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Abstract 

Among women worldwide, cervical cancer is the third most common cancer 

with an incidence rate of 15.3 per 100,000 and a mortality rate of 7.8 per 100,000 

women. This is largely attributed to the lack of infrastructure and resources in the 

developing countries to support the organized screening and diagnostic programs 

that are available to women in developed nations. Hence, there is a critical global 

need for a screening and diagnostic paradigm that is effective in low-resource 

settings. Various strategies are described to design an optical spectroscopic sensor 

capable of collecting reliable diffuse reflectance data to extract quantitative optical 

contrasts for cervical cancer screening and diagnosis.  

A scalable Monte Carlo based optical toolbox can be used to extract absorption 

and scattering contrasts from diffuse reflectance acquired in the cervix in vivo. [Total Hb] 

was shown to increase significantly in high-grade cervical intraepithelial neoplasia (CIN 

2+), clinically the most important tissue grade to identify, compared to normal and low-

grade intraepithelial neoplasia (CIN 1). Scattering was not significantly decreased in 

CIN 2+ versus normal and CIN 1, but was significantly decreased in CIN relative to 

normal cervical tissues. Immunohistochemistry via anti-CD34, which stains the 

endothelial cells that line blood vessels, was used to validate the observed absorption 

contrast. The concomitant increase in microvessel density and [total Hb] suggests that 
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both are reactive to angiogenic forces from up-regulated expression of VEGF in CIN 2+. 

Masson’s trichrome stain was used to assess collagen density changes associated with 

dysplastic transformation of the cervix, hypothesized as the dominant source of 

decreased scattering observed. Due to mismatch in optical and histological sampling, as 

well as the small sample size, collagen density and scattering did not change in a similar 

fashion with tissue grade. Dysplasia may also induce changes in cross-linking of 

collagen without altering the amount of collagen present. Further work would be 

required to elucidate the exact sources of scattering contrast observed.  

Common confounding variables that limit the accuracy and clinical acceptability 

of optical spectroscopic systems are calibration requirements and variable probe-tissue 

contact pressures. Our results suggest that using a real-time self-calibration channel, as 

opposed to conventional post-experiment diffuse reflectance standard calibration 

measurements, significantly improved data integrity for the extraction of scattering 

contrast. Extracted [total Hb] and scattering were also significantly associated with 

applied contact probe pressure in colposcopically normal sites. Hence, future contact 

probe spectroscopy or imaging systems should incorporate a self-calibration channel 

and ensure spectral acquisition at a consistent contact pressure to collect reliable data 

with enhanced absorption and scattering contrasts.  

Another method to enhance optical contrast is to selectively interrogate different 

depths in the dysplastic cervix. For instance, scattering has been shown to increase in the 
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epithelium (increase in nuclear-to-cytoplasmic ratio) while decrease in the stroma (re-

organization of the extra-cellular matrix and changes in of collagen fiber cross-links). A 

fiber-optic probe with 45° illumination and collection fibers with a separation distance of 

330 μm was designed and constructed to selectively interrogate the cervical epithelium. 

Mean extraction errors from liquid phantoms with optical properties mimicking the 

cervical epithelium for μa and μs’ were 11.3 % and 12.7 %, respectively. Diffuse 

reflectance spectra from 9 sites in four loop electrosurgical excision procedure (LEEP) 

patients were analyzed. Preliminary data demonstrate the utility of the oblique fiber 

geometry in extracting scattering contrast in the cervical epithelium. Further work is 

needed to study the systematic error in optical property extraction and to incorporate 

simultaneous extraction of epithelial and stromal contrasts using both flat and oblique 

illumination and collection fibers.  

Various strategies, namely self-calibration, consistent contact pressure, and the 

incorporation of depth-selective sensing, have been proposed to improve the data 

integrity of an optical spectroscopic system for maximal contrast. In addition to 

addressing field operation requirements (such as power and operator training 

requirement), these improvements should enable the collection of reliable spectral data 

to aid in the adoption of optical smart sensors in the screening and diagnosis of cervical 

precancer, especially in a global health setting. 
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1. Introduction  

1.1 Clinical Problem: Cervical Cancer  

Among women worldwide, cervical cancer is the third most common cancer 

with an incidence rate of 15.3 per 100,000 and a mortality rate of 7.8 per 100,000 women 

[3]. This is largely attributed to the lack of infrastructure and resources in the developing 

countries to support the organized screening and diagnostic programs that are available 

to women in developed nations. Cervical cancer is preventable and mostly curable if 

detected early. Over the last three decades, cervical cancer incidence and mortality rates 

have decreased approximately 75 % in developed nations like the United States [4] due 

to effective, albeit costly, early screening and diagnosis of cervical intraepithelial 

neoplasia (CIN), a premalignant condition. To make disease management more cost 

effective, there is a need to balance the early diagnosis of CIN with the cost and burden 

of overtreatment. Epidemiologically, high-grade CINs (CIN 2+) are more likely to 

progress into invasive carcinoma when compared to low-grade CINs (CIN 1), which 

often spontaneously regress [5]. Thus, the clinically relevant diagnosis is to differentially 

identify high-grade CINs (CIN 2+) from normal and low-grade CINs (CIN 1). The “2006 

Consensus Guidelines for the Management of Women with CIN or Adenocarcinoma in 

Situ” [6] recommends continued observation for CIN 1 but immediate treatment for CIN 

2+ with excision and ablation. Of patients with abnormal cytology, only 6 – 11 % will 

have CIN 2+ and approximately 1 in 1000 will have cervical cancer [7]. 
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Cervical cancer affects the lives of 500,000 women worldwide each year, and 

results in more than 270,000 cervical deaths [8]. Approximately 85% of these cases occur 

in the developing world [8-9]. In the U.S., during the 1960s, cervical cancer was the 

leading cause of female cancer deaths; but the death rate declined by 75% from 1965-

1992 [10]. However, this death rate decline is not seen internationally. In fact, the 

number of cervical cancer deaths is still rising, with estimates that the rate will increase 

by 25% over the next 10 years [11]. The decrease in the incidence of cervical cancer in 

developed countries has been attributed to regular screening that relies on a multi-visit, 

cytology-based screening approach – Papanicolaou (Pap) smear, followed at a later time 

by colposcopically directed biopsy when indicated, and treatment if necessary [9, 12]. 

Employing these methods requires dedicated clinic visits for specimen collection, follow 

up and treatment, as well as a pathology laboratory and skilled staff [13]. However, the 

benefits of cervical cancer screening and diagnosis have yet to be realized in developing 

countries that are significantly resource-limited [14-15]. Studies suggest that even if a 

woman were evaluated for cervical cancer only once in her lifetime between the ages of 

30 and 40, her risk of cancer would be reduced by 25-36% [16]. Thus, there is a 

compelling argument to devise objective and cost-effective strategies to detect cervical 

cancer in a setting where the infrastructure for screening and diagnosis for this disease is 

not in place.  
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1.2 The Uterine Cervix: Anatomy, Histology, and HPV Etiology 

1.2.1 Histology of the Normal Cervix 

The cervix is divided into three distinct histological zones: ectocervix, 

endocervix, and the transformation zone.  

Ectocervix, the outer portion of the cervix, is covered by non-keratinizing 

stratified squamous epithelium with a subjacent vascularized stroma. The squamous 

epithelium contains multiple cell layers that vary due to age and the ratio of the 

hormones estrogen and progesterone [17]. An increased amount of estrogen leads to 

cornification of the squamous cells into pseudolayers (basal, parabasal, intermediate, 

and superficial cells). Near the basement membrane, these cells are immature, with an 

increased nuclear-to-cytoplasmic ratio. In contrast, the superficial cells have small 

punctate nuclei and large amounts of glycogenated cytoplasm [17].  

The thickness of the ectocervical epithelium ranges from 100 to 500 μm [18-19] 

and is influenced by hormones estrogen and progesterone, and therefore varies with age 

but undergoes little change during the menstrual cycle [20]. Valadares et al. [21] have 

also shown that HIV infection and undernourishment decrease epithelial thickness, 

while there does not seem to be a significant association between epithelial thickness 

and the dysplastic stage of the cervix [18-19]. The ectocervical stroma is composed of 

fibrous connective tissue, devoid of glands. The superficial stroma contains reticular 

capillary network and straight vessel loops branch from the capillary network and 
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extend into parabasal and basal layer of the squamous epithelium to supply epithelial 

cells with nutrients and oxygen [17].  

The endocervix is lined by a single layer of mucus-producing columnar cells. The 

cells have small nuclei and a moderate amount of cytoplasm at the cell base [17]. Unlike 

the ectocervical stroma, the endocervical stroma is abundant with “cervical glands”, or 

mucus-producing tubules lined by the same type of the epithelium that lines the surface 

[22]. 

 

The transformation zone is an area where the endocervical mucosal surface is 

actively replaced by squamous epithelium typically by the process of squamous 

metaplasia of the subcolumnar reserve cells [23]. Squamous metaplasia is a normal 

process occurring in most women during the reproductive period. Squamous metaplasia 

develops from subcolumnar reserve cells that develop in the region of the original or 

native squamocolumnar junction that, for various reasons, migrates to the portio. These 

reserve cells subsequently divide to form immature metaplastic cells that replace the 

columnar cells on the surface and in the endocervical crypts (glands). Over time, these 

   
Figure 1: Hematoxylin and eosin stain slides of (a) stratified squamous epithelium 

in the ectocervix [1], (b) simple columnar epithelium in the endocervix [1], and (c) 

squamocolumnar junction in the transformation zone [2].  

 

 

 

(b) (c) (a) 
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metaplastic cells evolve into mature squamous cells that merge into the original 

squamous epithelium [24]. Although a minority of cervical neoplasia is found in the 

ectocervix, the vast majority of clinically significant neoplastic lesions ( CIN 2+) are 

found within the transformation zone [25].  

1.2.1 Histo-pathology of Cervical Intraepithelial Neoplasia (CIN) 

As normal epithelial cells becomes dysplastic (almost always due to HPV 

infection), they lose polarity and become less differentiated, starting from the bottom 

one-third (CIN 1) and progress superficially until they occupy at least two-thirds of the 

epithelium in CIN 2+ and carcinoma-in-situ (CIS) (Figure 2). Invasive carcinoma occurs 

when the tumor cells break through the basement membrane into the underlying 

stroma. Most cervical cancers arise from dysplasia in the transformation zone, although 

a small percentage (10 – 15 %) arises from the endocervical canal [11].    

  

Figure 2: Morphology of the cervix as it progresses from normal to CIN 1 and 

eventually to CIN 2+. In CIN 1, only cells in the lower third of the epithelium loses 

polarity and becomes less matured, with up to the entire epithelium occupied by 

immature cells in CIN 2+. The stroma consists of connective tissue and is highly 

~ 350 μm 
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vascular [26]. The cervical epithelial thickness has been reported to be 200 – 500 μm 

with an average of 350 μm [18]. 

1.2.3 HPV as an Etiological Agent  

Human papilloma virus (HPV), a double-stranded DNA virus,  infection 

represents the primary risk factor  in cervical cancer and is found in almost all cervical 

cancers (> 99.7 %) [27-28]. Many other risk factors have been demonstrated to influence 

the pathogenesis of cervical carcinoma, such as an early onset of sexual activity, parity, 

pregnancy, immunosuppression, smoking, and a large number of life-time or recent 

sexual partners. Another well established risk factor for HPV infection is the long-term 

use of oral contraceptives [29]. Over 100 different HPV types have been identified so far, 

with 15 subtypes (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, and 82) classified as 

high risk etiological factors cervical cancer, 3 as probably high-risk types (26, 53, and 66), 

and 12 as low-risk types (6, 11, 40, 42, 43, 44, 54, 61, 70, 72, 81, and CP6108). HPV 

subtypes 16 and 18 have been found particularly frequent among patients worldwide, 

and have been included in cervical cancer vaccines developed by GlaxoSmithKline 

(GSK) and Merck.  Infections with low-risk types can cause benign or low-grade cervical 

cell changes, genital warts, and recurrent respiratory papillomatosis [29]. High-risk HPV 

types act as carcinogens in the development of high grade cell abnormalities, cervical 

cancer, and other anogenital cancers [30]. HPV gene products disrupt cell cycle and 

promote proliferation (immortality) and oncogenesis. The E5 protein enhances the 

activity of the epidermal growth factor. The E6 protein binds to and degrades p53, a 
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tumor suppressor transcription factor, and thus interferes with apoptotic function of the 

host cells. The E7 protein degrades retinoblastoma protein (pRb) and thus allows 

mutated cells to evade cell cycle control. Essentially, a persistent infection with one of 

the high-risk HPV subtypes is a necessary, but not sufficient, occurrence for the 

development of cervical cancer [31].   

1.3 Current Clinical Standard for Diagnosis and the Unmet Need 

Typical screening and diagnosis for CIN consists of a Papanicolaou (Pap) smear 

followed by colposcopy-directed biopsies. Pap smears, essentially a random sampling of 

the cells in the transformation zone, offer highly variable sensitivity and specificity of 30 

– 87 % and 86 – 100 %, respectively [32]. The relative insensitivity of conventional 

cytology means that frequent testing is required for early cancer detection, 

compromising cost efficiency. In the developed nations, patients with an abnormal Pap 

smear are referred to colposcopy for further triage. Colposcopy consists of a visual 

examination of the cervix at low magnification (usually 3 – 5X) with the aid of acetic acid 

and/or Lugol’s iodine solution. Sites suspected for CIN 2+ or invasive cancer are then 

biopsied for pathological confirmation of disease. However, colposcopy is highly 

subjective and suffers from a low specificity of 69 % (with a sensitivity of 85 %) 

according to a meta analysis performed by Michell et al. [33]. 

Clinically, pathologists have long relied upon cellular morphology changes to 

diagnose CIN 2+, but other sources of contrast, such as neovascularization, may also aid 
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in the early and effective identification of CIN 2+. Furthermore, with the declining 

incidence of CIN with large scale HPV vaccination, there is an increasing need for an 

objective diagnosis for CIN 2+ in face of declining expertise in colposcopy. An objective 

diagnostic, coupled with design considerations appropriate for use in under-resourced 

communities, may play a significant role in the reduction of cervical cancer mortality 

and morbidity worldwide. 

1.4 Quantitative Diffuse Reflectance Spectroscopy 

1.4.1 Optical Contrast 

There are a large number of absorbers in epithelial tissues in the ultraviolet-

visible (UV-Vis) wavelengths. The primary absorbers within the cells in the epithelium 

are tryptophan, reduced nicotinamide adenine dinucleotide (NADH), and flavin 

adenine dinucleotide (FAD) [34-35], whereas the primary absorbers in the underlying 

stroma are oxygenated and deoxygenated hemoglobin [36]. Hemoglobin dominates 

those from NADH and FAD due its large absorption cross-section, unless fluorescence is 

collected. Sources of scattering in the epithelium include cell and nuclei and 

mitochondria, while the primary scatter in the stroma is collagen [18, 37].  

Table 1 lists the layer-specific optical contrasts associated with cervical dysplastic 

development. 

Table 1. Layer-specific optical contrasts reported in literature 

Layer Contrast Optical Signature 
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Epithelium ↑ Nuclear-to-cytoplasmic ratio ↑ Scattering (µs’) 

 

Stroma 

↑ Neo-vascularization 

Degradation of collagen 

↑ Absorption (µa) 

↓ Scattering (µs’) 

 

A number of recent studies have developed mathematical models and methods to 

quantify the absorption and scattering properties of the cervix from reflectance 

measurements. Georgakoudi et al. [38] observed a trend towards smaller and flatter 

reduced scattering spectrum (µs’(λ)) in the cervix using UV-visible reflectance 

spectroscopy coupled with a diffusion-equation based mathematical model. On the 

other hand, Collier et al. [37] quantified an increase in scattering of the cervical 

epithelium using Beer’s law based analysis of near infrared (NIR) confocal microscopy 

results. Georgakoudi et al. also used light scattering spectroscopy from 350 – 700 nm, 

and found an increase in nuclear density with CIN compared to normal tissue in vivo 

[36]. Mourant et al. [39] used polarized light scattering from 500 – 1000 nm to quantify 

hemoglobin concentration and saturation and found that the slopes and ratios were the 

most diagnostically useful in distinguishing CIN 2+ from non-CIN 2+. Mourant et al. did 

not see a significant difference in total hemoglobin and hemoglobin saturation between 

CIN 2+ from normal and CIN 1 when colposcopically normal sites are included. 

Hornung et al. [40] quantified cervical scattering and hemoglobin concentration using 

diffuse reflectance spectroscopy at select NIR wavelengths and a diffusion based model 

in vivo. Hornung et al. [40] found that oxygenated hemoglobin decreased in CIN 2+ 



 

10 

compared to normal while deoxygenated hemoglobin concentration was statistically 

indistinguishable. Scattering also decreased at certain wavelengths from normal to CIN 

2+. These studies demonstrated that precancerous cervical tissue can be distinguished 

from normal tissue based on biomarkers derived from the absorption and scattering 

properties of tissue in vivo.  

1.4.2 Monte-Carlo Based Optical Toolbox 

Several groups have extended the diffusion theory to calculate the optical 

properties of a two-layered medium [41-46]. Several other groups have proposed models 

based on Monte Carlo or hybrid methods [47-48]. Hayakawa et al. [48] developed a 

perturbation Monte Carlo method to estimate the optical properties of a two-layered 

medium, in which the perturbation in photon trajectories caused by a small amount of 

variation in the optical properties relative to baseline values was used to guide a 

nonlinear optimization algorithm for the estimation of optical properties. The 

perturbation approach is limited in that it is constrained to small changes in the optical 

properties (< 30% of baseline values for the scattering coefficient), and that it requires 

that baseline optical properties are known. Other groups have also proposed analytical 

models [47, 49] to describe reflectance from a layered tissue; however, their methods are 

applicable in a limited range of optical properties. Using a scaling method described in 

[50] to greatly reduce computation time, a Monte Carlo-based inverse model can be used 

to extract optical properties in a wide range of absorption and scattering. 
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We have developed an optical toolbox consisting of a fiber-optic based 

spectrometer and a stochastic model based on a Monte Carlo algorithm [51] to quantify 

rapidly and non-destructively in vivo, the absorption and scattering properties of tissues 

from diffuse reflectance spectra measurements. The primary difference between the 

clinical systems described above for diffuse reflectance spectroscopy and our technology 

is the mathematical approach used to quantify the underlying sources of intrinsic 

contrast. The mathematical model we have developed is applicable over a wide 

wavelength range (UV-visible) for which the diffusion equation is not well suited and 

the physical illumination and collection geometry of the optical probe can be accurately 

accounted for in the model. We conducted a pilot clinical study to quantify the 

absorption and scattering properties of normal, low-grade and high-grade precancers of 

the human cervix in vivo using our technology and identified the biomarkers that 

showed the statistically most significant differences between high-grade precancers and 

all other tissue types. We also compared the results of our study to those previously 

reported [36-37, 40] to compare the conclusions reached using different approaches in 

the clinic. In addition, we compared the trend reported in our study for total 

hemoglobin concentration to the micro-vessel density analysis of the cervix reported in 

the literature [52-57]. 
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1.5 Quantitative Physiology of the Precancerous Cervix In Vivo 
through Optical Spectroscopy   

Cervical cancer is the second most common female cancer worldwide. The ability 

to quantify physiological and morphological changes in the cervix is not only useful in 

the diagnosis of cervical precancers, but also important in aiding the design of cost-

effective detection systems for use in developing countries that lack well established 

screening and diagnostic programs. We assessed the capability of a diffuse reflectance 

spectroscopy technique to identify contrasts in optical biomarkers that vary with 

different grades of cervical intraepithelial neoplasia (CIN) from normal cervical tissues. 

