiers. Of the three, the Log classifier performed best, obtaining an AUC of 

0.76, this was followed by the SVM then KNN methods. Unlike the initial feasibility 

study with Peru data set, which was analyzed as normal vs CIN+, this data was 

analyzed as normal/CIN1 vs CIN+. Thus, different features were selected, and a 

different classifier model used. ROC curves for all individual classifiers as well as for 

combined classifiers are also shown.  Results demonstrate a performance on par with 

initial algorithm using Peru data. 
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Figure 31: VIA classification results 

4.4.2.2 VIA and VILI 

VIA and VILI Cervigram pairs were obtained from patients from LLCC, UTH, 

and a subset of DUMC patients. This yielded a total of 162 image pairs, of which 58 were 

normal, 59 were CIN1 and 45 were CIN2+.  As per previous methods, normal/CIN1 

were binned in the normal category for algorithm classification, while CIN2+ was 

binned in the abnormal. category Since data was heavily skewed within the binned 

normal category, a randomly selected subset of data (n=50) was selected from the 

Normal/CIN1 for training and cross validating the algorithm. Results are shown for VIA 

only for this subset of data, VILI only and VIA+VILI combinations using the parallel 

combination methods. ROC curves for VIA only, VILI only and VIA+ VILI are shown. 

Scatter plots for the best performing classifier, Log for VIA, VILI and VIA+VILI are also 

shown. Results demonstrate that combining VIA and VILI algorithms using the with 
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entire data set, outperforms physicians interpretation from initial study, and VIA is 

improved, though only marginally by addition of VILI contrast. Discrepancies in results 

between the two data sets may be from additional data set and from the classification of 

normal/CIN1 as abnormal and CIN2+.  

 

Figure 32: VIA ROC curve for VIA/VILI data set only 
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Figure 33: VILI ROC curve for VIA/VILI data set only 

 

 

Figure 34: VIA, VILI and Combined results for general linear classifier with 
Log distribution 
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4.4.2.3 VIA and GIVI 

VIA and GIVI cervigram pairs were obtained from patients from KCMC, UTH 

and a subset of DUMC patients. This yielded a total of 128 image pairs with 26 normal, 

28 low-grade and 74 high grades, with normal/CIN1 in normal category and CIN2+ in 

abnormal category. We show results for VIA only, GIVI only for this particular data set 

and VIA+GIVI combination of the individual classification scores. ROC curves for VIA 

only, GIVI only and VIA+ GIVI are shown. Results demonstrate that combining VIA and 

GIVI algorithms out performs VIA only or GIVI only.  

 

Figure 35: VIA ROC for VIA/GIVI dataset only 
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Figure 36: GIVI ROC for VIA/GIVI dataset only 

 

Figure 37: VIA, GIVI and combined ROC for best performing (Log) classifier 
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4.4.2.4 VIA, VILI and GIVI 

Of all the data collected, only a small subset of DUMC images and a subset of 

KCMC images had all three sources of contrast. This yielded a total of 45 image trios 

with 7 normal, 18 CIN1 and 20 CIN2+.  We show results for VIA, VILI, GIVI, VIA+VILI, 

VIA+GIVI and VIA+VILI+GIVI for this particular data set. Combinations of algorithms 

are done using the parallel combination method. A chart showing AUC scores for 

individual algorithms as well as all the different combinations are also shown. Log out 

performs both SVM and KNN in this case also. We also see that addition of an 

additional contrast improves over VIA only while, combining all three contrasts 

provides the best results. Since this is a small data set, results may be overly optimistic, 

seeing as the performance is higher than the algorithms performance on larger data sets. 

However, the trend in improvement with contrast addition is still relevant. for 

VIA+VILI+GIVI sets. 
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Figure 38: AUC scores for VIA only, VILI only, GIVI only, VIA+VILI, 
VIA+GIVI, VIA+VILI+GIVI. 
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5. Conclusions 
5.1 Summary of results and conclusions drawn 

We have developed a software and hardware solution for cervical cancer 

screening with potential for self-screening applications. For Aim 1 we developed the 

Calla introducer and Callascope camera for speculum-free imaging of the cervix. The 

Callascope can be used by a health provider for imaging the cervix and also by the 

patients themselves for self-screening. Results from computational and phantom testing 

demonstrate that the introducer can withstand vaginal pressures and enable 

manipulation of the cervix for adequate imaging compared to the speculum. The spray 

channel enables adequate coverage of a cervix target with contrast solution. Preliminary 

testing with the camera demonstrates image quality on par with the Pocket colposcope 

which has been validated against standard-of-care colposcopes. Additionally a secure 

mobile health application was developed to aid in image capture and patient data 

storage. 

For aim 2 we validated the Callascope in various clinical studies. Initial pilot 

studies with volunteers for physician-assisted self-imaging in the clinic demonstrated 

the feasibility of the Calla for imaging the cervix. A clinical study with physician 

insertion and comparison to the speculum, demonstrated adequate cervix visualization 

as the speculum while providing improved patient experience. The home study in 

which volunteers were trained for 5 minutes and allowed to use the Callascope, first in 
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the clinic without the assistance  of a clinician, and secondly in the comfort of their 

homes, demonstrated successful cervix imaging for all volunteers and feasibility for 

cervix imaging in the comfort of one’s home after a brief training. We also performed 

pilot studies testing the contrast application methods in patients, which showed 

adequate coverage but excess pooling of solution which interfered with the workflow. 

This demonstrates a need for improvement to improve efficiency of contrast delivery 

and prevent pooling. The final studies involved in-depth interviews in Durham. 