The technology consists of an optical probe and an instrument (with light source, 

dispersive element, and detector), and a Monte Carlo algorithm to extract optical 

biomarker contributions including total hemoglobin (Hb) concentration, Hb saturation, 

and reduced scattering coefficient from the measured spectra. Among 38 patients and 89 

sites examined, 46 squamous normal sites, 18 CIN 1 and 15 CIN2+ sites were included in 

the analysis. Total Hb was statistically higher in CIN 2+ (18.3 ± 3.6 μM, mean ± SE) 

compared to normal (9.58 ± 1.91 μM) and CIN 1 (12.8 ± 2.6 μM), while scattering was 

significantly reduced in CIN 1 (8.3 ± 0.8 cm-1) and CIN 2+ (8.6 ± 1.0 cm-1) compared to 

normal (10.2 ± 1.1 cm-1). Hemoglobin saturation was not significantly altered in CIN 2+ 

compared to normal and CIN 1. The difference in total Hb is likely due to stromal 

angiogenesis, whereas decreased scattering can be attributed to breakdown of collagen 

network in the cervical stroma.  
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1.6 Immunohistochemical Validation of Absorption Contrast in 
CIN 2+   

Neovascularization in cervical intraepithelial neoplasia (CIN) is studied as it is 

the precursor to the third most common female cancer worldwide. Diffuse reflectance 

from 450 – 600 nm was collected from 46 patients (76 sites) undergoing colposcopy at 

Duke University Medical Center. Total hemoglobin, derived using an inverse Monte 

Carlo model, significantly increased in CIN 2+ (N=12) versus CIN 1 (N=16) and normal 

tissues (N=48) combined with P < 0.004. Immunohistochemistry (IHC) using monoclonal 

anti-CD34 was used to quantify microvessel density to validate the increased 

hemoglobin content. Biopsies from 51 sites were stained and up to 3 hot spots per slide 

were selected for microvessel quantification by two observers. Similar to the optical 

study results, microvessel density was significantly increased in CIN 2+ (N=16) versus 

CIN 1 (N=21) and normal tissue (N=14) combined with P < 0.007. Total vessel density, 

however, was not significantly associated with dysplastic grade. Hence, our quantitative 

optical spectroscopy system is primarily sensitive to dysplastic neovascularization 

immediately beneath the basement membrane, with minimal confounding from 

vascularity inherent in the normal stromal environment. This tool could have potential 

for in vivo applications in screening for cervical cancer, prognostics, and monitoring of 

anti-angiogenic effects in chemoprevention therapies. 
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1.7 Immunohistochemical Validation of Scattering Contrast in 
the Dysplastic Cervix 

Morphological changes in the dysplastic cervix have been attributed to increase 

in nuclear-to-cytoplasmic ratio in the epithelium and substantial reorganization of the 

extracellular matrix in the stroma. These changes are naturally reflected in the optical 

scattering, as sources of scattering in the visible wavelengths are primarily cell nuclei 

and organelles (epithelium and stroma) and collagen fibers and cross-links (stroma). 

Studies have shown that epithelial scattering increases due to increased cytoplasm-to-

nuclear ratio and hyperchromasia [36, 58-59] while stromal scattering, conversely, has 

been shown to decrease with neoplastic progression as extracellular collagen network 

break down [56, 59]. Since the sensing volume of the fiber-optic probe used is primarily 

sensitive to the stromal layer, collagen density, quantified in photomicrographs of 

cervical biopsy specimens stained with Masson’s trichrome, are correlated to optical 

scattering observed. Collagen density was obtained by dividing the number of collagen-

staining pixels (quantified through colorimetric analysis) by the total tissue area 

(quantified using edge detection algorithms). Collagen density appears to increase in 

CIN 2+ versus normal and CIN 1 (*P < 0.03), in contrast with the decrease in scattering 

observed. This opposing trend is likely due to mismatch in sampling volume, tissue 

sampling issues, and the small number of biopsies included in this study. Further work 

is needed to elucidate the morphological source of observed decrease in scattering.   
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1.8 Optical Spectroscopic Screening of High Grade Cervical 
Intraepithelial Neoplasia in Leogane, Haiti: Effects of Pressure 
and Calibration 

A significant challenge in detecting cervical pre-cancer in low-resource settings is 

the lack of effective screening techniques and trained personnel to detect the disease 

before it is advanced. Light based technologies have the potential to provide an effective, 

low cost, and portable solution for cervical pre-cancer screening in these communities. A 

field-compatible optical spectroscopic system was designed, constructed, and tested in 

Haiti to study its utility in the diagnosis of CIN 2+ in low-resource settings. The system 

consists of a high-power LED, a bifurcated fiber optic assembly, and 2 spectrometers for 

sample and calibration spectra acquisitions, and powered off a laptop computer’s USB 

ports. Diffuse reflectance from 450 – 600 nm was collected from 33 colposcopically 

normal sites and 16 colposcopically abnormal sites in 21 patients. The effect on optical 

property extraction using two different reflectance standards, i.e., a Spectralon® puck 

and a built-in self-calibration channel was elucidated. Our results suggest that a self-

calibration channel led to a more accurate extraction of scattering contrast using real-

time correction of intensity drifts in the system. Extracted [total Hb] and scattering were 

also significantly associated with applied contact probe pressure in colposcopically 

normal sites. Hence, future contact spectroscopy or imaging systems should incorporate 

a self-calibration channel and acquire spectra at a consistent tissue-probe contact 



 

16 

pressure to reliably collect clinical spectra with enhanced absorption and scattering 

contrasts.  

1.9 Exploiting Depth-Dependent Optical Contrast 

Another method to enhance optical contrast is to selectively interrogate different 

depths in the dysplastic cervix, as scattering tend to increase in the epithelium (increase 

in nuclear-to-cytoplasmic ratio) while decrease in the stroma (re-organization of the 

extra-cellular matrix and breakdown of collagen fibers). A fiber-optic probe with 45° 

illumination and collection fibers with a separation distance of 330 μm was designed 

and constructed to selectively interrogate the cervical epithelium. Mean extraction errors 

from liquid phantoms with optical properties mimicking the cervical epithelium for μa 

and μs’ were 15 % and 7 %, respectively. Diffuse reflectance spectra from 9 sites in four 

LEEP patients were analyzed. As expected, extracted absorption seems to be lower than 

those extracted using the flat illumination and collection geometry since the angled 

probe primarily senses the epithelium, which does not have many vessels present. 

Further work would be needed to study the systematic error in optical property 

extraction and to incorporate simultaneous extraction of epithelial and stromal contrasts 

using both flat and angled channels.  

1.10 Major Outcomes 

The major outcomes of my dissertation are as follows: 
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1. I have demonstrated the utility of a scalable Monte Carlo based optical toolbox 

to extract absorption and scattering contrasts from dysplastic cervix in vivo. [Total Hb] 

was found to be significantly increased in CIN 2+, clinically the most important tissue 

grade to identify, versus normal and CIN 1. Scattering was significantly decreased in 

CIN versus normal cervical tissues. A probe holder was also designed, built, and tested 

to improve data integrity by removing patient motion and improve east of use. 

2. I have validated the observed increase in [total Hb] with CD34 

immunohistochemistry on the same cervical biopsy specimens. Neovascularization, 

manually quantified by counting microvessel density, significantly increased in CIN 2+ 

versus normal and CIN 1. Large vessel density and total vessel density were not 

significantly associated with tissue grade, suggesting that the increased MVD (and also 

[total Hb]) was primarily affected by angiogenic neovascularization, as opposed to the 

pre-existing vasculature. 

3. I have designed and built a portable spectroscopic system with a high-power 

white LED module, custom-designed fiber-optic to extract absorption contrast with a 

real-time self-calibration channel to ensure quality data collection. The system was field 

tested in Haiti to study the feasibility of such device to screen cervical cancer in low-

resource settings. 

4. I have studied the effect of two common confounding factors – calibration and 

contact pressure – on the extraction of absorption and scattering contrasts, namely [total 
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Hb+ and <μs’(λ)>, respectively. Scattering contrast was especially sensitive to shifts in 

system throughput and hence was significantly affected by the calibration technique 

used. The applied pressure also significantly affected the accurate extraction of [total 

Hb+ and <μs’(λ)>, local vasculature are compressed and scatters displaced. Future 

spectroscopic systems intended for clinical use should incorporate a real-time self-

calibration channel and collect diffuse reflectance spectra at a consistent pressure to 

avoid signal confounding and maximize optical contrast that can be observed.  

5. I have designed and tested a fiber-optic probe with oblique illumination and 

collection geometry to exploit depth-dependent contrasts in the dysplastic cervix. Mean 

extraction errors of μa and μs’ in liquid phantoms with optical properties mimicking the 

cervical epithelium were equal to 11.3 % and 12.7 %, respectively. Preliminary studies of 

the angled probe during loop electrosurgical excision procedure (LEEP) in vivo showed 

extracted scattering was lower than those extracted using probes with flat illumination 

and collection geometry, demonstrating the potential for depth-selective sensing.  
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2. Quantitative Physiology of the Precancerous Cervix In 
Vivo through Optical Spectroscopy 

2.1 Introduction 

Carcinoma, accounting for over 70% of all cancers in the United States today [60], 

arise from tissue of epithelial origin. Much of the epithelium lining canals that need to 

withstand abrasion are composed of squamous epithelium, and examples of squamous 

epithelial carcinomas include those of the cervix, skin and oral cavity. 

Since the introduction of the Papanicoloau (Pap) smear in the United States, both 

the incidence and the mortality rates of cervical cancer have decreased to 8.4 per 100,000 

and 2.5 per 100,000 women, respectively [60-61]. This success has been attributed to 

cytology screening programs paired with colposcopic-based diagnosis and treatment 

programs. Colposcopy, a visual examination of the cervix under magnification followed 

by biopsy of the suspicious lesion, classifies cervical cells into normal, low-grade cervical 

intraepithelial lesion (CIN 1), high-grade cervical intraepithelial lesion (CIN 2 or CIN 3), 

and/or invasive cancer. Colposcopy has excellent sensitivity (> 90 %); however its 

specificity is poor (< 50 %) even in the hands of expert colposcopists hence often leading 

to needless biopsies [62-63].  The introduction of the human papilloma virus (HPV) 

vaccine is not likely to obviate the need for the need for colposcopy, particularly for 

women already infected with HPV or for whom the vaccine is prohibitively expensive. 

Among women worldwide, cervical cancer is the second most common cancer 

with an incidence rate of 16.2 per 100,000 and a mortality rate of 9 per 100,000 women 
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[61, 64]. This is largely attributed to the fact that these countries do not have the 

appropriate infrastructure and resources to support the organized screening and 

diagnostic programs that are available to women in the U.S.  There is a critical need for 

low cost, time saving, and effective approaches to diagnose cervical cancer in the world 

wide population. The constraints of cytology based screening in low-resource settings 

have prompted the evaluation of alternative methods including visual inspection after 

application of acetic acid and iodine solution with the unaided eye, low magnification, 

or a digital camera [7, 65]. However, even in highly-controlled research environments, 

the sensitivity and specificity of these visualization-based screening techniques are 0.77 

and 0.65 [66], respectively, which is highly unlikely to be reproduced in routine service 

settings within an underprivileged community. 

Optical technologies, particularly diffuse reflectance spectroscopy, present a 

potentially affordable approach for fast, non-invasive and accurate detection of cervical 

cancer.  Diffuse reflectance spectroscopy is a technique that is sensitive to the absorption 

and scattering properties of tissues. In the near UV and visible wavelengths, dominant 

absorbers in the cervix are oxygenated (oxyHb) and deoxygenated hemoglobin 

(deoxyHb), arising from blood vessels in the stroma. Scattering primarily arises from cell 

nuclei and organelles (epithelium and stroma), as well as collagen fibers and cross-links 

(stroma). Neoplastic tissue exhibit significant changes in their optical signature: stromal 

absorption generally increases with increased micro-vessel density and angiogenesis, 
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whereas epithelial scattering increases due to increased cytoplasm-to-nuclear ratio and 

hyperchromasia [36, 58-59]. Stromal scattering, conversely, has been shown to decrease 

with neoplastic progression as extracellular collagen network break down. [59, 67] 

UV-visible reflectance spectroscopy has been successfully developed as a 

diagnostic tool for precancers and cancers in the uterine cervix [38, 40, 59, 68-73], breast 

[74-76], gastrointestinal tract [77-79], to name just a few examples. Several pre-clinical 

and clinical systems for cervical cancer diagnosis are available [70, 80-83] to serve an 

adjunct role to improve the sensitivity and specificity of colposcopy [82]. Previously 

developed techniques have primarily relied upon pattern recognition of the measured 

spectra to extract features for classification, and thus do not directly contribute to the 

understanding of underlying morphological and biochemical changes that occur in the 

precancerous cervix in vivo [36, 58-59, 67]. Understanding the underlying sources of 

contrast in the precancerous cervix will hone in on the features of the reflectance spectra 

that are best able to discriminate between precancerous and normal tissues.  Having this 

knowledge should enable the construction of more inexpensive diagnostic systems that 

may be used in communities where the infrastructure for well-organized screening and 

diagnostic programs are lacking. 

A number of recent studies have developed mathematical models and methods 

to quantify the absorption and scattering properties of the cervix from reflectance 

measurements. Georgakoudi et al. [38] observed a trend towards smaller and flatter 
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reduced scattering spectrum (µs’(λ)) in the cervix using UV-visible reflectance 

spectroscopy coupled with a diffusion-equation based mathematical model. On the 

other hand, Collier et al. [37] quantified an increase in scattering of the cervical 

epithelium using Beer’s law based analysis of near infrared (NIR) confocal microscopy 

results. Georgakoudi et al., also used light scattering spectroscopy from 350 – 700 nm, 

and found an increase in nuclear density with CIN compared to normal tissue in vivo 

[36]. Mourant et al. [39] used polarized light scattering from 500 – 1000 nm to quantify 

hemoglobin concentration and saturation and found that the slopes and ratios were the 

most diagnostically useful in distinguishing CIN 2+ from non-CIN 2+. Mourant et al. did 

not see a significantly difference in total hemoglobin and hemoglobin saturation 

between CIN 2+ from normal and CIN 1 when colposcopically normal sites are included. 

Hornung et al. [40] quantified cervical scattering and hemoglobin concentration using 

diffuse reflectance spectroscopy at select NIR wavelengths and a diffusion based model 

in vivo. Hornung et al. [40] found that oxygenated hemoglobin decreased in CIN 2+ 

compared to normal while deoxygenated hemoglobin concentration was statistically 

indistinguishable. Scattering also decreased at certain wavelengths from normal to CIN 

2+. These studies demonstrated that precancerous cervical tissue can be distinguished 

from normal tissue based on biomarkers derived from the absorption and scattering 

properties of tissue in vivo.  
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The study presented in this paper builds upon the excellent body of work on the 

quantification of optical biomarkers in cervical neoplasia. We have developed an optical 

toolbox consisting of a fiber-optic based spectrometer and a stochastic model based on a 

Monte Carlo algorithm [51] to quantify rapidly and non-destructively in vivo, the 

absorption and scattering properties of tissues from diffuse reflectance spectra 

measurements. The primary difference between the clinical systems described above for 

diffuse reflectance spectroscopy and our technology is the mathematical approach used 

to quantify the underlying sources of intrinsic contrast. The mathematical model we 

have developed is applicable over a wide wavelength range (UV-visible) for which the 

diffusion equation is not well suited and the physical illumination and collection 

geometry of the optical probe can be accurately accounted for in the model. We 

conducted a pilot clinical study to quantify the absorption and scattering properties of 

normal, low-grade and high-grade precancers of the human cervix in vivo using our 

technology and identified the biomarkers that showed the statistically most significant 

differences between high-grade precancers and all other tissue types. We also compared 

the results of our study to those previously reported [36-37, 40] to compare the 

conclusions reached using different approaches in the clinic. In addition, we compared 

the trend reported in our study for total hemoglobin concentration to the micro-vessel 

density analysis of the cervix reported in the literature [52-55, 57, 67]. 
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2.2 Methods 

2.2.1 Clinical Study 

The study protocol was reviewed and approved by the Institutional Review 

Board at Duke University Medical Center (DUMC). Patients referred to the DUMC 

Colposcopy Clinic following an abnormal Pap smear were recruited for the study. 

Pregnant women were excluded from study. Diffuse reflectance, delivered to and 

collected via a fiber optic probe, was collected from 1 to 3 visually abnormal site(s) 

immediately following colposcopic examination of the cervix with the application of 5 % 

acetic acid. This was followed by an optical measurement on a coloposcopically normal 

site from the same patient. Optical interrogation of colposcopically normal and 

abnormal sites was conducted prior to biopsy to avoid confounding absorption due to 

superficial bleeding. Only colposcopically abnormal sites were biopsied. Identification of 

abnormal site, placement of the probe on the cervix, and biopsies were made by the 

same gynecologist (PSC). Initially probe motion during data collection was an issue but 

this was later addressed with a custom-designed probe holder by Duke Physics Machine 

Shop, constructed out of Delrin® to withstand sterilization. The probe holder secured the 

probe onto the speculum, reducing patient and probe motion artifact. Optical data were 

correlated with the adjudicated biopsy diagnoses (SMB, RCB). 

2.2.2 Instrumentation 

Spectrometers 
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Two spectrometers were used for this clinical study: a custom-built spectrometer 

(Instrument A) and SkinSkan® (Instrument B), both from JY Horiba (Edison, NJ). The 

spectrometers and fiber optic probe (Figure 3) have been described in detail in 

previously published studies [84-85]. Briefly, the illumination component of Instrument 

A has a  

450 W Xe arc lamp and double-grating monochromator (1200 grooves/mm 

grating), and its detection module consists of an imaging spectrograph (300 grooves/mm 

grating) and CCD camera for simultaneous wavelength detection. The illumination arm 

of Instrument B consists of a 150 W Xe arc lamp and a double-grating monochromator 

(1200 grooves/mm grating), and the detection arm consists of a monochromator (1200 

grooves/mm grating), and a photomultiplier (PMT), which detects the intensity one 

wavelength at a time. The grating of the monochromator in Instrument A was set to 

zeroth-order for broadband (white) light illumination. Integration time was set to 100 ms 

for both instruments. Since Instrument A is capable of detecting all wavelengths 

simultaneously, one diffuse reflectance spectrum measurement took approximately 200 

ms, whereas the same measurement took approximately 3 seconds on Instrument B. The 

spectral resolution was 10 nm and 3.5 nm for Instruments A and B, respectively. Both 

instruments were wavelength-calibrated at the beginning of the day by measuring the 

peak position of the Si photodiode (Instrument A) or a HeNe laser (Instrument B). To 

account for the wavelength-dependant throughput of the system and drifts in lamp 
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intensity, the raw diffuse reflectance spectrum was calibrated through division by 

reflectance from a reflectance standard (Spectralon, LabSphere, North Sutton, NH). The 

measured reflectance spectrum from 450 to 600 nm was interpolated at 5-nm intervals 

using a cubic spline function (MATLAB, Mathworks, Natick, MA). Data where the 

gynecologist noted probe motion or significant patient motion were excluded from data 

analysis. Two sites were rejected for probe motion prior to the use of the probe holder, 

compared to 1 rejected site afterwards. 

Fiber-Optic Probe 

A bifurcated fiber-optic probe (RoMack, Williamsburg, VA) was used to collect 

diffuse reflectance from patients recruited for the study. The common end (that is in 

contact with tissue) consists of a central bundle of 19 illumination fibers, encircled by a 

ring of 18 collection fibers (Figure 3). All fibers are multi-mode (200/240 µm 

core/cladding diameter) and have a numerical aperture (NA) of 0.22. The fibers are 

epoxied inside a stainless steel tube with an outer diameter of 3.2 mm. The stainless steel 

tube was sterilized in Cidex® OPA (ASP, Irving, CA) for 20 minutes prior to each 

procedure for disinfection.  
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The sensing depth of the fiber-optic probe, defined as the maximum depth that 

50 % – 90 % of the detected photons ever penetrated, was evaluated using Monte Carlo 

simulations similar to [85-86]. Monte Carlo modeling is a numerical technique that is 

valid for a wide range of tissue properties that can be used to model light transport in 

biological tissue over the entire UV-VIS-NIR wavelengths [51, 87]. A Monte Carlo code 

[86] was employed to carry out diffuse reflectance simulations on a two-layered tissue 

model using absorption and scattering coefficients of the cervical epithelium and stroma 

reported by Chang et al. [18, 47]. Based on the definition provided above, the mean 

sensing depth for λ between 450-600 nm was 523 – 1070 μm. Since the average thickness 

of cervical epithelium is 200-350 μm [18, 35, 47], photons collected by the probe contain 

information from both epithelial and stromal layers, with increasing stromal 

contribution as the wavelength increases. Epithelial thickness does not appear to 

 
  Illumination Fibers (x19) 

 
  Collection Fibers (x18) 

 

 

Inst. A: 1024 x 256 UV-VIS CCD  

Inst. B: High gain PMT 

Inst. A: 450W Xe Arc Lamp  

Inst. B: 150 W Xe Arc Lamp 

Grating Grating 

Cervical Tissue 

Fiber Optic 

Probe 

probe end view 

3.2 mm 

Figure 3: A schematic of the fiber-optic based spectrometer. Currently the system is 

housed on a mobile cart in the colposcopy clinic. 
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correlate with pathology, though it is dependent on age and decreases in post-

menopausal women [18]. 

Pathology (consensus reading) 

Colposcopic biopsies were fixed in 10% buffered formalin, embedded in paraffin, 

sectioned, and stained with hematoxylin and eosin (H&E) per routine protocols. 

Original histological diagnoses were rendered by four board-certified anatomic 

pathologists with expertise in gynecological pathology. Original biopsy slides were 

blindly reviewed again (SMB). When a diagnostic discrepancy occurred on review, a 

second pathologist (RCB) examined the case. The second pathologist’s diagnosis served 

as the tie-breaker.  For biopsies where three-way disagreement occurred, the two 

reviewing pathologists examined the cases concurrently at a multi-observer microscope 

to establish a consensus diagnosis.  Diagnoses were based upon the World Health 

Organization (WHO) classification of HPV-associated intraepithelial lesions of the cervix 

(CIN) [6, 88] and included: negative for dysplasia, HPV cytopathic effect/CIN 1, CIN 2, 

and CIN 3. Pathologists often find it difficult to distinguish between CIN 2 and CIN 3, 

hence both are often lumped together as high-grade intraepithelial lesion (CIN 2+). 

Epidemiologically, CIN 2+ are more likely to progress to invasive carcinoma as 

compared with low-grade lesions, which commonly spontaneously regress [5]. Hence, 

methods to reliably distinguish between normal and CIN versus CIN 2+ are desirable.  
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2.2.3 Data Analysis and Validation 

A flexible and fast Monte-Carlo based inverse model developed previously by 

our group [51] was used to extract the absorption and scattering properties of the 

cervical tissue from the measured diffuse reflectance spectra. The model is valid for a 

wide range of optical properties and is easily adaptable to existing probe geometries, 

provided a one-time calibration is performed on a synthetic phantom with known 

absorption and scattering coefficients. The wavelength-dependent extinction coefficients 

for the absorber and refractive indices of the scatterer and surrounding medium are 

considered fixed parameters in the inverse model[89]. The average refractive indices 

over 450 – 600 nm used in the model for the scatterer and the surrounding medium, 

water, are 1.60 and 1.34, respectively [51]. The wavelength-dependent extinction profile 

of oxy- and deoxy-hemoglobin are reported by Prahl et al.[90]. The free parameters 

which are iteratively searched during fitting include the absorber concentration, the 

scatterer size and volume density of scatters. A Gauss-Newton nonlinear least-squares 

optimization algorithm (MATLAB, Mathworks, Natick, MA) was employed to minimize 

the difference between the measured diffuse reflectance to the Monte Carlo model [51]. 

A ratio of the measured reference phantom reflectance to the modeled reference 

phantom reflectance gives a calibration factor that enables a direct comparison between 

measured and predicted reflectance spectra during the inversion process. This model 
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has been extensively validated [51, 91] and used by our group in a number of pre-

clinical and clinical studies [76, 85, 91-97]. 

A total of 10 phantoms (for each instrument) with tissue-mimicking optical properties 

properties (Table 2) were constructed to study the accuracy with which absorption and 

scattering over the 450-600 nm wavelength range can be quantified. Details of the 

validation can be found in Bender et al. [91]. Briefly, phantoms were constructed from a 

homogenized suspension (through magnetic stirrers) of monodisperse polystyrene 

scatters (cat. #07310 1-µm diameter polystyrene spheres, Polysciences, Warrington, PA) 

and human hemoglobin absorbers (H0267 ferrous stabilized human hemoglobin, Sigma-

Aldrich, St. Louis, MO).   
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Table 2 shows the ranges and means of the absorption µa(λ), and scattering 

coefficients µs’(λ) of these phantoms over the 450 – 600 nm wavelength range. A range of 

optical properties are reported since values are wavelength-dependent. The optical 

properties are chosen based on previously reported literature values [47, 91]. The 

expected values for µa(λ), were determined using a spectrophotometer and Beer’s law, 

while µs’(λ) of the phantoms were computed using Mie theory. 
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Table 2: Phantom hemoglobin (Hb) concentration, mean, minimum, and maximum 

absorption µa(λ) and reduced scattering μs’(λ)  coefficients (450 – 600 nm)   

 

Phantom 

# 

 

[Hb] 

(µM) 

Mean µa 

(cm-1) 

Min µa 

(cm-1) 

Max µa 

(cm-1) 

Mean µs’ 

(cm-1) 

Min µs’ 

(cm-1) 

Max µs’ 

(cm-1) 

1 5.70 0.42 0.05 0.75 25.94 23.55 28.50 

2 6.11 0.45 0.06 0.80 21.59 19.61 23.73 

3 6.51 0.48 0.06 0.86 17.28 15.68 18.98 

4 6.93 0.51 0.07 0.91 12.95 11.76 14.23 

5 9.85 0.74 0.14 1.28 11.32 10.28 12.44 

6 9.85 0.74 0.14 1.28 18.93 17.19 20.80 

7 10.12 0.74 0.10 1.33 25.94 23.55 28.50 

8 10.85 0.79 0.10 1.42 21.59 19.61 23.73 

9 11.57 0.85 0.11 1.52 17.28 15.68 18.98 

10 11.97 0.92 0.17 1.59 18.54 16.84 20.37 

 

2.2.4 Data Processing 

Raw diffuse reflectance was calibrated by division of reflectance from a 

reflectance standard, and then input into the inverse model to extract µs’(λ), μa(λ), and 

the concentrations of endogenous absorbers, oxygenated (oxyHb) and deoxygenated 

(deoxyHb) hemoglobin. For clinical data analysis, phantom 9 was chosen as the 

reference phantom based on recommendations from Bender et al. [91] A medium 

scattering phantom with clinically relevant concentration of hemoglobin enables flexible 

and accurate inversion of clinical data using the Monte Carlo model.    
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2.3 Results 

2.3.1 Phantom Validation 

Diffuse reflectance was collected on identically structured phantom sets using 

both Instruments A and B. Details of the validation can be found in Bender et al. [91] 

Using Instrument A, percent extraction errors for mean µa, [Hb] and mean µs' were 7.0 ± 

9.4 %, 6.0 ± 6.7 %, and 7.6 ± 5.9 %, respectively. Using Instrument B, percent extraction 

errors for mean μa, *Hb+, and mean μs’ were 5.5 ± 3.4 %, 3.7 ± 4.2 %, and 2.4 ± 1.8 %, 

respectively. Standard deviation is calculated using different reference phantoms.  

2.3.2 Patients and Biopsy Results 

A total of 89 sites (Table 3) were optically interrogated in 38 female patients aged 

18 – 34 years (mean ± std: 24.7 ± 4.4 years). All recruited patients were pre-menopausal. 

Ten sites were excluded secondary to motion artifact (3), other tissue types (5), and 

ungradable biopsies (2). Consensus reading results of the sites is listed in Table 3. No 

invasive squamous cell carcinoma or glandular lesions were identified in this cohort.   
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Table 3: Pathology consensus reading result 

 

Total (89) 

Included (79)  

 

Excluded 

 

Normal Squamous 

 

Precancerous Squamous 

Colposcopically 

Normal (not 

biopsied) 

Biopy-

confirmed 

Normal 

(colposcopically 

abnormal) 

CIN 1 CIN 2
+
 

Number of 

Sites 

34  12 18 15 10* 

 
* Excluded data include normal columnar (4), motion (3, of which 2 were prior to the use of probe 

holder), ungradable biopsies (2), and flat condyloma (1). Motion was noted when the 

gynecologist noted a drift in the probe before and after light interrogation. Normal columnar 

tissues were excluded from the analysis due to the small sample size. 
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2.3.3 Clinical Study 

Figure 4(a) depicts calibrated diffuse reflectance derived from a colposcopically 

normal site, as well as biopsy-proven CIN 1 and CIN 2+ sites from the same patient.  

 

Figure 4: Clinically extracted diffuse reflectance and optical parameters. (a) Typical 

fits of calibrated diffuse reflectance (450 – 600 nm) from a normal site (blue 

diamonds), a CIN 1 site (black squares), and a CIN 2+ site (red asterisks) of the same 

patient. Dashed lines are fits to the measured diffuse reflectance data (100 fits) using 

the Monte Carlo based inverse model. Diffuse reflectance from a CIN 2+ site has 

lower reflectance due to higher absorption and lower scattering. The CIN 1 site has 

intermediate scattering and absorption. (b) Extracted absorption spectrum (μa(λ)) 

from a normal site (blue diamonds), a CIN 1 site (black squares), and a CIN 2+ site 

(red asterisks) from the same patient. Absorption is significantly increased in CIN 2+ 

compared to normal cervical tissue and CIN 1. (c) Extracted reduced scattering 

spectrum (μs’(λ)) from a normal site (blue diamonds), a CIN 1 site (black squares), 

and a CIN 2+ site (red asterisks) from the same patient. Scattering decreases from 

normal cervical tissue to CIN 1, and decreases further from CIN 1 to CIN 2+. 
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Scattering spectrum is fairly featureless and is monotonically decreasing from 450 to 

600 nm. 

Diffuse reflectance from normal cervical sites is higher than those from 

dysplastic tissue due to increased absorption and decreased scattering. Troughs in the 

calibrated diffuse reflectance spectrum represent wavelengths where there are strong 

absorption. The α and β absorption peaks of oxyHb are visible near 542 and 576 nm in 

normal, CIN 1 and CIN 2+ sites. Figure 4(B) and 2(C) show the extracted absorption and 

reduced scattering spectra extracted from the same patient for different types of tissue. 

The extracted absorption spectra closely match the absorption spectrum of oxyHb with 

the α and β absorption peaks of oxyHb. The extracted reduced scattering spectra (Figure 

4(C)) are fairly featureless and are monotonically decreasing over the measured 

wavelength range. Absorption and hence the total hemoglobin concentration increases 

while scattering decreases as tissue progresses from normal to CIN 1, and then to CIN 

2+. 

2.3.4 Statistical Analysis 

Kruskal-Wallis tests were used to assess global differences in the extracted 

parameters among different tissue grades, and post-hoc Wilconxon rank sum tests were 

performed using diffuse reflectance from 450 – 600 nm when the global test is significant 

at the P < 0.05 level. In identifying different combinations of tissue grades showing 

differential measurements, we have incorporated the Bonferroni correction for the 

multiple post-hoc tests. Since CIN 1 are often symptomatic of viral infection and 
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inflammation and regress to normal tissue over time, the clinical emphasis is on 

distinguishing between CIN 2+ from normal and CIN 1 tissues [5]. A summary of 

extracted optical and physiological parameters and the results of statistical tests can be 

found in Table 4. 

Figure 5 shows box and whisker plots of total hemoglobin concentration and the 

wavelength-averaged reduced scattering coefficient of all tissue types. The middle line 

represents the median while the upper and lower edges represent 75 and 25 percentiles, 

respectively, and crosses indicate outliers. Combining normal and CIN 1, [total Hb] 

increased significantly in CIN 2+ compared to normal and CIN 1 (P < 0.001). [Total Hb] 

is also statistically increased in CIN compared to normal cervical tissue (P < 0.025). Mean 

reduced scattering (<µs’(λ)>) from 450 to 600 nm is significantly decreased as tissue 

progresses from normal to CIN (P < 0.003) Direction of changes in [Total Hb] and 

<µs’(λ)> were preserved when only biopsy-confirmed normal sites were used, but no 

statistically significant differences were observed (P < 0.06 and P < 0.41 for [total Hb] and 

<µs’(λ)> in CIN 2+ vs. normal and CIN 1, respectively). This is likely due to the small 

number of biopsy-confirmed normal sites (n = 12) compared to the number of 

colposcopically normal sites (n = 36).  
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Table 4: Unpaired Wilcoxon rank sum test results 

 
‡ Normal includes both colposcopically normal and biopsy-confirmed normal 
† P < 0.025 is considered significant with the Bonferroni correction  
§ N/S stands for not significant when P ≥ 0.025; 0.025 < P < 0.10 is considered partially significant 

(P/S) 

 
Figure 5: (a) Total hemoglobin concentrations ([total Hb]) for different tissue types 

extracted from diffuse reflectance between 450 – 600 nm. Compared to normal and 

CIN 1, [total Hb] increased significantly in CIN 2+ (P < 0.002). [Total Hb] can also be 

used to distinguish CIN (CIN 1 + CIN 2+) from normal tissue (P < 0.023). (b) Mean 

reduced scattering coefficient (<µs’(λ)>) from 450 – 600 nm was not significantly 
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decreased in CIN2+ compared to normal and CIN 1, though there was a significant 

decrease of <µs’(λ)>) in CIN compared to normal tissue (P < 0.002). Asterisks refer to 

significance at the P < 0.025 level with the Bonferroni correction. 

2.4 Discussion 

Diffuse reflectance spectroscopy has been used to identify cervical precancers 

and multiple commercialization efforts are underway [80-82]. However, most current 

technologies are trained to recognize spectral differences between normal and abnormal 

cervical tissues using empirical techniques, and hence cannot be used to quantify the 

underlying physiological changes associated with dysplastic development. Quantifying 

the underlying sources of contrast, in our opinion, could lead to streamlined systems 

that hone in on the physiologic and morphological features that most effectively 

distinguish between high-grade precancers and other tissue types. In addition, our 

technology can serve as a tool that non-invasively probes the physiological and 

morphological changes in tissue due to various perturbations such as chemo- or 

radiation therapy, labor, and pathological processes. Using the Monte Carlo based 

inverse model, we were able to quantify tissue absorption and scattering, as well as 

hemoglobin concentration and saturation in vivo from diffuse reflectance collected [51, 

92].  

Concentration of oxyHb and total Hb increased significantly (P < 0.001 and P < 

0.002, respectively) from normal and CIN 1 (grouped together) to CIN 2+ (Figure 5). 

However, concentration of deoxyHb did not show a significant difference between CIN 
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2+ and other tissue types. Therefore, most of the increases in [total Hb] are attributed to 

increased concentration of oxyHb. From Monte Carlo simulations, the current fiber 

geometry has an average 75 % sensing depth (i.e., the maximum depth that 75 % of the 

detected photons penetrated) equal to 532 – 868 μm for λ between 450 and 600 nm, well 

into the cervical stroma. Since the majority of collected photons originate from the 

vascular stroma, the increase in hemoglobin content in CIN 2+ is likely due to 

angiogenesis, or formation of new blood vessels, that accompanies intraepithelial 

neoplasia. Concentration of hemoglobin is a direct indicator of tissue vascularity, which 

may be impacted by angiogenesis. In contrast to the ovary and the endometrium where 

angiogenesis plays an important role in normal physiology, angiogenesis in the uterine 

cervix is involved primarily in neoplastic processes [52].  Multiple groups have 

confirmed the importance of angiogenesis in the cervical neoplastic development [39-40, 

53, 98-99], independent of the degree of associated inflammation [99].  

Using immunohistochemical stains for vascular endothelial cells, Abulafia et al. 

and Dellas et al. [52-53] have shown that microvessel density, which is proportional to 

[total Hb], is positively correlated with cervical precancer grades. Manifestation of 

neovascularization is along the basement membrane beneath precancerous lesions, 

indicating that angiogenesis may occur before or concomitant with the transformation to 

invasive carcinoma. Clinically, this feature may be seen by colposcopy as coarse 

punctuation or mosaic microvascular patterns on the surface of the cervical 
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precancerous lesion after the application of acetic acid. Neither [oxyHb] nor [total Hb] 

was significantly different between normal and CIN 1 tissues, suggesting that the 

increase in vasculature is delayed until more severe dysplastic development as in CIN 

2+. Smith-McCune et al. [52], using immunohistochemical staining for factor VIII and 

expression of vascular endothelial growth factor (VEGF), found no significant difference 

in angiogenesis between CIN 1 and normal controls, yet noted a significant increase in 

CIN 2+ vs. normal, and in CIN 2+ vs. CIN 1.  

Hemoglobin saturation, defined as the ratio of [oxyHb] to [total Hb], is an 

indicator of tissue oxygenation, as oxygenated hemoglobin is the dominant oxygen 

transporter. In our study, no significant differences were observed between the different 

tissue types, suggesting that oxygenation level is similar in normal and precancerous 

tissues in the sensing depth of our probe. Using immunohistochemical staining on 

cervical biopsies, Lee et al. [100] showed that hypoxia-inducible factor-1α (HIF-1α) 

activity was highly expressed in normal, CIN 1 and CIN 2, but decreased significantly in 

CIN 3. Since HIF-1α expression was confined to the hypoxic basal epithelial cells (and 

later throughout the epithelium with increasing severity), the primarily stromal sensing 

depth of the probe may have prevented the detection of the contrast in hemoglobin 

saturation. 

Using diffuse reflectance data from 450 – 600 nm, mean reduced scattering 

decreased significantly from normal to precancerous tissues (P < 0.003) in our study. 
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Although epithelial scattering is expected to increase with dysplastic transformation of 

the epithelial cells [101], stromal scattering has been shown to decrease due to 

breakdown of collagen. Several groups [35, 67, 71] have observed a decrease in collagen 

fluorescence in CIN compared to colposcopically normal tissue. Since collagen is a major 

scatterer in the visible wavelength, stromal scattering is expected to decrease in CIN 

compared to normal tissue. Considering the sensing depth of our probe is primarily in 

the stroma, decreased stromal scattering causes observed scattering to decrease overall 

with severity of precancerous lesion. Georgakoudi et al. [36] also observed a similar 

decrease in scattering from metaplastic to HSIL using diffuse reflectance spectroscopy. 

Mean reduced scattering did not decrease significantly when normal and CIN 1 were 

combined versus CIN 2+ (P < 0.06), although dysplastic cervix (CIN) has a significantly 

lower scattering compared to normal tissue (P < 0.003), suggesting that destruction of 

collagen fibers is most significant upon initial neoplastic development (as in CIN 1) and 

does not decrease significantly between CIN 1 and CIN 2+.
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Table 5: Comparison of physiological and optical properties measured from the cervix in vivo 

 

† Reported standard deviation (STD) were converted to standard error for easier comparison (SE = STD/√n) 
* Indicates significance (at P < 0.05) difference between normal and CIN 2+ 
‡ Primarily stromal absorption since estimated sensing depth is 3 mm 
†† No units were given for these values. 
§ Primarily epithelial scattering (up to 250 μm in depth as reported in [101]) 
§§ Includes 59 normal (50 colposcopically normal + 9 biopsy-confirmed normal), 8 cervicitis, and 10 CIN 1
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Results of quantitative optical studies of the cervix are summarized in Table 5. 

CIN 1 was excluded from Table 4 since not all studies included this category. Hornung 

et al. [40], quantified higher [total Hb] than we report in our study, which is likely due to 

significantly greater volume weighting of the stroma with an estimated sensing depth of 

3 mm. Since [total Hb] is expected to increase with angiogenesis, the decrease in [total 

Hb] from normal to CIN 2+ by Hornung et al. [40] is likely due to other biochemical 

changes or modeling assumptions. Mourant et al. [39],  using polarized elastic light 

scattering from 500 – 1000 nm, did not observe a statistically different [total Hb] between 

CIN 2+ and normal, CIN 1 and cervicitis tissues.  Hemoglobin saturation values reported 

in the studies by Hornung et al. and Mourant et al. [39-40] were similar to ours and drew 

similar conclusions in that no significant differences in hemoglobin saturation were 

observed between normal and high-grade precancerous tissues.  

We have assessed the capability of our diffuse reflectance system and inverse 

model to characterize optical and physiological parameters of normal and dysplastic 

cervical tissues. Despite inter-patient variability from fluctuations in normal physiology, 

statistically significant differences were observed in [total Hb] (P < 0.002) and mean 

reduced scattering (partially significant at P < 0.06) in CIN 2+ versus normal and CIN 1, 

clinically the most important classification to avoid overtreatment. Ratios of extracted 

parameters may also be used to classify different tissue types, especially when changes 

of opposite directions are combined into one ratio to increase statistical power. For 
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instance, the statistical power in discriminating normal and CIN 1 from CIN 2+ was 

improved when the ratio of [total Hb] over mean µs’(λ) was used. The ability to quantify 

physiological and morphological changes is useful not only in the diagnosis of cervical 

precancers, but also in the planning and monitoring of therapies. Moreover, 

quantification of physiological parameters may allow correlation with angiogenesis and 

other tissue parameters to provide insights into tissue carcinogenesis. Future 

improvements to increase the sample size as well as using an oblique fiber optimized for 

detecting layer-dependent optical contrasts are underway. 
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3. Visible Light Optical Spectroscopy is Sensitive to 
Neovascularization in the Dysplastic Cervix 

3.1 Introduction 

Among women worldwide, cervical cancer is the third most common cancer 

with an incidence rate of 15.3 per 100,000 and a mortality rate of 7.8 per 100,000 women 

[3]. This is largely attributed to the lack of infrastructure and resources in the developing 

countries to support the organized screening and diagnostic programs that are available 

to women in developed nations. Cervical cancer is preventable and is mostly curable if 

detected early. Over the last three decades, cervical cancer incidence and mortality rates 

have decreased approximately 75 % in developed nations like the United States [4] due 

to effective, albeit costly, early screening and diagnosis of cervical intraepithelial 

neoplasia (CIN), a premalignant condition.  