Interviews confirmed that women overwhelmingly disliked the speculum and pelvic 

exams because of fear and privacy reasons and overwhelmingly preferred the calla 

introducer to the speculum. Additional studies are in place to replicate these interviews 

in other sites including Peru, Ghana, and Brazil, to provide a broader view of women’s 

perceptions of their reproductive health, cervical screening tools, self-screening and the 

Callascope 

For aim 3 we developed algorithms to improve diagnostic accuracy for 

colposcopy images captured with the pocket colposcope and reduce inter-physician 

variability. The algorithms also promote task-shifting to community health workers 

since it reduces uncertainty with diagnostics and amount of training needed. For the 

algorithms we also demonstrate improvement in accuracy with additional sources of 

contrast. Initial proof-of-concept algorithms were developed on a data set from La Liga 

Contra el Cancer in Peru which had both VIA and VILI image pers. Image processing 



 

   141 

algorithms were developed to pre-process images, extract color and texture features, 

and classify images based on a selected subset of the features. Individual algorithms 

demonstrated performance on par with expert physicians reading of the same data set, 

while combined VIA and VILI algorithms significantly improved over the expert 

physicians. Based on these results algorithms were developed and tested on additional 

images reflecting additional sources of contrast. On a larger VIA data set algorithm 

performed on par with physician performance as demonstrated before. VIA+VILI and 

VIA+GIVI algorithms both demonstrated improvements over VIA only, while 

VIA+VILI+GIVI demonstrated the best performance of all of the algorithms. 

Overall this work describes an integrated hardware and software solution for 

cervical cancer screening, with particular specifications in mind for resource-limited 

settings. This work overcomes barriers of cost, portability, fear of pain and discomfort, 

reluctance by women to be screened by a physician who may be male. The work 

described has potential to enable task shifting to community health workers and even to 

women themselves and overall enable wide spread screening for cervical cancer.  

5.2 Future directions 

5.2.1 Improving contrast delivery 

A current limitation of the Callascope is the ability to deliver contrast over the 

surface of the cervix while avoiding pooling of liquid, which interferes with imaging 

and workflow. Currently 2ml of liquid is needed to ensure coverage of the entire cervix, 
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which leads to pooling. The camera has to be removed to drain out the liquid and soak 

up remaining liquid with a cotton swab. In addition to this, spray holes currently in the 

introducer are not easily manufacturable by injection molding. Hence there is a need to 

develop a more efficient spray mechanism that is also easy to manufactures. One 

potential direction is the use of and atomizer incorporated into a channel on the calla 

introducer, which would spray a fine mist of contrast over the surface of the cervix, 

using  <0.05ml of solution. Proof of concept for this method has already been 

demonstrated through preliminary phantom testing, courtesy of Erica Skerett, currently 

a first year PhD student on the project. 

5.2.2 Combining features of 2MP and 5MP Pocket through 
industrial design 

For commercialization purposes, there is a need to combine features of the 2MP 

and 5MP Pocket colposcopes. While it has high resolution, focusing ability and different 

illumination wavelengths, the 5MP Pocket is currently larger than opening in the calla 

introducer. The Callascope camera, while fitting in the introducer does not have 

addition green light source and uses a fixed focus mechanism. Maintaining the size 

through the use of the 2MP camera sensor, while adding the green illumination light 

source and enabling manual or autofocus will greatly increase usability and consistent 

image quality. 
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5.2.3 Clinical diagnostic studies 

Early clinical and home studies have shown feasibility for the Callascope for 

consistent imaging of the cervix by a physician or by the patient themselves. 

Additionally, we have shown feasibility to deliver contrast agent necessary for screening 

for cervical pre-cancers. However, there is a need to expand this arm into a diagnostic 

study where image concordance with expert physician interpretation and algorithm 

interpretation is used to compare the Callascope to standard of care diagnostic methods. 

These studies also need to be expanded to include low- and middle- income countries 

where cervical cancer is at highest risk. We have established partnerships in Peru and in 

Ghana and have clinical studies set to begin there. Additionally, we have begun 

preliminary in-depth interviews in Peru and Ghana to assess reproductive health 

knowledge, cervical cancer awareness, perceptions towards screening tools and the 

Callascope. 

5.2.4 Potential applications for HPV testing 

Testing for HPV simply requires a swab of the vaginal canal for collection of 

mucus to test for HPV DNA. Since the Callascope is in contact with the vaginal canal 

during imaging and collects mucosal matter on the stem while being inserted, 

manipulated and removed, this can be used as specimens for self-collected of provider-

collected HPV DNA testing in addition to cervix imaging for synergistic results. Future 

clinical studies will the feasibility of this approach by imaging the cervix with women 
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(either by self or provider) and collecting mucous to test for HPV from women.  

Outcomes will be compared for cervix imaging only and HPV only, imaging and HPV 

combined. 

5.2.5 Algorithms improvement through deep learning methods 

Due to limited data algorithms have initially been developed using traditional 

machine learning methods with hand-crafted feature extraction for classification-based 

features physicians use for interpretation, i.e. acetowhitening, mosaicism, Lugol’s 

staining, etc. This method has its limitations since hand-crafted features might miss 

inherent features in the images that could be of diagnostic value. Additionally, for 

traditional methods, as data set size increases accuracy either plateaus or decreases since 

no new features are being learned and higher number of features might introduce 

variability within images, which are not reflected in the hand-crafted features. These 

limitations can be overcome by obtaining additional images to be able to apply deep 

learning algorithms which can learn features from the imaged, including potentially 

new features, and increase accuracy with increasing data points. 
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