Typical screening and diagnosis for CIN consists of a Papanicolaou (Pap) smear 

followed by colposcopy-directed biopsies. To make disease management more cost 

effective, there is a need to balance the early diagnosis of CIN with the cost and burden 

of overtreatment. Epidemiologically, high-grade CINs (CIN 2+) are more likely to 

progress into invasive carcinoma when compared to low-grade CINs (CIN 1), which 

often spontaneously regress [5]. Thus, the clinically relevant diagnosis is to differentially 

identify high-grade CINs (CIN 2+) from normal and low-grade CINs (CIN 1). The “2006 

Consensus Guidelines for the Management of Women with CIN or Adenocarcinoma in 

Situ” [6] recommends continued observation for CIN 1 but immediate treatment for CIN 
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2+ with excision and ablation. Of patients with abnormal cytology, only 6 – 11 % will 

have CIN 2+ and approximately 1 in 1000 will have cervical cancer [7]. The relative 

insensitivity of conventional cytology means that frequent testing is required for early 

cancer detection, compromising cost efficiency. Clinically, pathologists have long relied 

upon cellular morphology changes to diagnose CIN 2+, but other sources of contrast, 

such as neovascularization, may also aid in the early and effective identification of CIN 

2+. Furthermore, with the declining incidence of CIN with large scale HPV vaccination, 

there is an increasing need for an objective diagnosis for CIN 2+ in face of declining 

expertise in colposcopy. 

The normal cervix is composed of an avascular epithelium and a subjacent 

vascularized stroma. However, neovascularization (growth of new blood vessels in 

areas where blood vessels normally do not exist) can be observed within the epithelium 

of dysplastic tissues as red patterns of punctuation, or mosaicism, on a white 

background when viewed through a colposcope [102]. The progressively intensifying 

neovascularization that occurs with severity of CIN is associated with upregulated 

expression of the vascular endothelial growth factor (VEGF) [52, 102-103] and matrix 

metalloproteinases (MMPs) including MMP-9 [104-105].  A major HPV oncogene, E6, 

activates the vascular endothelial growth factor (VEGF) promoter and, thus, mediates 

neovascularization [106] in the superficial stroma immediately beneath the basement 

membrane. Several groups [52, 107-108], through immunohistochemistry, have observed 
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neovascularization through increased microvessel density in cervical carcinoma. Using 

factor VIII and CD31, respectively, as immunohistochemical stains for vascular 

endothelial cells, Abulafia et al. and Dellas et al. have also shown that microvessel 

density is positively correlated with increasing cervical dysplastic grades. Smith-

McCune and Weidner [109-110], using anti-factor VIII to target endothelial cells, found 

no significant difference in neovascularization between CIN 1 and normal controls, yet 

noted a significant increase in CIN 2+ versus normal controls, and in CIN 2+ versus CIN 

1. Burton and Wells [99] have also confirmed the importance of neovascularization in 

the cervical dysplastic development, independent of the degree of associated 

inflammation. Obermair et al. [102] have shown that neovascularization is correlated 

with expression of VEGF in specimens of CIN. In contrast to the ovary and the 

endometrium where new blood vessel growth plays an important role in normal 

physiology, this phenomenon in the uterine cervix is primarily a part of the neoplastic 

processes [52].   

Neovascularization is important to quantify for a number of reasons. 

Neovascularization  plays an important role in tumor progression in the cervix as 

discussed above [52, 111]. Neovascularization in CIN is also a factor associated with 

poor prognosis and is considered a pathoanatomic feature indicative of a greater risk of 

recurrence and death [54, 112]. Dellas et al. [53] also observed a significant correlation of 

microvessel density with overall survival in women with invasive carcinoma and 
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relapse-free survival in patients with regional lymph node metastasis. From a 

therapeutic perspective, there is a renewed interest in the use chemopreventive agents 

for CIN. One such example is the use of highly active antiretroviral therapy (HAART) to 

prevent opportunistic infections and increased incidence and aggressiveness of certain 

types of cancer including cervical cancer in immunocompromised patients [113-114]. 

Heard et al. [114] have found that direct antitumor effects of HAART may be attributed 

to inhibition of angiogenesis and tumor growth. Inhibition of neovascularization could 

serve as a surrogate endpoint for effectiveness of therapies such as HAART. There is 

also an interest in establishing a surrogate marker to quantify vascular inhibition and 

assess the efficacy of antiangiogenic agents at an early stage of disease. Hence, 

neovascularization is an important parameter to characterize in the uterine cervix.  

Characterization of neovascularization has mostly been performed by 

immunohistochemistry on formaldehyde-fixed and paraffin-embedded tissues using 

various antibodies [98]. One such antibody is anti-CD34, where CD34 is a trans-

membrane glycoprotein constitutively expressed on hematopoietic progenitor cells and 

endothelial cells. Identification of microvessels typically involves manual selections of 

regions of interest (ROI) or through automated image analysis algorithms [115]. 

Immunohistochemistry requires extensive sample processing and is not amendable for 

in vivo measurements. Thus, the development of tools to non-invasively characterize 

neovascularization changes in the uterine cervix in vivo would be of tremendous value. 
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Currently available in vivo imaging of blood vessels such as MRI, CT, PET, and SPECT, 

require exogenous contrast agents and/or are expensive to perform [115-116]. Doppler 

ultrasound is not sensitive to blood vessels smaller than 100 μm; hence, it is not suitable 

for quantification of neovascularization on the order of several red blood cells [116]. 

Furthermore, currently there is no effective way to differentiate and measure dysplastic 

neovascularization immediately below the basement membrane from larger pre-existing 

vessels in the deep stroma that are part of the normal cervix. 

Quantitative visible light based optical spectroscopy is inexpensive and portable 

and has the potential to perform in vivo quantification of neovascularization changes in 

soft tissues. Our group has developed a fast fiber-based spectrometer and a scalable 

inverse Monte Carlo model to perform quantitative physiology in vivo, which has been 

tested extensively in a laboratory setting [51, 117] and in pre-clinical models [84, 118]. 

The Monte Carlo model is a numerical technique that is valid for a wide range of tissue 

properties that can be used to model light transport in biological tissue over the entire 

UV-visible-near infrared wavelengths (350 – 700 nm) [51, 87]. Using this model, optical 

absorption and scattering can then be quantified, from which total hemoglobin and 

hemoglobin saturation, as well as tissue scattering due to changes in cellular architecture 

can be derived. Furthermore, the sensing depth of the technology can be varied by 

changing the illumination and collection geometry; specifically, by varying the distance 

between the source and detector.  
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We have previously demonstrated a statistically significant increase in the total 

hemoglobin concentration in vivo in the intact human cervix as it progresses from 

normal and low grade dysplasia (CIN 1) to a severely dysplastic state (CIN 2+). 

However, the study did not provide a validated explanation of the biological basis for 

this source of optical contrast. In the study reported here, we have quantitatively and 

systematically compared optical measurements of total hemoglobin concentration to 

microvessel density (MVD) quantified via immunohistochemistry within the same sites 

across normal, CIN 1, and CIN 2+ cervical tissues. The concomitant increase in MVD and 

total hemoglobin content in CIN 2+ indicate that quantitative visible-light-based 

spectroscopy measurements of hemoglobin concentration is primarily sensitive to early 

neovascularization changes immediately beneath the basement membrane, which is 

commensurate with the progression of cervical dysplasia. This finding does not appear 

to be confounded by pre-existing vasculature that is present in the stroma. This study 

suggests that quantitative optical spectroscopy can be used as a tool to quantify 

neovascularization in the cervix and cervical dysplasia in vivo. 

3.2 Methods 

3.2.1 Clinical Protocol 

The optical spectroscopy and immunohistochemistry protocols were reviewed 

and approved by the Institutional Review Board at Duke University Medical Center 

(DUMC) in accordance with assurances filed with and approved by the Department of 
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Health and Human Services. Informed written consent was obtained from patients 

referred to the DUMC Colposcopy Clinic following an abnormal Pap smear prior to 

enrollment in the study. Optical spectra were collected from 89 sites in the cervical 

transformation zone of 46 female patients aged 18 – 34 years (mean ± SD: 24.7 ± 4.4 

years). Pregnant women were excluded from the study and all recruited patients were 

pre-menopausal. No invasive squamous cell carcinoma or glandular lesions were 

identified in this cohort.   

Consensus pathology results for optical spectroscopy are listed in  
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Table 6. Thirteen sites were excluded due to the presence of other tissue types (5), 

motion artifacts (5), and ungradable biopsies (3).  A partially overlapping dataset (30/44 

sites) was evaluated in the CD34 immunohistochemical study due to different inclusion 

criteria. A summary of the consensus pathology results for CD34 study is shown in 

Table 7. A smaller number of normal tissues was available for CD34 

immunohistochemistry as colposcopically normal tissues are not routinely biopsied per 

clinical standard of care. A total of 69 tissue specimens were immunostained, of which 

18 sites were excluded due to insufficient tissue for analysis (9), severely fragmented 

specimens (7), and denuded stroma (2).  
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Table 6: Consensus pathology results for optical spectroscopy 

    Excluded 

Tissue type 

No. of 

sites 

No. 

included 

Percent 

included 

(%) 

Motion 

artifact 

Ungradable 

tissue 

Non-

CIN 

Colposcopic 

normal 

squamousa 

36 36 100 0 0 0 

Biopsy-

confirmed 

normal 

squamous 

14 12 86 1 1 0 

CIN 1 18 16 89 1 1 0 

CIN 2+ 16 12 75 3 1 0 

Other tissue 

typesb 
5 0 0 0 0 5 

Total 89 76 85 5 3 5 
aColposcopically normal squamous sites were not biopsied to maintain the standard of 

care. 
bOther tissue types include normal columnar (N=4) and flat condyloma (N=1), which 

were excluded from analysis. 

 

Table 7: Consensus pathology results for CD34 IHC 

    Excluded 

Biopsy-

confirmed 

tissue type 

No. of 

sites 

No. 

included 

Percent 

included 

(%) 

Insufficient 

tissue 

Fragmented 

specimen 

Denuded 

stroma 

Normal 

squamous 
24 16 67 4 3 1 

CIN 1 30 21 70 4 4 1 

CIN 2+ 15 14 93 1 0 0 

Total 69 51 74 9 7 2 
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3.2.2 Optical Spectroscopy 

Details of optical spectroscopy instrumentation and algorithm can be found in 

the publication by Chang et al.[119]. Briefly, diffuse reflectance spectra for wavelengths 

(λ) between 450 and 600 nm were collected from colposcopically normal and abnormal 

sites from patients suspected to have cervical lesions in vivo. Total hemoglobin 

concentration ([total Hb]) was quantified using a scalable inverse Monte Carlo model 

from the measured reflectance spectrum [51]. Biopsies from colposcopically abnormal 

sites were obtained and stained with hematoxylin and eosin for histopathology. Biopsies 

were then adjudicated by two board-certified pathologists with gynecological expertise 

(SMB, RCB) and considered to be the gold standard for diagnosis. The sensing depth of 

the fiber-optic probe, defined as the maximum depth that 50 % of the detected photons 

ever penetrated, was evaluated using Monte Carlo simulations as reported in [119]. 

Based on the definition provided above, the mean sensing depth for λ between 450 – 600 

nm was 510 – 627 μm, which is in the superficial stroma as the average cervical 

epithelium thickness is 200 – 350 μm [18, 35, 47], independent of tissue pathology but 

correlated with age. 

3.2.3 Immunohistochemical (IHC) Study 

Cervical dysplastic neovascularization was assessed through anti-CD34 staining 

according to a protocol optimized through a retrospective study of 100 cervical biopsies 

[120]. Vieira et al. [98] have compared three different monoclonal antibodies—anti-CD34, 
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BNH9, and CD31—and concluded that anti-CD34 had higher sensitivity than anti-CD31 

and BNH9 in identifying neovascularization in the dysplastic cervix. 

Immunohistochemistry for CD34 was performed using a semi-automated machine 

(Dako S3400; Dako, Glostrup, Denmark). Five-μm formalin-fixed paraffin-embedded 

human cervical biopsy sections were obtained from the cell blocks and were 

deparaffinized. Antigen retrieval was performed in a steamer for 20 minutes in antigen 

retrieval buffer from the manufacturer. Immunostaining was performed using a 

modified streptavidin-biotin-HRP (horseradish peroxidase) technique. The sections were 

incubated with anti-CD34 (clone: 581; dilution:1:20; BD Biosciences, San Jose, CA, USA) 

for 45 minutes at 37oC. The chromogen diaminobenzidine tetrachloride (DAB) was used 

to visualize the antibody-antigen complex. Appropriate negative controls, consisting of 

tissue sections of each case processed with mouse IgG antibody, were prepared along 

with positive tissue control sections (human tonsil). After immunostaining, the slides 

were counter-stained with hematoxylin, dehydrated in graded alcohols, and mounted 

on glass slides for digital photomicrograph capture. 

3.2.4 Microvessel Density (MVD) Quantification 

Slides were viewed on a multi-observer microscope (DX-50, Olympus, Center 

Valley, PA) with a digital camera (DS-Fl1, Nikon, Melville, NY). Microvessels, defined as 

vessels with small and usually collapsed or slit-like lumen, with cytoplasmic/luminal 

CD34 reactions were considered positive for neovascularization. Large and dilated 
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vessels with a lumen larger than approximately 5 red blood cells and those with 

muscular walls were excluded to elucidate dysplasia induced neovascularization. Areas 

of greatest MVD (i.e., hot spots) were identified at low power (40x) by a board-certified 

anatomical pathologist with gynecological specialty expertise (SMB). Hotspots were 

defined as the area of greatest CD34-reactive vasculature within the cervical stroma and 

immediate adjacent epithelium. Subsequently, all CD34-reactive microvessels within a 

single high power field (400X) were counted and recorded. According to Weidner et al. 

[121], any endothelial cell or endothelial cell cluster that was clearly separate from 

adjacent microvessel and connective tissue elements was considered a single, countable 

microvessel. Partially identified vessels not completely contained in the field of view 

were included in the microvessel count while larger vessels with dilated lumina were 

not. Confounding factors such as tissue specimen quality, tangential cuts, denuded 

stroma, non-specific staining, as well as the degree of inflammation were quantified 

using an ordinal scale (negligible/low, medium, and high) and used for quality control 

purposes. Images with excessive non-specific staining or extremely poor specimen 

quality were excluded from the analysis. Two observers (SMB and VTC), blinded to both 

the biopsy result and inter-observer results, conducted the microvessel counting. The 

second observer (VTC) was trained by board-certified pathologist (SMB) by 

identification of microvessels and large vessels on a separate training set of 10 images. 
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One observer (VC) also independently quantified large and dilated vessels omitted in 

the microvessel count, as well as a total vessel count.  

A slide showing the selection of hot spots for microvessel quantification is shown 

in Figure 6. The immunostained slide was scanned at low power (10x and 40x) to 

identify acceptable neovascular “hotspots,” where there is intense staining to anti-CD34 

and both epithelium and stroma are present. Since high power images occupy the entire 

field of view, all microvessel counts were normalized to the same area (approximately 

0.72 mm2) to obtain microvessel density.  

 

Figure 6: Sample CD34 stained image. Selection of up to three hot spots per biopsy 

specimen (40X). Criteria for admissible hot spots include reactive staining to anti-

CD34 and intact epithelium and stroma. In 7 out of 44 specimens, the specimen was 

too small to select three hot spots; thus, two hot spots were selected instead. Inset: 

Solid arrows indicate microvessels, and the dashed arrow indicates a large pre-

existing vessel with a lumen larger than approximately five red blood cells and hence 

not included in the microvessel count (400X).  
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3.2.5 Statistical Analysis 

The mean microvessel densities from two observers, each counting the same set 

of up to three images per tissue specimen, were used in subsequent analysis. Means 

from independent quantification of total microvessels and large vessels were also used 

to assess overall vasculature. JMP (SAS, Cary, NC) and MATLAB (MathWorks, Natick, 

MA) were used to perform the analysis of variance (ANOVA) to examine inter-group 

variances, followed by pair-wise two-sided Student’s t-tests to determine the association 

of MVD  (quantified from IHC) and total hemoglobin content (measured optically) with 

dysplastic grade. Inter-observer variance was assessed through t-test on the difference 

between two observers for all valid sites. Reported two-sided P values are considered 

significant at α = 0.05 level. Log-transformed data were used where necessary to 

approximate normal distributions prior to statistical tests.  

3.3 Results 

Representative anti-CD34 stained slides and respective MVD from 2 patients are 

shown in Figure 7. The CIN 1 and CIN 2+ biopsies were from the same patient while the 

biopsy-confirmed normal specimen came from a colposcopically abnormal site from a 

different patient since colposcopically normal tissues were not biopsied. There is a 

marked increase in the area of reactive staining of neovascular microvessels as dysplasia 

progresses from CIN 1 to CIN 2+. The epithelium also becomes less anisomorphic with 

an increase in the nuclear-to-cytoplasmic ratio. The absorption spectra from 450 – 600 
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nm, as well as the extracted [total Hb], for normal, CIN 1, and CIN 2+ sites from the 

same two patients are also shown in Figure 7. Assuming oxygenated and deoxygenated 

hemoglobin are the dominant absorbers between 450 – 600 nm [59], the concentrations of 

individual hemoglobin species were quantified. A corresponding increase in total 

hemoglobin content, concomitant with the increase in MVD, was observed with 

increasing severity of cervical dysplasia.  

 

Figure 7: Photomicrographs of immunostained cervical biopsies and associated optically 

extracted absorption spectra ( μa(λ) ) from representative (a) normal, (b) CIN 1, and (c) 

CIN 2+ sites, respectively. Vessels with small and usually collapsed, or slit-like, lumina 

were considered microvessels. Larger vessels with dilated lumen were not included in 

the microvessel density (MVD) quantification. The number of anti-CD34 stained 

microvessels increases with severity of cervical dysplasia. MVD shown is mean ± SD 

between two observers. [Total Hb] shown is mean ± SD, where SD accounts for 

uncertainties in data extraction [119]. Concentrations shown represent extracted total 

hemoglobin content ([total Hb]), which is directly proportional to extracted absorption.  

Total hemoglobin content is substantially increased in CIN 2+ compared to normal and 

CIN 1. 
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A summary of the mean and standard error of the mean (SEM) of extracted 

parameters for different cervical tissue grades is provided in Table 8. Since multiple hot 

spots per biopsy specimen were quantified, intra-observer variation was examined 

when the minimum, maximum, or mean MVD obtained by either observer was used 

exclusively. Despite local variations in the number of CD34-reactive microvessels 

between hot spots, dysplasia-induced neovascularization changes were preserved and a 

significantly increased MVD in CIN 2+ vs. normal and CIN 1 was observed with all 

summary measures. Due to inter-observer variations, MVD counts obtained by the two 

observers were significantly different (P < 0.03, Student’s t-test). However, differences in 

MVD between CIN 2+ and normal and CIN 1 were significant when counts from either 

observer were used exclusively. To account for inter-observer variation and subjectivity 

in quantifying MVD, mean MVD obtained by both observers was used in subsequent 

analysis.  

Table 8: Intra-patient and inter-observer variations in MVD quantification. MVD 

values represented as mean ± SEM, where standard error of the mean (SEM) was 

calculated by dividing sample standard deviation by the square root of the number of 

biopsies in each tissue type. Minimum, mean, and maximum MVD refer to the 

lowest, average, and highest microvessel counts, respectively, obtained by each 

observer per specimen. 

Mean ± SEM Normal CIN 1 CIN 2+ P < 

Minimum MVD (Observer 1) 7.7 ±1.3 7.0 ± 1.4 10.0 ± 1.8* 0.02 

Mean MVD (Observer 1) 15.5 ± 1.3 14.5 ± 1.4 20.2 ± 1.8* 0.006 

Maximum MVD (Observer 1) 23.7 ± 1.3 30.3 ± 1.4 34.0 ± 1.8* 0.006 

Minimum MVD (Observer 2) 6.7 ±1.2 5.5 ± 1.1 10.3 ± 1.7* 0.05 

Mean MVD (Observer 2) 13.3 ± 1.2 14.0 ± 1.1 17.8 ± 1.7* 0.03 

Maximum MVD (Observer 2) 21.3 ± 1.2 26.7 ± 1.1 31.7 ± 1.7* 0.05 
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MVD (Mean of Observers 1&2) 14.0 ± 1.2 14.2 ± 1.2 19.0 ± 1.7* 0.007 

*Statistically a significant difference was observed when comparing CIN 2+ to normal 

and CIN 1 (collectively) using an unpaired two-sided Student’s t-test at the α = 0.05 

level, with the reported P value. 

 

Box and whisker plots of mean MVD, extracted [Total Hb], mean total vessel 

density, and mean large vessel density for all tissue types are shown in Figure 8. The 

middle line represents the median while the upper and lower edges represent 75 and 25 

percentiles, respectively, and crosses indicate outliers. Whereas a statistically significant 

increase of microvessel density was observed in CIN 2+, no significant difference was 

observed in CIN 2+ for either total vessel or large vessel densities. A concomitant 

increase in optically extracted total hemoglobin content was observed in CIN 2+. Using 

sites that were valid for both CD34 and optical spectroscopy, a similarly increased MVD 

in CIN 2+ vs. normal and CIN 1 was observed, whereas no significant differences were 

observed using either total vessel density or large vessel density alone (data not shown). 
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Figure 8: (a) Mean microvessel density (MVD) for different cervical tissue types using 

all valid IHC sites (N = 44). MVD was significantly increased in CIN 2+ compared to 

normal and CIN 1 combined (P < 0.007). (b) Using optical spectroscopy (N = 76) [31], 

[total Hb] is significantly increased in CIN2+ (P < 0.004), concordant with the 

immunohistochemical results. Total hemoglobin content was log-transformed to 

satisfy the normality condition in using parametric statistical tests. Both mean MVD 

and [total Hb] increase in a concordant fashion with increasing severity of cervical 

dysplasia. (c) Vessel density by including only large non-angiogenic vessels. No 

significant association between large vessel density and dysplastic grades was 

observed using ANOVA. (d) Vessel density as calculated by identifying all vessels 

(microvessel and large non-angiogenic vessels). Similar to large vessel density, no 

significant association with dysplastic grades was observed using ANOVA. 

3.4 Discussion 

Until recently, CIN 1 frequently has been treated to prevent progression into CIN 

2+ and eventually to carcinoma of the cervix [122]. However, the current consensus 

among gynecologists is to view CIN 1 as a normal physiological response to HPV 

infection that often regresses to normal [6]. This observation is corroborated by the 

*P < 0.007 *P < 0.004 
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optical and immunohistochemical data, where both total hemoglobin and microvessel 

densities are statistically indistinguishable between normal cervical tissues and CIN 1. 

However, there is a statistically significant increase of mean MVD in CIN 2+ compared 

to normal and CIN 1 combined (P < 0.007), concordant with the increase in optically 

extracted [total Hb] of CIN 2+ compared to normal and CIN 1 (P < 0.004) combined. 

Total vessel and large dilated vessel densities were used to infer the degree of 

vascularization prior to onset of and during dysplastic neovascularization. Since neither 

was significantly associated with different CIN grades, dysplastic neovascularization 

contrast may be masked if the source of contrast included all blood vessels. Various 

groups [53-54, 99, 102] have shown that neovascularization in CIN was confined to a 

narrow zone immediately underneath the dysplastic epithelium and along the basement 

membrane, whereas pre-existing large vessels part of normal physiology were typically 

found deeper in the stroma. 

Utilizing the limited penetration depth of visible light and optimizing the fiber 

illumination and collection geometry to be sensitive to primarily the epithelial and 

superficial stromal layers, we were able to preferentially collect photons just beneath the 

basal layer. Using Monte Carlo simulations for a two-layered medium with cervix-like 

optical properties, the sensing depth of the fiber-optic probe used in the study is 

estimated to be approximately 510 – 627 μm for λ between 450 and 600 nm [119]. Since 

cervical epithelium averages 200-350 μm in thickness [18, 35, 47] and does not seem to be 
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correlated with pathology, the fiber-optic probe is designed to be maximally sensitive to 

photons diffusely reflected from just beneath the basement membrane, where 

neovascularization occurs. Therefore, optically extracted [total Hb] was less influenced 

by large vessels in the deep stroma (quantified through the large vessel density), and 

more influenced by increased MVD near the basement membrane. Hence, optical 

spectroscopy can be designed to measure early dysplastic neovascularization on top of 

the existing vasculature. As a result, both microvessel density and optical spectroscopy 

were able to serve as a surrogate marker to discern neovascularization in CIN 2+ 

compared to normal and CIN 1.  

 One-sided Pearson’s correlation test showed that MVD and *total Hb+ were 

not significantly correlated (ρ2 = 0.12, P < 0.19) when a site by site comparison was made. 

Direct correlation between vessel density and [total Hb] was also not statistically 

significant when either large vessel density or all vessel density comparisons were 

made. Two factors may have prevented a direct correlation: mismatch in sampling 

volume and source of maximum contrast. A criterion for selecting a hot spot for MVD 

quantification was the inclusion of the epithelial-stromal junction; hence, the depth of 

tissue included in MVD study is limited to several hundreds of microns. However, 

despite the shallow sensing depth of the fiber-optic probe used, a small portion of 

photons detected would have invariably traveled deeper into the stroma and absorbed 

by the larger and more well-established blood vessels. Hence, [total Hb] measured is a 
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weighted representation of the overall vasculature, with a significant contribution from 

microvessels immediately beneath the basement membrane and a small portion from 

larger vessels in the deeper stroma that are beyond the field of view of the 

photomicrographs. Furthermore, the choice of hot spots for reactive CD34 staining may 

not reflect the overall vasculature of the tissue sampled by optical spectroscopy. Since 

optical contrast originates from hemoglobin absorption, large non-angiogenic vessels 

with larger lumen will contain more blood and have consequently greater hemoglobin 

concentration. On the contrary, our definition for MVD precludes the inclusion of these 

non-angiogenic vessels. Thus, MVD does not reflect the overall vasculature of the 

specimen and, therefore, does not correlate directly with [total Hb]. [Total Hb] was 

better correlated when the maximum MVD from each specimen was used with a 

partially significant P < 0.08 (ρ2 = 0.21). Despite these issues, we were able to observe a 

common underlying phenomenon that led to significant increases in MVD and [total 

Hb], which arose from neovascularization accompanying cervical dysplastic 

transformation. 

With respect to implementation, optical spectroscopy offers obvious benefits 

over immunohistochemistry. By eliminating the tissue specimen preparation and follow-

up quantification of microvessel density, optical spectroscopy is objective and 

significantly easier and quicker to implement. Optical spectroscopy can continuously 

monitor changes in vasculature over time, whereas immunohistochemistry requires 
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destructive sampling and causes permanent changes to the sampled tissue, while 

providing only one-time estimate of neovascularization status. The ability to discern 

neovascularization contrast in CIN 2+ compared to normal and CIN 1 has direct clinical 

applications in diagnosis and important implications in risk stratification to avoid 

overtreatment to make cervical pre-cancer screening cost-effective, especially in 

resource-poor settings. Quantifying the angiogenic microvessels may also predict 

disease-free status as well as monitor efficacy of anti-VEGF or anti-viral therapies. The 

technology presented can also be modified to access many different organ sites through 

the use of endoscopes. Furthermore, pathological angiogenesis is not only an exclusive 

hallmark in cancer, but also in a variety of ischemic and inflammatory diseases [123]. 

Cells in tumors, wounds, or atherosclerotic plaques become hypoxic when too distant 

from nearby vessels. Coupled with the ability to measure hypoxia [118], optical 

spectroscopy may be a suitable tool to monitor the vascular growth and remodeling in 

numerous disorders. 

Human anti-CD34 antibody was used to selectively bind to endothelial cells from 

human cervical biopsies, and microvessel density was found to increase significantly in 

CIN 2+ versus normal and CIN 1 (P < 0.007), concordant with the increase in [total Hb] 

measured using optical spectroscopy. No statistical significant difference in MVD was 

observed between normal and CIN 1. Neither total vessel density nor large vessel 

density was significantly associated with dysplastic grade. By varying fiber geometry, 
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optical spectroscopy was designed to extract neovascularization contrast confined in a 

narrow zone immediately beneath the dysplastic epithelium and along the basement 

membrane. Hence, total hemoglobin content measured through quantitative optical 

spectroscopy may be used to monitor neovascularization in vivo, as a surrogate measure 

of neovascularization activity. The validated optical contrast has applications in cervical 

pre-cancer diagnosis, prognosis, and therapy monitoring for anti-angiogenesis or anti-

viral therapies. 
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4. Tri-chrome Stain of Collagen Fibers in the Dysplastic 
Cervix to Validate Scattering Contrast 

4.1 Introduction 

In addition to significant morphological changes in the epithelium manifested in 

decreasing degrees of maturation and increased nuclear density, dysplastic 

transformation of the cervix also causes substantial reorganization of the stromal 

physiology (Chapter 3) and morphology.  

As mentioned earlier, scattering in the visible wavelengths primarily arises from 

cell nuclei and organelles (epithelium and stroma), as well as collagen fibers and cross-

links (stroma). Studies have shown that epithelial scattering increases due to increased 

cytoplasm-to-nuclear ratio and hyperchromasia [36, 58-59] while stromal scattering, 

conversely, has been shown to decrease with neoplastic progression as extracellular 

collagen network break down [56, 59]. Since the sensing depth of the fiber optic probe 

used (Chapter 2) is approximately 530 – 870 μm for λ between 450 and 600 nm, most of 

the scattering detected should be from photons diffusely reflected from the stroma, as 

opposed to the epithelium. The objective of this study was to use histochemical 

techniques, specifically trichrome stains, to quantify collagen density and correlate with 

the optical result.  

Migration of cancer cells from the origin tissue to surrounding or distant organs 

is essential for tumor progression. Many studies have tumor invasion and metastases 

have focused on the degradation of the extracellular matrix, where matrix 
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metalloproteinases (MMPs) play a central role. At least 20 different MMP family 

members have been identified, including collagenases (MMP-1, -8, and -13), gelatinases 

(MMP-2 and -9), stromelysins (MMP-3 and -10), and MT-MMPs (i.e., MMP-14, -15, -16, 

and -1) [124]. Two of these enzymes, MMP-2 and MMP-9, capable of degrading 

basement membranes, have been correlated with the processes of tumor cell invasion, 

metastasis, and recurrence in uterine neoplasms as a result of the degradation of the 

extracellular matrix (ECM) components [29, 125]. Overexpression of MMP-2 and MMP-9 

has been observed in CIN and cervical cancers [126-128]. Sheu et al. [126] demonstrated 

that MMP-2 and MMP-9 were overexpressed in >90 % of squamous cell carcinomas and 

83 – 100 % of CIN 2+, but were less frequently expressed in CIN 1 and normal squamous 

epithelium (13 %). Enzymatic degradation of the extracellular matrix (ECM) represents a 

key element in the multistage process of tumor invasion and metastasis. This process 

requires extensive degradation of ECM components such as basement membrane 

collagen (type IV) and interstitial collagen (type I, II, III). Matrix metalloproteinase-2 

(MMP-2) specifically cleaves collagen type IV, the major collagen of the basement 

membrane. MMP-1 digests interstitial collagen type I and III, the main collagen types of 

the stromal extracellular matrix [129]. Brummer et al. [129], using immunohistochemical 

stains for MMP-1 and MMP-2, found weakly and strongly, respectively, increased 

expressions of MMP-1 and MMP-2 in CIN2+ and invasive cervical carcinoma. 
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4.2 Methods 

4.2.1 Clinical Protocol 

The immunohistochemistry protocols were reviewed and approved by the Institutional 

Review Board at Duke University Medical Center (DUMC) in accordance with 

assurances filed with and approved by the Department of Health and Human Services. 

The study population is identical to that reported in Chang et al. [119] (Chapter 2) 

.Informed written consent was obtained from patients referred to the DUMC 

Colposcopy Clinic following an abnormal Pap smear prior to enrollment in the study. 

Optical spectra were collected from 89 sites in the cervical transformation zone of 46 

female patients aged 18 – 34 years (mean ± SD: 24.7 ± 4.4 years). Pregnant women were 

excluded from the study and all recruited patients were pre-menopausal. No invasive 

squamous cell carcinoma or glandular lesions were identified in this cohort. Consensus 

pathology was rendered by two board-certified pathologists with expertise in 

gynecology (Table 9).  
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Table 9: Consensus pathology result for Masson’s Trichrome Study 

    Excluded 

Biopsy-

confirmed 

tissue type 

No. of 

sites 

No. 

included 

Percent 

included 

(%) 

Insufficient 

tissue 

Fragmented 

specimen 

Denuded 

Stroma 

Normal 

squamous 
28 14 50 5 7 2 

CIN 1 30 17 57 6 4 3 

CIN 2+ 15 13 87 1 1 0 

Total 73 44 60 12 12 5 

 

4.2.2 Masson’s Trichrome Stain 

Masson’s trichrome is a common three-color staining protocol to distinguish cells 

from surrounding connective tissue. The stain produces red keratin and muscle fibers, 

cyan collagen and bone, light red cytoplasm, and dark brown cell nuclei [130]. Five-

micron formalin-fixed paraffin-embedded human cervical biopsy sections were obtained 

from the cell blocks and were deparaffinized. Standard procedure for Masson’s 

trichrome stain was followed and was performed by Duke Research Pathology 

Laboratory. After staining, the slides were dehydrated in graded alcohols and mounted 

on glass slides for digital photomicrograph capture.  

4.2.3 Assessment of Collagen Density 

Slides were viewed on a multi-observer microscope (DX-50, Olympus, Center 

Valley, PA) with a digital camera (DS-Fl1, Nikon, Melville, NY). Trichrome-stained 

slides were examined at low (40X) magnification to identify fields of view (FOV) with 
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highest collagen concentrations. Photomicrographs of these FOV were saved and used 

for quantification of collagen density. Collagen density is defined as follows: 

                 
                                  

                                     
 

Actual collagen content is determined by pixels with green and blue differentials (from 

red) larger than 18 using MATLAB (Mathworks, Natick, MA). Total tissue area was 

quantified using the edge detection function in ImageJ (National Institute of Health, 

Bethesda, MD) after converting to a binary image. Stain quality was also assessed as 

poor, satisfactory, or good and the prevalence of tissue inflammation was noted as none, 

low, medium, or high.   

4.2.4 Statistical Analysis 

JMP (SAS, Cary, NC) and MATLAB (MathWorks, Natick, MA) were used to 

perform the analysis of variance (ANOVA) to examine inter-group variances, followed 

by pair-wise two-sided Student’s t-tests to determine the association of MVD  

(quantified from IHC) and total hemoglobin content (measured optically) with 

dysplastic grade. Reported two-sided P values are considered significant at the α = 0.05 

level. Log-transformed data were used where necessary to approximate normal 

distributions prior to statistical tests. 

4.3 Results 
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A representative image of trichrome-stained slide is shown in Figure 9.  

 

Figure 9: (a) Representative image of Masson’s trichrome-stained slide sampled from 

a CIN 1. Collagen that is stained cyan is mostly in the stroma whereas the epithelium 

is mostly light red, reflecting cellular cytoplasm. (b) Binary image with white areas 

representing pixels that satisfy the criteria for collagen. (c) Binary image with black 

     (b) 

 (a) 

500 μm 

  

  

   (c) 

collagen 

stroma 

epithelium 
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pixels presenting tissue area. Note how dark corner (vignetting) in the original image 

have been removed from total tissue area calculation. 

Using automated algorithms to calculate the number collagen staining pixels and 

the total tissue area, the collagen density was quantified. The association of collagen 

density with tissue grade is shown in Figure 10. Some images presented challenges in 

discerning reliable tissue area due to tortuous and highly fragmented boundaries, and 

were hence excluded from subsequent analysis.  

 

Figure 10: Statistical analysis of collagen density of Masson’s trichrome stained slides. 

(a) Collagen density (defined as number of pixels satisfying a pre-determined 

threshold for collagen staining over total number of pixels occupied by tissues) versus 

tissue grade. No significant association with tissue grade was observed using 

ANOVA (P = 0.73). (b) Collagen density in CIN 2+ versus normal and CIN 1. No 
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significant difference was observed using Student’s t-test (P = 0.63). (c) Log-

transformed collagen density versus tissue grade. No significant association between 

log(collagen density) with tissue grade was observed using ANOVA (P < 0.42). (d) 

Log-transformed collagen density is not significantly changed in CIN 2+ versus 

normal and CIN 1 (P < 0.21). 

 

4.4 Discussion 

Using Masson’s trichrome stain, collagen density is not significantly associated 

with tissue grade (P = 0.94, ANOVA). No association was observed between collagen 

density and tissue grade. However, after log-transforming collagen density, a significant 

increase in collagen density was observed in CIN 2+ versus normal and CIN 1 combined 

(*P < 0.03, Student’s t-test). This observation seems in contrast to the decrease in reduced 

scattering in CIN (i.e., CIN 1 and CIN 2+) compared to normal that we have observed 

using optical spectroscopy [119]. Mismatch in interrogated volume (both optically and 

in tissue sampling and processing) and the small sampling size may explain the 

seemingly opposing trends observed between the optical and histological results. 

Furthermore, collagen density (log-transformed or not) does not correlate with optically 

extracted mean reduced scattering nor scatter size. However, collagen density does 

appear to be significantly correlated with extracted mean scatter size (Figure 11). 
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Figure 11: (a) Correlation between optically extracted mean reduced scattering 

between 450 – 600 nm and collagen density. No significant correlation was observed 

(Pearson correlation ρ = 0.08, P = 0.62). (b) Correlation between optically extracted 

mean scatter size and collagen density. Significant correlation was observed (Pearson 

correlation ρ = 0.69, P < 2 x 10-7). (c) Correlation between optically extracted mean 

reduced scattering between 450 – 600 nm and log-transformed collagen density. No 

significant correlation was observed (Pearson correlation ρ = -0.01, P = 0.93). (d) ) 

Correlation between optically extracted mean scatter size and log-transformed 

collagen density. Significant correlation was observed (Spearman correlation ρ = 0.93, 

P < 2 x 10-19). 

Pavlova et al. [131], using confocal fluorescence microscopy, have observed a 

decrease in stromal fluorescence in CIN 2+, where stromal fluorescence is mainly 

attributed to collagen cross-links at 310 – 400 nm excitation. With the progression from 

normal cervical tissue to CIN 2+, MMPs break down the collagen matrix and causes the 
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density of the stromal matrix immediately beneath the epithelium to decrease. However, 

areas that are approximately 250 – 300 μm beneath the basement membrane did not 

show a drop in matrix density [131]. Other studies [132-133] have shown that the pattern 

of stromal degradation is complex and is characterized by induction of MMP expression 

in “host” stromal cells, activated by altered interaction between precancerous epithelial 

cell and host stromal cells. The estimated mean sensing depth (i.e., the maximum depth 

that 50 % to 90 % of the collected photons ever penetrated) of the fiber optic probe used 

(Chapter 2) is approximately 530 – 1070 μm for λ between 450 and 600 nm. Since tissue 

specimens mounted on slides have variable epithelium intact, areas with significant 

collagen fiber breakdown may not be present, and even if they were, they may not 

match the volume that was sensed by the diffuse reflectance spectroscopy. A potential 

solution to improve correlation between optical spectroscopy results and trichrome 

study results is to only quantify collagen content within the sampling depth of the fiber 

optic probe. This may be accomplished using commercially available software to 

quantify distance to epithelial surface. However, a potential complication is that distance 

to epithelial surface is difficult to quantify as tissue sections are not always cut 

perpendicular to the surface plane.  

Another possible explanation for the lack of observed changes in collagen 

density with dysplasia grade is the small sample size. Due to tissue specimen quality 

control, close to 50 % of the samples were excluded from the analysis. Hence, any small 
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change in the calculated collagen content will significantly affect the outcome. 

Furthermore, the amount of collagen present may not change significantly if dysplastic 

progression primarily causes changes in the amount of collagen cross-links. 

 Using Masson’s trichrome stain to quantify collagen density, no significant 

changes in collagen content (P = 0.63 using Student’s t-test) was observed in CIN 2+ 

versus non-CIN 2+ tissues. No significant association of collagen density was observed 

across normal, CIN 1 and CIN 2+. Since production of MMPs have been shown to 

increase with dysplastic grade and that the primary sources of optical scattering are 

collagen fibers and cross-links in the 450 – 600 nm wavelengths, we have expected to see 

a decrease in collagen content in CIN 2+. Mismatch in sample volume and the small 

study size may have prevented us from observing a decrease in collagen density in CIN 

2+.  
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5. Optical Spectroscopic Screening of Cervical 
Intraepithelial Neoplasia in Leogane, Haiti: Effects of 
Pressure and Calibration 

5.1 Introduction 

Cervical cancer affects the lives of 500,000 women worldwide each year, and 

results in more than 270,000 deaths [8]. Approximately 85% of these cases occur in the 

developing world [8-9]. In the U.S., during the 1960s, cervical cancer was the leading 

cause of female cancer deaths; but the death rate declined by 75% from 1965-1992 [10]. 

However, this death rate decline is not seen internationally. In fact, the number of 

cervical cancer deaths is still rising, with estimates that the rates will increase by 25% 

over the next 10 years [11]. The decrease in the incidence of cervical cancer in developed 

countries has been attributed to regular screening with a cytology-based approach – 

Papanicolaou (Pap) smear. An abnormal Pap is followed by colposcopically directed 

biopsy (2nd visit), and subsequent treatment (3rd visit) if pre-cancer or cancer is found 

[9, 12]. Employing these methods requires multiple visits as well as a centralized 

laboratory and skilled staff for processing and evaluation of cytology and pathology 

specimens [13]. However, the benefits of cervical cancer screening have yet to be 

realized in developing countries that are significantly resource-limited [14-15]. Studies 

suggest that even if a woman was evaluated for cervical cancer only once in her lifetime 

between the ages of 30 and 40, her risk of cancer would be reduced by 25-36% [16]. Thus 

there is a compelling need for effective strategies to detect cervical disease (high grade 
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cervical intraepithelial neoplasia (CIN 2+) or invasive disease [6]) in resource limited 

settings where multiple clinical visits are not feasible and centralized laboratories do not 

exist. Haiti is one good example of an environment where this need is critical as Latin 

American countries are among those with highest incidence of cervical cancer incidence 

and mortality in the world [14].  

Quantitative diffuse reflectance spectroscopy (DRS) may provide a cost-effective 

and accurate alternative to traditional screening and diagnostic methods [81, 134-137]. 

Current UV-VIS DRS systems including ours typically consist of a broadband source, a 

spectrometer for multi-spectral detection and a fiber-optic probe for relaying light to and 

from the instrument [138]. However, these systems have not been specifically designed 

to be robust and reliable in a low-resource setting. Potential sources of systematic or 

random errors can arise from the uncontrolled probe-tissue interface and the lack of 

robust, real-time calibration technique.   

Calibration is a critical step in insuring quality control prior to quantitative model-

based analysis of diffuse reflectance spectra. It accounts for the spectral power 

distribution of the light source, wavelength-dependent response of the instrument, and 

throughput of the fiber optic probe. Commonly used calibration methods correct for 

instrument-dependent throughput by dividing the raw tissue spectra by a calibration 

spectrum measured on a spectrally flat diffuse reflectance standard, such as the 

Spectralon Reflectance Standard SRS-99 (referred to as Spectralon) from Labsphere, Inc. 
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(North Sutton, NH), and/or a tissue phantom. The calibration measurements are 

typically performed before or after the clinical measurements of all samples. With these 

calibration methods, however, there could potentially be significant errors in the 

measured reflectance spectra and consequently, the extracted tissue absorption and 

scattering properties. A few sources of these errors include real-time intensity 

fluctuations, fiber bending induced loss, and variations in the coupling between the 

fiber-optic probe and calibration reflectance standard. Current calibration techniques 

typically rely on measurements using reflectance standards and/or tissue phantoms, 

typically after the clinical measurements are completed. In an in vivo study of human 

adenomatous colon polyps, Zonios et al. [139] developed a calibration method in which 

the tissue spectra were divided by the spectrum of a reference phantom made up of a 

20% BaSO4 powder suspension. Richards-Kortum et al. [140-141] calibrated the 

reflectance spectra measured from normal and neoplastic ovarian tissues and cervical 

tissues by the reflectance spectrum of a solution of polystyrene microspheres. Thueler et 

al. [142] developed a two-step calibration procedure using a spectrally flat reflectance 

standard and a solid turbid siloxane phantom of known optical properties to obtain 

absolute reflectance spectra of  stomach tissues. Our has also developed a calibration 

strategy for UV-VIS DRS in order to quantify the tissue optical properties, in which the 

tissue spectrum is divided by a measurement from a Spectralon reflectance standard 

(puck) (SRS-99-010, Labsphere, Inc.) [92]. There are a number of limitations associated 
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with such calibration methods. First, because the calibration is performed at the 

beginning or end of the study, real-time instrument fluctuations, such as lamp drift and 

fiber bending loss cannot be compensated by these approaches. Second, they can require 

an additional 30 minutes for lamp warm-up and another 10-20 minutes for calibration, 

which is a significant amount of time in a clinical setting. 

Another common confounding variable affecting data integrity is the uncontrolled 

probe-to-tissue coupling and pressure can make it difficult to obtain a reproducible 

tissue reflectance spectrum. Chan et al. [143] found that there was a decrease in the 

diffuse reflectance and increase in the scattering coefficient between 400-1800 nm with 

compression of in vitro human skin. Reif et al. [144] reported a study in which reflectance 

measurements were obtained in vivo from mouse thigh muscles while varying the 

contact pressure of the fiber-optic probe. They found that the extracted blood vessel 

radius, oxygen saturation, and Mie theory slope decreased with pressure, while the 

reduced scattering coefficient at 700 nm increased as a function of pressure. Recently, Ti 

and Lin [145] studied the short- and long-term effects of probe pressure on in vivo 

diffuse reflectance using an animal model. They concluded that elevation in probe 

pressure can induce major alterations in the profile of the reflectance spectra between 

400-650 nm and the changes in the extracted tissue optical properties depend not only 

on the probe pressure, but also on tissue type. It is generally believed that the changes 

may be attributed to the compression of the blood vessels which causes reduced blood 
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flow and alterations in the metabolism of the tissue as well as a change in the density of 

the scatterers. It is therefore critical to measure and control the probe contact pressure in 

order to obtain reproducible, and reliable tissue diffuse reflectance spectra.  

Most UV-VIS DRS systems use thermal light sources, grating spectrographs, and 

cooled CCD cameras. Thermal light sources have large footprint, short life-time, low 

power efficiency, and low coupling efficiency to optical fibers. Spectrometers using 

grating spectrographs and cooled CCD cameras have extremely high wavelength 

resolution and sensitivity, but are very bulky and expensive and consume a large 

amount of electrical power. In addition, a stable power supply is very often required to 

operate a thermal lamp and a CCD camera. Taken together, it is very difficult for DRS 

systems in their current forms to be directly used for cancer screening in developing 

countries, which provides the rationale to develop a low power consumption, compact, 

yet robust and accurate UV-VIS DRS system.  

In this study, a field compatible spectroscopic system is built with a built-in real-

time self-calibration channel to study the effect of calibration and pressure on data 

integrity and influence on the observed optical contrast. The extracted scattering 

contrast was significantly associated with the calibration method used and the applied 

probe-tissue pressure. Furthermore, total hemoglobin content significantly varied 

depending on the pressure exerted. To preserve data integrity and maximize contrast 
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between CIN 2+ and other tissue types, a consistent pressure should be exerted with a 

real-time self-calibration channel. 

5.2 Methods 

5.2.1 Protocol Design  

Study protocol was reviewed and approved by the Institutional Review Boards 

at Duke University Medical Center (DUMC) in Durham, NC, USA and Misyon Sante 

Fanmi Ayisyen (Family Health Ministries, FHM) in Leogane, Haiti. Informed written (or 

oral if the patient is illiterate) consent was obtained from patients admitted to FHM 

Cervical Screening Clinic or Dr. Merisier’s private clinic for cervical cancer screening 

based on previous positive Papnicolau (Pap) smear or seropositive for highly virulent 

human papilloma virus (HPV) strains (9, 16, and 18). Optical spectra were collected from 

49 sites in the cervical transformation zone of 21 female patients aged 30 – 62 years 

(mean ± SD: 40.3 ± 8.5 years). Pregnant women were excluded from the study and all 

recruited patients but two were pre-menopausal. Of the 49 sites examined, 16 were 

colposcopically abnormal after the application of acetic acid and 33 sites were 

colposcopically normal. Biopsies were only obtained from 2 patients due to limited lab 

access and financial hardship of patients. Pathological co-registration with the optical 

reading was not possible since biopsies from multiple sites of the same patient are 

deposited within the same specimen container to save on biopsy processing fees.  
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5.2.2 Optical Spectroscopy 

Diffuse reflectance from 450 to 600 nm was collected from all (up to three) 

colposcopically abnormal sites immediately following visual examination at low 

magnification of the cervix with the application of 5 % acetic acid. This was followed by 

an optical measurement on a coloposcopically normal site from the same patient. Optical 

interrogation of colposcopically normal and abnormal sites was conducted prior to 

biopsy to avoid confounding absorption due to superficial bleeding. Identification of 

abnormal site, placement of the probe on the cervix, and biopsies were made by the 

same gynecologist (DM). 

5.2.3 Instrumentation 

The portable spectroscopic system consists of: a LED illumination module, fiber 

optic probe, two spectrometers, and a laptop computer for control and power (Figure 

12). The LED source was a cool white, high-power LED (XR-E, Cree, Durham, NC) with 

outputs between 400-700 nm. The LED was coupled to the source optical fiber via a 

collimating lens (XLamp 7090, Cree, Durham, NC) and a fiber optic collimator (FOC-

010-006-V Mightex, Toronto, ON) aligned for maximum output. The LED, collimating 

lens, and fiber optic collimator were housed in an aluminum enclosure (constructed at 

Duke Physics Machine Shop) for protection and ease of handling. The LED was operated 

through a current regulated driver (LuxDrive™ 2008B PowerPuck, Randolph, VT) and 

was powered using the 5V supply from the universal serial bus (USB) port available in a 
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laptop PC. The mean power consumption of the LED module is 1.75 W. Total power 

consumption of the spectroscopic system is 4 W, supplied through three USB ports and 

is less than 60 % of the maximum power that can be supplied under USB 2.0 

specifications. 

Cervix

White LED Module
Spectrometer I: 
Tissue Sensing 

Channel

Spectrometer II: 
Self-Calibration 

Channel

Universal Serial 
Bus (USB)

Control Laptop 

Fiber Optic 
Probe

Distal Probe Tip

Illumination fiber (x6)
Collection fiber

Illumination fiber (x7)
Collection fiber (tissue 
sensing channel)
Collection fiber (self-
calibration channel)

Stainless Steel 
Rod

Spectralon® 
Coating

 

Figure 12: (a) The portable spectroscopic system consists of a ultrabright white LED 

module, a spectrometer for tissue sensing, a spectrometer for self-calibration to 

monitor drifts in system throughput in real time, and a fiber optic probe to deliver 

and collect diffuse reflectance from 450 – 600 nm from cervix in vivo. All fibers are 

200/200 µm in core/cladding diameter with a numerical aperture (NA) of 0.22. (b) The 

distal end in contact with tissue consists of a central collection fiber encircled by a 

ring of 6 illumination fibers with a center-to-center separation of 622 µm. (c) Light 

delivered to Spectralon® coating and collected via self-calibration collection fiber is 

used to account for drifts in system throughput. 

Two portable spectrometers were used for this clinical study: one for the tissue 

sensing channel and another for the self-calibration channel to account for system drift 

(

a) 

(

b) 

(

c) 

(c) 

(b) 

(a) 
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in real time. Spectra were acquired concurrently on both spectrometers using a custom 

LabVIEW® (Natick, MA) control software, with integration times ranging from 50 to 500 

ms. Three repeated scans were acquired at each site for quality control and to reject data 

with large drift. The spectrometer used for tissue sensing, HRS-VIS-025 (Mightex, 

Toronto, ON), and the spectrometer for self-calibration, USB-4000 VIS-NIR (Ocean 

Optics, Dunedin, FL), have spectral resolutions of 0.4 nm and 1.5 nm, respectively.   
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Table 10). Both spectrometers are powered using the universal serial bus (USB) of 

the control laptop computer with a combined power consumption of 2.75 W. 

Wavelength calibration was conducted by manufacturer and re-checked using a HeNe 

laser source.  
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Table 10: Comparison of two USB spectrometers 

Specification Mightex HRS-VIS-025 
Ocean Optics USB4000 

VIS-NIR 

Channel Tissue sensing Self-calibration 

Wavelength range 390 – 780 nm 350 – 1000 nm 

Resolution 0.4 nm @ 25μm slit width 1.5 nm @ 25μm slit width 

f/#, focal length f/4, 100 mm 
f/4, 42 mm (input) &  

68 mm (output) 

Detector array Toshiba TCD1304AP Toshiba TCD1304AP 

Pixels 3648 3648 

Pixel well depth 100,000 electrons 100,000 electrons 

SNR @ full signal 1000:1 300:1 

A/D 16-bit 16-bit 

Power requirement 

(source) 
1.5 W(USB) 1.25 W (USB) 

Weight 510 g 190 g 

Price $1500 $2900 

 

5.2.4 Fiber-optic Probe 

Two-hundred-μm (core diameter) fibers (Polymicro Technologies, Phoenix, AZ) 

were used for illumination (x7), tissue sensing (x1), and self-calibration (x1). Light is 

launched to seven fibers in closed packed structure, of which six are used to illuminate 

the cervix and one for self-calibration illumination, which is terminated at a stainless 

steel rod coated with spectrally flat Spectralon® (LabSphere, North Sutton, NH) inside 

the ferrule at the distal end of the fiber-optic probe. The reflected light from the 

spectrally flat rod is coupled back to the spectrometer via a self-calibration collection 
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fiber to record drifts in system throughput in real-time. Details of the self-calibration 

channel can be found in [96, 146]. The distal end in contact with the cervix consists of 

fibers epoxied within a stainless steel ferrule with an outer diameter of 3 mm. All the 

200-μm fibers are made of identical high-OH silica/doped silica (core/cladding) with a 

numerical aperture (NA) of 0.22 to ensure the same bending response. Except for probe 

ends housed in stainless steel ferrules and the system end, the entire length of the fiber 

optic probe is covered with stainless steel jacket for protection and durability. The 

stainless steel tube was sterilized in Cidex® OPA (ASP, Irving, CA) for 20 minutes prior 

to each study patient for disinfection.  

The distal end that is in contact with the cervix consists of a central collection 

fiber encircled by a ring of 6 illumination fibers with a center-to-center separation of 622 

μm.  The separation distance was chosen to match the geometry, and consequently the 

sensing depth, of the probe used in a previous study [119]. Defining the sensing depth as 

the maximum depth that 50 % - 90 % of the detected photons ever penetrated in Monte 

Carlo simulations [87, 119], the mean sensing depth for λ between 450 – 600 nm is 500 – 

600 μm, respectively. Since the average cervical epithelial thickness is 200 – 500 μm [18], 

the probe is preferentially sensitive to optical contrasts arising from the cervical stroma.  

Epithelial thickness does not appear to correlate with pathology, though it is dependent 

on age and decreases in post-menopausal women [18]. 
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5.2.5 Pressure Studies 

To study the influence of applied tissue-probe contact pressure on optical 

contrast, diffuse reflectance spectra were acquired from 19 sites in 19 patients with low, 

medium, and high contact pressures. After identifying a colposcopically normal site, the 

gynecologist gradually increased pressure, pausing at each pressure level for 

approximately 1 – 2 seconds for data acquisition. Low pressure was defined as having a 

gentle touch but ensuring a closed contact between the probe distal end and the tissue. 

Medium pressure, selected as the default pressure, was defined as ensuring a closed 

contact with minimal visible compression of the tissue. High pressure was defined as 

exerting the maximum pressure without causing significant pain to the patient. Three 

repeated scans were acquired at each applied pressure. The consistency and 

repeatability of exerted pressures were quantified by measuring the force exerted by the 

same operator on a piece of Colban® tape (3M, St. Paul, MN) taped to a kitchen scale in 

the vertical orientation and summarized in Table 11. The pressures applied in the study 

are comparable to those exerted by Ti and Lin [147] and Reif et al.[148]. 

Table 11: Consistency and repeatability of exerted pressures 

Pressure 

(psi) 

 

Set 1 

 

Set 2 

 

Mean of 2 

sets 

Coefficient of 

variation  

between 2 sets  

Light 1.39 ± 0.23 2.71 ± 0.43 2.05 ± 0.79 38 % 

Medium 2.24 ± 0.96 6.79 ± 0.19 4.52 ± 2.57 57 % 

High 19.44 ± 2.33 17.83 ± 6.93 18.63 ± 4.71 25 % 
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5.2.6 Calibration Scheme 

Two calibration schemes were employed for the study. Traditionally, a diffuse 

reflectance standard was used to correct for drifts in source or system throughput and 

consists of calibration spectra obtained either before or after clinical spectra acquisition. 

In this study the diffuse reflectance standard consists of a puck (SRS-99 LabSphere, 

North Sutton, NH) coated with spectrally flat Spectralon® (LabSphere, North Sutton, 

NH) in the UV-visible-NIR wavelengths. Another calibration method employed was a 

self-calibration channel incorporated in the fiber optic probe to account for fluctuations 

in system throughput (e.g., bending, changes in LED output) in real time, as well as to 

streamline operation of the spectroscopic device by eliminating pre- or post-study 

calibration measurements.  

5.2.7 Statistical Analysis 

Standard deviation (SD), where noted, indicates reliability of data as computed 

from repeated scans from the same site and same pressure. Means of three repeated 

scans per site (per pressure) were used in subsequent analysis. MATLAB (MathWorks, 

Natick, MA) was used to perform the Student t-tests and Wilcoxon rank sum tests. 

Student t-test was used when data can be assumed to be normally distributed, as 

determined graphically and by using the Lillifors test for normality.   
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5.2.8 Data Analysis and Validation 

A flexible and fast Monte-Carlo-based inverse model [51] developed by our 

group was used to extract the absorption and scattering properties of the cervical tissue 

using diffuse reflectance from 450 – 600 nm. The model has been validated extensively in 

tissue-mimicking phantoms [117], murine and hamster tumor models [93, 149-150], and 

in the breast [118, 151-152] and the uterine cervix [119] in vivo. The model is valid for a 

wide range of optical properties and can be used with any probe geometry and system 

setup provided that a one-time calibration is performed on a synthetic phantom with 

known absorption and scattering properties. The fixed parameters of the inverse model 

are the wavelength-dependent extinction coefficients of the absorbers and refractive 

indices of the scatterer and the surrounding medium. The extinction profiles of oxyHb 

and deoxyHb reported by Prahl [90] are used. The free parameters that are iteratively 

searched during a fitting include oxyHb and deoxyHb concentrations, scatter size, and 

volume density of scatters. A Gauss-Newton nonlinear least-squares optimization 

algorithm (MATLAB, Mathworks, Natick, MA) was used to minimize the difference 

between the measured and the Monte Carlo-simulated diffuse reflectance. A ratio of the 

measured reference phantom reflectance to the modeled reference phantom reflectance 

gives a calibration factor that enables a direct comparison between measured and 

predicted reflectance spectra during the inversion process.  
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The accuracy of optical property extraction of the portable spectroscopic system 

was asserted using liquid phantoms with cervix-mimicking optical properties [47, 119] 

consisting of lyophilized human hemoglobin (Sigma-Aldrich, St. Louis, MO) as 

absorbers and 1-μm monodisperse polystyrene spheres (07310 Polysciences, 

Warrington, PA) as scatters. Two sets of experiments were performed – one with 

increasing levels of absorber (Exp 1) and another with increasing levels of scatterer (Exp 

2). Exp 1 and 2 were performed on different days to assess the influence of the 

calibration method used. The mean and range of absorption μa(λ) and of reduced 

scattering μs’(λ) over 450 – 600 nm for Exp 1 and 2 are enumerated in Table 12 and Table 

13, respectively. The expected values for μa(λ) were determined using a 

spectrophotometer (Cary Varian) and Beer’s law, whereas μs’(λ) of the phantoms were 

calculated using Mie theory. 

Table 12: Optical properties (450 – 600 nm) for titrate absorber phantom experiment 

(Exp 1) 

Day 1 [Hb] mean µa mean µs' 

 
(µM) (1/cm) (1/cm) 

1 2.86 0.04 10.44 

2 4.51 0.07 10.29 

3 7.16 0.11 10.05 

4 9.69 0.15 9.82 

5 12.10 0.19 9.60 

6 14.97 0.23 9.34 

7 17.68 0.27 9.09 

8 20.26 0.31 8.85 

9 22.70 0.35 8.63 

10 25.03 0.39 8.42 
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Table 13: Optical properties (450 – 600 nm) for titrate scatterer phantom experiment 

(Exp 2).  

Day 2 [Hb] mean µa mean µs' 

 
(µM) (1/cm) (1/cm) 

A 7.33 0.07 9.79 

B 6.93 0.07 14.45 

C 6.51 0.06 19.38 

D 6.11 0.06 24.22 

E 5.70 0.05 29.16 

F 13.03 0.12 9.78 

G 12.30 0.12 14.58 

H 11.57 0.11 19.49 

I 10.85 0.10 24.31 

J 10.12 0.10 29.24 

 

The extraction accuracy using two calibration methods are shown in Figure 13. 

Phantoms 4 and H were used as reference phantoms. Phantom H was used as reference 

phantom for the analysis of clinical data since it has similar optical properties as the 

reference phantom used in [119].  



 

97 

 

Figure 13: Extracted versus expected (a) Hb concentrations and (c) wavelength 

averaged reduced scattering over 450-600 nm from within-day data analysis, in which 

phantom #11 from the same day was used as reference.  

Table 14 summarizes the errors averaged across all the target-reference phantom 

combinations obtained with the two calibration techniques and data analysis strategies: 

within-day data analysis (columns Day 1/1 and 2/2) and across-day data analysis (Day 

1/2 and 2/1). The accuracy for Hb concentration extraction for Day 1/1, 2/2 and 1/2 is 

comparable between the two calibration techniques using either data analysis method, 

indicating that it was not significantly affected by the lamp warm-up or day-to-day 

instrument drifts. The extraction accuracy of μs’ is also similar between the two 

calibration techniques for same day phantoms. However, with puck calibration, the 

errors for extraction of μs’ are remarkably higher using across-day data analysis, 

compared to the errors obtained with self-calibration. This demonstrates that scattering 
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is more susceptible to lamp intensity fluctuations during warm-up or day-to-day 

instrument drifts. 

Table 14: Summary of effect of calibration on optical property extraction 

  Puck-Calibration  Self-Calibration 

Target / 

Reference 

 Day 

1/1 

Day 

2/2 

Day 

1/2 

Day 

2/1 

 Day 

1/1 

Day 

2/2 

Day 

1/2 

Day 

2/1 

% Error in 

[Hb] 

 9.0 ± 

2.3 

8.6 ± 

3.0 

12.5 ± 

5.9 

13.1 

± 1.3 

 9.7 ± 

2.3 

9.0 ± 

3.0 

13.4 ± 

5.2 

16.2 ± 

2.1 

% Error in 

μs’ 

 5.4 ± 

1.2 

5.9 ± 

3.5 

48.2 ± 

7.7 

33.9 

± 1.0 

 5.7 ± 

1.1 

6.0 ± 

3.5 

16.7 ± 

5.2 

15.2 ± 

1.5 

 

The signal-to-noise (SNR) and linearity of the system are demonstrated in Figure 14. 

Signal-to-noise was assessed by calculating the mean over the standard deviation of 20 

repeated scans with increasing integration times. Linearity was verified using the same 

data set. A diffuse reflectance standard (puck) was used as the sample for the sensing 

channel. The self-calibration channel appears to have a higher SNR (60 dB) compared to 

the sensing channel of 50 dB. Both channels seem to be shot-noise limited. 
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Figure 14: Measured linearity (a) & (b) and SNR (c) & (d) for sampling and self-

calibration channels, respectively, from 20 repeated measurements on a diffuse 

reflectance standard. 

5.3 Results 

Representative spectra (450 – 600 nm) and extracted optical parameters from a 

colposcopically normal site calibrated using both puck and self-calibration are shown in 

Figure 15. Diffuse reflectance divided by puck reflectance is higher than that divided by 

the self-calibration channel. The higher reflectance obtained through puck calibration 

also leads to a lower extracted absorption (and correspondingly, [total Hb]) and higher 

extracted scattering. Error bars in Figure 15 represent standard deviations between three 

repeated scans, which are small compared to difference attributed to different 

calibration standards. 
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Figure 15: (a) Representative diffuse reflectance (450 – 600 nm) from a colposcopically 

normal site calibrated using puck (red asterisks) and self-calibration channel (blue 

diamonds). Error bars indicate standard deviation from three repeated scans at 

medium pressure. Dashed lines are best least squares fits (100 fits) to the mean of the 

measured diffuse reflectance using the Monte Carlo-based inverse model using either 

calibration method. Puck-calibrated diffuse reflectance is higher than self-calibrated 

diffuse reflectance. (b) Extracted absorption spectrum (µa(λ)) from same 

colposcopically normal site using puck calibration (red dashed line) and self-

calibration (blue broken line). Absorption is underestimated (c) Extracted reduced 

scattering spectra (µs’(λ)) from same colposcopically normal site using puck 

calibration (red dashed line) and self-calibration (blue broken line). Extracted 

scattering is lower overall using puck calibration. 

Representative diffuse reflectance spectra corrected through self-calibration at low, 

medium, and high applied probe pressures from a colposcopically normal site is shown 

in Figure 16. Reflectance seems to increase with the applied pressure, leading to 

decreased extracted absorption and increased extracted scattering, respectively. 
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Variation within each applied pressure is small (error bars in Figure 16) compared to 

differences between different pressures. 

 

Figure 16: (a) Representative diffuse reflectance (450 – 600 nm) from a colposcopically 

normal site calibrated using self-calibration channel at low (red asterisks), medium 

(blue diamonds), and high (black triangles) contact pressures. Error bars indicate 

standard deviation between three repeated scans at each pressure. Dashed lines are 

best least squares fits (100 fits) to the mean of the measured diffuse reflectance using 

the Monte Carlo-based inverse model using self-calibration. Diffuse reflectance 

increases as the applied contact pressure increases.(b) Extracted absorption spectrum 

(µa(λ)) from the same colposcopically normal site at low (red broken line), medium 

(blue dashed line), and high (black solid line) pressures. (c) Extracted reduced 

scattering spectra (µs’(λ)) from the same colposcopically normal site at low (red 

broken line), medium (blue dashed line), and high (black solid line) pressures. 
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5.4 Discussion 

To hone in on tissue physiological and morphological changes associated with 

pre-cancerous development, it is crucial to isolate tissue response from the optical 

system response through accurate calibration. From Figure 17, extracted absorption 

parameters such as [total Hb] (P = 0.16) and Hb saturation (P = 0.33) are not significantly 

affected by the calibration method used. However, scattering contrast such as mean 

reduced scattering between 450 – 600 nm (<μs’>) is significantly associated with the 

calibration method used (P < 0.02). Furthermore, data calibrated using the post-study 

puck measurement led to poor fitting of the diffuse reflectance spectra (reflected in large 

residuals in least square errors) and resulted in zero extracted absorption. The number 

of sites included in Figure 17 was different as data with zero extracted absorption were 

considered invalid and excluded from analysis.  

 

Figure 17: (a) Total hemoglobin content ([total Hb]) extracted from colposcopically 

normal sites in patients. The extracted [total Hb] was not significantly associated with 

the calibration method used (P = 0.16). (b) Hemoglobin saturation (Hbsat) extracted 

from the same colposcopically normal sites. Extracted Hbsat was also not significantly 

associated with the calibration method used (P = 0.33). (c) The extracted wavelength-

averaged reduced scattering coefficient (<µs’(λ)>) from same colposcopically normal 

sites. <µs’(λ)> was significantly associated with the calibration method used (P < 0.02). 

Asterisk indicates significance at P < 0.05 using a two-sided Student’s t-test. The 
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number of sites differed between two calibration methods as fits that resulted in zero 

absorption were discarded. 

 

Self-calibration offers many advantages over one-time puck calibration 

measurements. Since system throughput such as fiber bending or source fluctuations 

may depend on the actual physical configuration of the system or vary over time, it is 

important to capture the variation in real time through a self-calibration channel as 

opposed to a one-time puck measurement. Drifts in system response can result in 

significant differences in extracted scattering contrast, which is heavily dependent on the 

intensity of the diffuse reflectance measured. Extracted absorption contrast, however, 

may be more dependent on the shape of the spectrum as opposed to the calibrated 

intensity. An integrated self-calibration channel also obviated the need for separate 

calibration measurements for diffuse reflectance spectroscopy and reduces the operating 

training requirement of the device. The intended end users of the device are physicians 

and nurses with minimal technical expertise; hence, any reduction in operating 

requirement helps to promote adoption of the device in the field.  

Another confounding variable commonly encountered in contact probe 

spectroscopy is the applied probe pressure. Differences in [Total Hb+ and <μs’(λ)> 

extracted at low and high pressures versus medium pressure, the default applied contact 

pressure, are shown in Figure 18. Extracted [total Hb] is significantly associated (P < 

0.01) with the applied contact pressure and is consistently higher and lower if lower and 
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higher pressures were exerted, respectively. Ti and Lin [147] have reported a 

displacement of local blood vessels with increasing applied pressure, leading to a lower 

extracted [total Hb] at higher pressures. No statistical significant difference was 

observed in Hb saturation (P = 0.97). Extracted <μs’(λ)> was also significantly associated 

with the applied contact pressure. Scattering was higher at lower pressures and lower at 

higher pressures, respectively, compared to values extracted at medium pressure. The 

decrease in scattering at higher pressure is likely due to compression of scatterers such 

as cell nuclei, organelles, and collagen fibers and cross-links. 

 

Figure 18: Differences in extracted (a) total Hb, (b) Hb sat, and (c) <µs’(λ)> at low and 

high pressures compared to those extracted at medium pressure. Data shown are 

calibrated using the real-time self-calibration channel. Significant differences in 

extracted optical properties were observed in [total Hb] (P < 0.01) and mean reduced 

scattering (P < 0.001) over 450-600nm compared to extracted parameters at medium 

pressure (typical applied pressure). Dashed line represents no change from values 

extracted using diffuse reflectance obtained at medium applied probe contact 

pressure. Asterisks indicate statistical significance with P < 0.05 using a two-sided 

Student’s t-test. 

Extracted *total Hb+ and <μs’(λ)> can vary up to 75 % for pressure variations of up to 17 

psi. Hence it is crucial for diffuse reflectance spectra to be acquired at a consistent 
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pressure, preferably at a low pressure to ensure patient comfort but guaranteeing a 

proper contact, to provide reliable data and enhanced contrast.   

We have presented the effect of two common confounding factors – calibration 

and contact pressure – on the extraction of absorption and scattering contrasts, namely 

*total Hb+ and <μs’(λ)>, respectively. Scattering contrast was especially sensitive to shifts 

in system throughput and hence was significantly affected by the calibration technique 

used. We believe a real-time self-calibration channel should be used to collect reliable 

diffuse reflectance spectra. Absorption contrasts such as [total Hb] and Hb saturation do 

not seem to be significantly associated with the calibration technique used. The applied 

pressure also significantly affected the accurate extraction of *total Hb+ and <μs’(λ)> 

through compression and displacement of local vasculature and scatters. Future 

spectroscopic systems intended for clinical use should incorporate a real-time self-

calibration channel and collect diffuse reflectance spectra at a consistent pressure to 

avoid signal confounding and maximize data integrity. We believe that the addition of 

these important functionalities, in addition to low operator training requirement and 

field compatible power and package requirement, will enable the collection of reliable 

clinical data to aid in the adoption of optical smart sensors in the diagnostics and 

therapy monitoring of diseases and treatments.
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6. Oblique Fiber Optic Design for Depth-Selective 
Contrast in the Cervical Epithelium 

6.1 Introduction 

Performing real-time self-calibration and collecting spectra at consistent pressure 

will reduce data variability. Another way to enhance contrast is to employ an oblique 

illumination and collection probe geometry to preferentially sample the superficial 

epithelium. A common model to describe epithelial tissue is a two-layer model which 

consists of a superficial highly cellular epithelium above a vascular stroma with 

connective tissue, separated by a basement membrane. The ectocervix is an ideal 

example of such two-layer tissue, with a non-keratinized squamous epithelium above a 

stromal layer (Figure 19).                                     

 

Figure 19: Two-layer model of epithelium: Epithelial cells overlaying a vascular 

stroma with connective tissue, separated by a basement membrane. The cervical 

epithelium thickness is typically between 200 to 500 µm [18]. 

There are a large number of absorbers in epithelial tissues in the ultraviolet-

visible (UV-Vis) wavelengths. The primary absorbers within the cells in the epithelium 

are tryptophan, reduced nicotinamide adenine dinucleotide (NADH), and flavin 

200 ~ 500 µm 
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adenine dinucleotide (FAD) [34-35], whereas the primary absorber in the underlying 

stroma are oxygenated and deoxygenated hemoglobin [36]. Hemoglobin dominates 

those from NADH and FAD due its large absorption cross-section, unless fluorescence is 

collected. Sources of scattering in the epithelium include cell and nuclei and 

mitochondria, while the primary scatter in the stroma is collagen [18, 37].  

It has been shown that the endogenous absorption and scattering contrast in 

precancers and early cancers of stratified squamous epithelial tissues, such as the cervix, 

varies with depth. Previous microscopy studies on cervical tissue slices and blocks show 

an increase in the contribution of NADH (source of absorption) [153-154] within the 

epithelium, and a decrease in stromal collagen content (source of scattering) [71] with 

cervical neoplastic development. The ability to quantify opposing trends of layer-

specific changes (eg. scattering in the epithelium and stroma changes in opposite 

directions with dysplastic development) could offer improved diagnostic accuracy for 

the detection of cervical, or other epithelial, precancers. This information could also 

elucidate morphological and physiological changes in mechanistical studies of 

carcinogenesis.  

Several groups have extended the diffusion theory to calculate the optical 

properties of a two-layered medium [41-46]. Several other groups have proposed models 

based on Monte Carlo or hybrid methods [47-48]. Hayakawa et al. [48] developed a 

perturbation Monte Carlo method to estimate the optical properties of a two-layered 
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medium, in which the perturbation in photon trajectories caused by a small amount of 

variation in the optical properties relative to baseline values was used to guide a 

nonlinear optimization algorithm for the estimation of optical properties. The 

perturbation approach is limited in that it is constrained to small changes in the optical 

properties (< 30% of baseline values for the scattering coefficient), and that it requires 

that baseline optical properties are known. Other groups have also proposed analytical 

models [47, 49] to describe reflectance from a layered tissue; however, their methods are 

applicable in a limited range of optical properties. Using a scaling method described in 

[50] to greatly reduce computation time, a Monte Carlo-based inverse model can be used 

to extract optical properties in a wide ranges of absorption and scattering. 

Changing the source-detector separation distances has been known to vary the 

sensing depth of the fiber optic system [155]. However, to achieve minimal sensing 

depth to selectively probe the cervical epithelium (with epithelial thickness reported to 

range from 100-500 μm [18-19, 21]), the diameter for multi-mode fibers becomes a 

physical limitation to achieve the most superficial sensing depth. Many techniques have 

recently been employed to selectively target the epithelial layer and isolate epithelial 

scattering from stromal scattering. Light scattering spectroscopy and polarized 

reflectance spectroscopy have been shown to be sensitive to precancerous changes in the 

epithelium [36, 156-157]. Other methods proposed to target the most superficial depths 

within epithelial tissues include differential path-length spectroscopy [158] and low-
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coherence back-scattering spectroscopy [159]. Arifler et al. [160] and Nieman et al. [161] 

have sought to perform depth-sensitive spectroscopy using a half-ball lens or polarized 

light, respectively. However, these techniques require complicated system design or 

empirical calibration for specific fiber geometry. Our proposed design involves bending 

the illumination and collection fibers at oblique angles to achieve maximal overlap in the 

superficial epithelium [50, 162]. The scaling code offers flexibility to accommodate for 

any probe geometry, thereby making our model applicable to a wide range of source-

detector designs. 

6.2 Methods 

Various groups have reported on the layer-specific optical contrasts in the 

precancerous cervix [47, 56, 160]. For in vivo clinical applications, fiber optic probes are 

widely used to deliver light to the tissue site of interest and to collect the reflected light 

[138]. The probability that photons reach a certain depth in the tissue before they are 

scattered back and hence be detected greatly depend on the probe geometry – specific 

arrangement of the illumination and collection fibers, in addition to tissue properties. 

Therefore, fiber optic probe design plays a crucial role in obtaining depth-resolved 

spectroscopy contrast from tissue in vivo.  

A composite fiber optic probe (with both flat and oblique fibers) will be 

fabricated by Fujikura AFL, Ltd. based on design specifications obtained from Monte 

Carlo simulations. The composite probe constructed will have 4 arms: 2 illumination 
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channels for each of flat and oblique fibers, a common arm that touches the tissue, and a 

collection arm that is imaged onto the spectrograph. The flat fibers will have an end 

surface parallel to the tissue whereas oblique fibers will form an angle as shown below. 

 

Figure 20: Side views of the composite probe and their acceptance cones in a two-

layered medium [163]. The arrows indicate light direction and θ is the angle that the 

oblique fiber forms with the tissue normal. The thick horizontal line is the probe-

tissue interface, and the thin horizontal line marks the boundary between the top and 

bottom layers of the two-layered tissue model. The dashed lines below the interface 

define the boundaries of light cones coming out of the individual fibers as if in an 

optically dilute sample. The shaded area is the overlap between the acceptance cones 

of the illumination and collection fibers.  

Figure 21 shows the geometries of the fiber-optic probe, which was designed to 

maximize the collection of photons from the superficial epithelium in the cervix using 

optical properties reported by Collier et al.[101]  and Chang et al. [47].   

θ 
θ 
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Figure 21: Distal end of the composite fiber-optic probe 

6.2.1 Monte Carlo Modeling of Sensing Depth 

To ensure that the maximum source of diffusely reflected photons originate from 

the epithelial layer, sensing depth of the composite probe was estimated using Monte 

Carlo simulations of photon transport [87] in a two-layered model of cervical tissue. The 

optical properties, μa and μs’, used in the simulation are shown in Figure 22. 

 

Figure 22: Wavelength-dependent (a) absorption (μa) and (b) reduced scattering (μs’) 

coefficients used in the Monte Carlo simulation to estimate sensing depth. The red, 

green, and blue lines represent optical properties extracted from selected biopsy-

confirmed normal, CIN 1, and CIN 3 sites, respectively, in the study by Chang et al. 

[119] using a normal illumination and collection geometry (primarily stroma). Light 

(a) (b) 
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blue and purple lines represent abnormal and normal sites in a compilation of 

literature results by Chang et al. [47].  

Defining sensing depth as the maximum depth that 50 – 90 % of diffusely reflected and 

collected photons ever penetrate, the sensing depth of the angled illumination and 

collection channels is between 144 – 590 μm. Using the same definition, the sensing 

depth of the flat illumination and collection probe used in earlier studies (Chapter 2) is 

between 630 – 1065 μm.  

 

Figure 23: Estimates of the sensing depths of (a) 45° illumination and 45° collection 

fibers at 350 μm separation and (b) 0° (flat) illumination and collection fiber at 625 μm 

separation. Sensing depth is estimated from Monte Carlo simulation of the weighted 

visiting frequency, or the number of times that a detected photon visits a particular 

voxel, normalized by its residual photon weight in the simulation.  

6.2.2 Model Validation on Homogeneous Phantoms 

Accuracy of optical property extraction in the relevant optical property range 

(similar to the cervical epithelium) will be assessed using homogeneous phantoms with 

hemoglobin as absorbers and polystyrene spheres as scatters.  
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Table 15: Expected optical properties of Titrate Hb experiment (Exp 1) 

  
450-600 nm 

 
mean μa mean μs' [Hb] 

# (cm-1) (cm-1) (µM) 

1A 0.69 10.72 9.69 

2A 0.86 10.48 12.10 

3A 1.06 10.19 14.97 

4A 1.25 9.92 17.68 

5A 1.43 9.66 20.26 

6A 1.61 9.42 22.70 

1B 0.69 17.66 9.71 

2B 0.86 17.26 12.13 

3B 1.06 16.79 15.00 

4B 1.25 16.34 17.72 

5B 1.44 15.91 20.30 

6B 1.61 15.51 22.75 

 

Table 16: Expected optical properties of TitratePS experiment (Exp 2) 

  
450-600 nm 

 
mean μa mean μs' [Hb] 

# (cm-1) (cm-1) (µM) 

1A 1.25 3.59 13.03 

1B 1.22 5.37 12.30 

1C 1.19 7.16 11.57 

1D 1.16 8.95 10.85 

1E 1.14 10.74 10.12 

 

6.2.3 Loop Electrosurgical Excision Procedure (LEEP) Clinical 
Protocol 

The study protocol was reviewed and approved by the Institutional Review 

Board at Duke University Medical Center (DUMC). Patients referred to loop 

electrosurgical excision procedure (LEEP) following diagnosis of high grade cervical 
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dysplasia were recruited for the study. Pregnant women were excluded from study. 

Diffuse reflectance, delivered to and collected via a fiber optic probe, was collected from 

1 to 3 visually abnormal site(s) immediately following colposcopic examination of the 

cervix with the application of 5 % acetic acid. This was followed by an optical 

measurement on a coloposcopically normal site from the same patient. Optical 

interrogation of colposcopically normal and abnormal sites was conducted prior to 

removal of the cervix via LEEP and marked with India ink. Identification of abnormal 

site, placement of the probe on the cervix, and biopsies were made by the same 

gynecologist (PSC). A custom-designed probe holder by Duke Physics Machine Shop, 

constructed out of Delrin® to withstand sterilization was attached onto the speculum 

prior to LEEP and used to secure the probe during data acquisition. The LEEP specimen 

was oriented and inked with differently-colored pathology ink to correlate with 

histopathological diagnosis on all sites interrogated optically. The adjudicated biopsy 

diagnoses by two board certified pathologists with expertise in gynecology served as 

gold standard for tissue classification (Table 17).  

Table 17: Consensus pathology for LEEP patients 

 
Squamous normal CIN 1 CIN 2+ Total 

Total 6 2 1 9 

Excluded 2 1 0 3 

Included 4 1 1 6 
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6.3 Results 

Table 18 summarizes the extraction accuracy of the 45° illumination and 

collection fibers in the homogeneous phantoms with optical properties that mimick the 

cervical epithelium in Exp 1 and 2. Extraction errors are reported as mean ± standard 

deviation across all target-reference combinations within the same experiment.  

Table 18: Optical property extraction for 45° illumination and collection fibers. 

Tissue-mimicking Phantoms % Extraction Errors 

Fiber Geometry μa μs' 

45° illumination & collection 14.9 ± 6.5 % 6.9 ± 4.1 

Flat illumination & collection 10.5 ± 4.8 % 8.6 ± 3.5 

 

Representative spectra and extracted wavelength-dependent μa and μs’ for a biopsy-

confirmed normal, CIN 1, and CIN 2+ sites are shown in Figure 24. 
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Figure 24: (a) Measured (symbols) and fitted (lines) diffuse reflectance from 475 – 600 

nm for biopsy-confirmed normal (blue), CIN 1 (black), and CIN 2+ (red) sites 

collected with the 45° illumination and collection fibers. (b) Extracted μa(λ) for the  

biopsy-confirmed normal (blue), CIN 1 (black), and CIN 2+ (red) sites. Note the β and 

α absorption peaks of oxygenated hemoglobin. (c) Extracted μs’(λ) for the biopsy-

confirmed normal (blue), CIN 1 (black), and CIN 2+ (red) sites. Notice scattering for 

CIN 2+ is much higher than those extracted for normal and CIN 1 sites. 

6.4 Discussion 

Extraction errors were higher for the extraction of μa for both probe geometries. 

However, μs’ extraction error for the oblique fibers were less than 7 % overall, which is 

most relevant since the oblique fibers were designed to interrogate scattering contrast in 

the superficial cervical epithelium.  

Overall fits to reflectance data were less than optimal, as can be seen in Figure 24. 

The extracted μa and μs’ were less than those extracted in the previous study [119], 

which utilized a flat illumination and collection geometry that is primarily sensitive to 
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stromal contrasts, but in good agreement to the literature results compiled by Chang et 

al. [47]. The absorption coefficient (μa) extracted by a probe with an angled geometry is 

expected to be less than those extracted with a flat geometry due to the shallower 

sensing depth, where there is little vasculature. Due to the small sample size, the 

association of [total Hb] and scattering with tissue grade was not studied. 

Utilizing an oblique illumination and collection geometry offers another way to 

enhance contrast from the dysplastic cervix, where there are depth-dependent changes 

associated with dysplastic progression. We have demonstrated the utility in extracting 

scattering from the epithelial layer using a probe with 45° illumination and collection 

fibers at a small source-detector separation of 330 μm. Extraction errors are less than 

optimal so further study is needed to elucidate sources of systematic error. From the 

phantom results, the extraction of scattering contrast seems more reliable than the 

extraction of absorption contrast, which is appropriate for the targeted use for sensing 

the increase in nuclear-to-cytoplasmic ratio in the epithelium. Developing a model to 

incorporate 45° illumination and flat collection would enable the simultaneous 

extraction of superficial and deeper contrast in the dysplastic cervix.  
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7. Conclusions and Future Directions 

7.1 Conclusions 

Work in this dissertation demonstrated the utility of using a scalable Monte 

Carlo based optical toolbox to extract absorption and scattering contrasts in the 

dysplastic cervix in vivo (Chapter 2). Diffuse reflectance from 450 – 600 nm was collected 

from 89 sites in 38 patients at the DUMC Colposcopy Clinic, from which [total Hb], Hb 

saturation, and μs’ were quantified following calibration with a diffuse reflectance 

standard (puck). [Total Hb] was significantly increased in CIN 2+, clinically the most 

important tissue grade to identify, compared to normal and CIN 1. Scattering was not 

significantly changed in CIN 2+ versus normal and CIN 1, but was significantly 

decreased in CIN relative to normal. Immunohistochemistry via anti-CD34, which stains 

the endothelial cells that line blood vessels, was used to validate the observed 

absorption contrast in 69 tissue specimens, a subset of the samples included in the 

DUMC Colposcopy Study (Chapter 3). Areas of greatest microvessel density (MVD) 

were selected at low magnification (10 X and 40 X) for quantification at high 

magnification (400 X). Microvessels that occur in response to dysplastic transformation 

of the cervix, as opposed to large pre-existing vessels, were independently quantified by 

two observers and shown to significantly increase in CIN 2+ versus normal and CIN 1. 

Neither total vessel density nor large vessel density is significantly associated with 

tissue grade. The concomitant increase in MVD and [total Hb] suggests that both are 



 

119 

reactive to angiogenic neovascularization due to up-regulation of VEGF in CIN 2+. 

Despite intra-patient variations in the number of CD-34 reactive microvessels and inter-

observer quantification differences, dysplasia-induced neovascularization changes were 

preserved using all summary measures. However, no significant correlation between 

[total Hb] and MVD was observed. This is likely attributed to the fact that it is very 

difficult to precisely match the sample volumes used by both techniques to quantify 

neovascularization. Furthermore, the choice of hot spots for reactive CD34 staining may 

not reflect the overall vasculature sampled by optical spectroscopy. 

In Chapter 4, Masson’s trichrome stain was used to assess collagen density 

changes associated with dysplastic transformation of the cervix in 44 cervical biopsy 

specimens. Collagen density was calculated as % pixel staining cyan (determined 

colormetrically using an optimized threshold) divided by % pixel occupied by tissue 

(determined using an edge detection algorithm). Due to mismatch in optical and 

histological sampling, as well as the small study size, collagen density and scattering did 

not change in a similar fashion with tissue grade. No significant association between 

collagen density and tissue grade was observed. Collagen density was not correlated 

with reduced scattering, but significantly correlated with the mean scatter size. This may 

be explained by the non-uniformity in the re-organization of extra-cellular matrix 

associated with dysplasia. Further work would be required to elucidate the exact 

sources of scattering contrast.  
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Two common confounding variables that limit the accuracy and clinical 

acceptability of optical spectroscopic systems are calibration requirements and variable 

probe-tissue contact pressures. Our results suggest that using a real-time self-calibration 

channel, as opposed to conventional post-experiment diffuse reflectance standard 

measurements to calibrate for drifts in system throughput, significantly improved data 

integrity for the extraction of scattering contrast. Extracted [total Hb] and scattering 

were also significantly associated with the applied contact probe pressure in 

colposcopically normal sites. Hence, future contact probe spectroscopy or imaging 

systems should incorporate a self-calibration channel and ensure spectral acquisition at a 

consistent contact pressure to collect reliable data with enhanced absorption and 

scattering contrasts.  

Another method to enhance optical contrast is to selectively interrogate different 

depths in the dysplastic cervix. For instance, scattering tends to increase in the 

epithelium (increase in nuclear-to-cytoplasmic ratio) while decrease in the stroma (re-

organization of the extra-cellular matrix and breakdown of collagen fibers). A fiber-optic 

probe with 45° illumination and collection fibers with a separation distance of 330 μm 

was designed and constructed to selectively interrogate the cervical epithelium. Mean 

extraction errors from liquid phantoms with optical properties mimicking the cervical 

epithelium for μa and μs’ were 11.3 % and 12.7 %, respectively. Diffuse reflectance 

spectra from 9 sites in four LEEP patients were analyzed. As expected, extracted 
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absorption seems to be lower than those extracted using the flat illumination and 

collection geometry since the angled probe is primarily sensitive to the avascular 

epithelium. Further work would be needed to study the systematic error in optical 

property extraction and to incorporate simultaneous extraction of epithelial and stromal 

contrasts using both flat and angled channels.  

Various strategies, namely self-calibration, consistent contact pressure, and the 

incorporation of depth-selective sensing, have been proposed to improve the data 

integrity of an optical spectroscopic system for maximal contrast. Address field-

compatible requirements (such as power and operator training requirement), these 

improvements should enable the collection of reliable clinical data to aid in the adoption 

of optical smart sensors in the diagnostic and therapy monitoring of various diseases 

and their treatments. 

7.2 Future Directions 

The work described in this dissertation lays the groundwork for the 

development of field-compatible optical spectroscopic sensors with maximal optical 

contrast. Efforts are currently underway to submit a grant proposal to develop an optical 

smart sensor for cervical cancer screening and triage, with built-in self-calibration and 

interferometric pressure sensing channels. The smart sensor can be seamlessly coupled 

to light emitting diodes (LEDs), and miniature USB fiber-based spectrometers as 

described in [164], making the system highly portable and self-contained without the 
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need for external power requirements. Figure 25 shows how the smart optical sensor 

and spectrometer can be combined with visual inspection with acetic acid (VIA) to 

screen and diagnose cervical precancer/cancer in a single visit. The patients with the 

highest likelihood of harboring CIN2+ will be biopsied, thus reducing the number of 

unnecessary biopsies that might otherwise be taken for diagnosis. In the long-term, if 

this combined strategy is proven to be highly specific, it can enable a “see and treat” 

paradigm in which a diagnosis of CIN 2+ could immediately lead to cryotherapy, thus 

consolidating the entire process into one visit as recommended by the Alliance for 

Cervical Cancer Prevention (ACCP) [8] for low-resource settings. 

Visual Inspection with 
Acetic Acid and  

Magnification (VIAM)

Smart Optical Sensor

Abnormal 
Lesion?

CIN 2+?

Database 
Decision 
Machine 

Normal or 
CIN 1

CIN 2+

Invasive 
Cancer

Monitor

Hysterectomy / 
Cryotherapy / 

LEEP

Palliative Care

Biopsy

Sensitive and specific screening and triage 

reduce number of visits required from two 

to one (hence patient compliance) and cost 

of over-treatment

Point sampling for 

biopsy guidance

Wide-field screening; 

Sensitive but low 

specificity

No

Yes
Yes

No

 

Figure 25: Proposed Cervical Cancer Screening and Triage Decision Flow Chart. The proposed 

paradigm integrates the attributes of quantitative optical spectroscopy to improve the specificity of 

VIA/VIAM. 

In addition to point-based diagnostics, the technology described in this 

dissertation could be adopted for spectral imaging for screening of the entire cervix. A 

simple device with LED and photodiodes with bandpass filters could be used to derive 

reflectance ratios at isosbestic wavelengths [165] to quickly assess neovascularization, an 
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important distinguishing parameter to identify CIN 2+ from normal and CIN 1. This 

device would enable wide-area screening for CIN 2+ and offer ease-of-use and 

potentially cost-effective screening for a large population. Figure 26 demonstrates the 

correlation of [total Hb] to reflectance ratios at four isosbestic wavelengths (390, 452, 529, 

and 545 nm). 

 

Figure 26: Monte Carlo-extracted Hb versus Hb extracted with reflectance ratios of 

545/390 (top left), 452/390 (top right), and 529/390 nm (bottom) reflectance ratios for in 

vivo cervical measurements. The solid line is the line of perfect agreement for the 

Monte Carlo-extracted Hb concentration [165]. 

One of the strategies described in this dissertation to enhance optical contrast is 

to exploit depth-dependent changes. The oblique illumination and collection geometry 

provides selective interrogation of superficial depths. Muldoon et al. [166] have recently 
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developed a microendoscope that provides high-resolution imaging of epithelial cells 

with the application of proflavine. Freshly excised LEEP specimens could be studied ex 

vivo with both techniques so that scattering contrast obtained by the angled probe, 

minimally affected by tissue degradation after removal, can be correlated with the 

nuclear-to-cytoplasmic ratios and/or collagen density quantified by the microendoscope. 
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Appendix A – Summary of Current and Emerging 
Technologies for Cervical Cancer Screening 

The following table summarizes current and emerging methods of screening and 

diagnosing high-grade cervical intraepithelial neoplasia (CIN 2+), a precursor to cervical 

cancer. The performance of these techniques in terms of their diagnostic accuracy (i.e., 

sensitivity and specificity), speed, coverage, cost, size, power requirement, and 

computational need have been noted. The first group includes techniques that are either 

clinically accepted for approved by FDA while the second group of techniques is still in 

pilot testing stages and require further validation in large multi-center clinical studies. 

None of the techniques require the use of exogenous contrast agents besides those 

already widely used in the clinic, namely acetic acid and Lugol’s iodine solution. 

Currently none of the techniques alone has the desired diagnostic accuracy and field 

operating requirements compatible for field use in low-resource settings. 
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Table 19: Current and Emerging Technologies to Screen / Diagnose CIN 2+ 

Group Technology 
Function / 

Usage 

Source of 

Contrast 

(quantitative?) – 

extrinsic contrast 

agent required? 

Sensitivity / 

Specificity
1
 

Speed Coverage 

Cost, size, 

and power 

requirement 

Computational 

Need 

Clinically accepted or approved by the US Food and Drug Administration (FDA) 

Standard of 

care 

Conventional 

cytology 
screening 

Qualitative & 

subjective 

30 – 87 % / 

86 – 100 %  

Several 

minutes 

Random 

cytology 

Requires 

adequate 

healthcare 

infrastructure 

Low – though 

requires trained 

personnel 

Standard of 

care 

Colposcopically-

directed biopsies 
diagnosis 

Qualitative & 

subjective 

44 – 77 % / 

85 – 90 % 

15 – 20 

minutes 

Entire ecto-

cervix with 

spot biopies, 

endocervix 

with 

endocervical 

curettage 

(ECC) 

Expensive; 

inappropriate 

for low-

resource 

settings 

Low – though 

requires trained 

personnel 

                                                      

1 Compiled sensitivity and specificity refer to identifying CIN 2+ from other tissue types 
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Various 

Direct visual 

inspection (DVI), 

Visual inspection 

with acetic acid 

(VIA), visual 

inspection with 

acetic acid 

(VIAM), visual 

inspection with 

Lugol’s iodine 

(VILI) 

Screening 

(replace 

Pap smear) 

Qualitative; 

Increased 

epithelial 

scattering 

enhanced by 

acetic acid 

(qualitative) 

32 – 49 % / 

76 – 93 % 

(for DVI); 

67 – 79 % / 

49 – 86 % 

(for VIA); 

63 – 73 % / 

86 – 87 % 

(for 

VIAM); 

78 – 98 % / 

73 – 93 % 

(for VILI); 

[167-168] 

 

Several 

minutes 

Entire ecto-

cervix 

Low; currently 

tested for 

resource-poor 

settings 

Requires 

extensive 

operator training 

and subjective 

reading 

Digene [168] HPV DNA testing Screening 

Quantitative (with 

variable 

thresholds); 

Highly virulent 

HPV genotypes 

66 – 100 % 

/ 61 – 96 % 
days 

Random 

cytology 

Laboratory-

based; high 

throughput; 

objective, 

reproducible 

and robust; 

currently 

expensive 

Low, though 

requires complex 

processing of 

specimen 

Guided 

Therapeutics 

[135] 

LightTouch – 

fluorescence and 

diffuse reflectance 

spectroscopy 

Screening 

(to replace 

Pap smear) 

Quantitative; 

(fluorescence: 300 

– 500 nm) 

metabolic changes 

- (reflectance and 

scattering: 350 – 

900 nm) structural 

changes such as 

epithelial 

thickening, 

nuclear size, 

nuclear content 

and angiogenesis. 

88 % / 44 % 

4 minutes to 

cover 1 square 

inch 

Entire 

ectocervix 

and distal 

endocervix 

Has a size and 

cost reduced 

version; 

requires power 

outlet 

High 
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Remicalm 

[169] 

Multispectral 

digital colposcope 

(MDC) with 

classification 

algorithm 

Screening 

Quantitative 

 Diffuse 

reflectance and 

fluorescence 

88 % / 79 %  

Imaging of 

entire 

ectocervix 

Small 

portable, 

handheld, 

cordless unit 

High 

ForthPhotonics 

(Balas et al. 

[134, 170]) 

Dynamic Spectral 

imaging (DSI) 

Biopsy 

sampling 

guidance - 

diagnosis 

Quantitative 

Dynamics of 

acetowhitening 

(higher acidity of 

neoplastic cells) 

79 % / 76 % 
at least 4 

minutes 

Imaging of 

entire 

ectocervix 

Wheeledo on a 

card; requires 

wall power 

High – 

Acetowhitening 

decay overlaid 

on image 

MediSpectra – 

now defunct 

[80, 171] 

LUMA  

Adjunct to 

colposcopy 

– diagnosis  

Quantitative 

Diffuse 

reflectance (370 – 

650 nm) and 

fluorescence (360 

– 590 nm) 

Improve 

colposcopy 

sensitivity 

by 27 % 

499 

interrogations 

at 10mm 

spatial 

resolution in 

12 seconds 

Imaging of 

entire 

ectocervix  

Wheeled on a 

cart; requires 

wall power;  

High  – Logistic 

classification 

based on 

fluorescence and 

reflectance 

spectra with real-

time imaging 

Singer et al. 

[172-173] 

Optoelectronic 

(Polaroprobe, 

TrueScreen) 

Adjunct to 

Pap smear 

(screening) 

Quantitative 

Tissue 

capacitance and 

ionic conductance 

and diffuse 

reflectance (red, 

green and IR 

wavelengths) 

70 % 

1 – 2 min. for 

entire 

ectocervix (14 

measurements 

/ s) 

Point-probe 

measurement  

Relatively 

portable; 1.25 

V pulses 

Low – Pattern 

recognition 

Pilot trials phase 

Abdul et al. 

[174] 

Electrical 

impedance 

spectroscopy 

screening 

Quantitative 

Cellular 

morphology 

quantified by 

impedance and 

capacitance 

changes 

74 % / 53 % 1.5 seconds 
Point-probe 

measurement 

Bulky; 

extensive 

electronics; 

requires wall 

power 

Low – Pattern 

recognition  
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Zuluaga et al. 

[83] 

Optical coherence 

tomography 
Screening? 

Quantitative; 

Intensity and rate 

of decay of singly 

backscattered 

light reflect 

morphological 

changes in 

neoplasia 

Not 

calculated 
3.5 s / site 

Point-probe 

measurement 

Bulky; 

requires wall 

power 

High – for re-

construction of 

OCT 

interferograms 

Luck et al. 

[175] 

In vivo fiber optic 

confocal 

microscope 

(FOCM), excited 

by Nd:YAG @ 

1064 nm 

Diagnostic 

Quantitative; 

Nuclear size and 

nuclear-to-

cytoplasmic ratio 

Not 

calculated 
15 frames / sec  

Point-probe 

measurement 

Bulky; 

complex 

optics; 

requires laser 

and wall 

power; 

expensive 

(30,000 

optical fibers, 

optics and 

laser) 

Medium – image 

analysis of 

nuclear size and 

nuclear-to-

cytoplasmic ratio 

Mourant et al. 

[176] 

Elastic light 

scattering only 
Diagnostic 

Quantitatve; 

extracts Hb 

concentration, 

oxygenation and 

vessel size (500 – 

800 nm) 

78 % / 64 % 
Few seconds / 

site 

Point-probe 

measurement 

Bulky; 

requires high-

power lamp 

and wall 

power; 

TiO2 for 

reference 

Low – ratio of 

slopes 

Feld et al. [36] 
Trimodal 

spectroscopy 
Diagnostic 

Intrinsic 

fluorescence, 

diffuse 

reflectance, and 

light-scattering 

spectroscopy 

92 % / 

90%
2
 

Few seconds 
Point-probe 

measurement 

Bulky; 

requires high-

power lamp 

and wall 

power 

Medium (3 

modalities) 

                                                      

2 Non-SILs (squamous intraepithelial lesion) vs. SILs 
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[40, 69, 119, 

177-178] 

Diffuse reflectance 

spectroscopy 
Diagnostic Quantitatve 

72 – 100 % 

/ 80 – 90 % 

[136] 

Few seconds 
Point-probe 

measurement 

Bulky; 

requires high-

power lamp 

and wall 

power 

Low – medium 

 

[59, 179-182] 
Fluorescence 

spectroscopy 
Diagnostic Quantitatve 

71 – 91 % / 

70 – 81 % 

[136] 

Few seconds 
Point-probe 

measurement 

Bulky; 

requires high-

power light 

source and 

wall power 

Low – medium 

 

[135, 170, 183] 

Multispectral 

reflectance and 

fluorescence 

imaging 

Diagnostic Quantitatve 

80 – 99 % / 

81 – 95 % 

[136] 

Few seconds 

Imaging of 

entire 

ectocervix 

Bulky; 

requires high-

power lamp 

and wall 

power 

High 
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Appendix B – Throughput Analysis of Portable 
Spectroscopic System 

The throughput of the system is an important parameter to characterize for two 

reasons: (1) to identify bottlenecks in system signal-to-noise (SNR) and (2) to 

characterize the operation requirement of the system. The following calculation is 

specific to the tissue sensing channel using the Mightex HRS-VIS USB spectrometer at λ 

= 450 nm. The calculation is broken into 4 stages: illumination, sample, collection, and 

spectrometer & detector. The expected SNR of 62 dB is very close to experimentally 

measured SNR of 60 dB (calculated from 3 repeated clinical measurements using the 

self-calibration channel), and better than the manufacturer specification of 50 dB. This 

suggests that the spectroscopic system is detector-noise limited. The SNR also appears to 

be shot-noise limited at integration times used for both the self-calibration and tissue-

sensing channels (data not shown). Both spectrometers, Mightex SRS-VIS-025 and Ocean 

Optics USB-4000-VIS-NIR for tissue sensing and self-calibration channels, respectively, 

have a SNR of at least 40 dB over 450 – 600 nm (wavelength used for clinical 

measurements). 

Table 20: Derivation of expected signal-to-noise (SNR) for Ocean Optics USB-4000-

VIS-NIR at λ = 450 nm. 

Step Description Value Derivation 

Illumination 

I1 
Rate luminous flux of white LED 

(Cree XR-E Q4) [lm] 
100 LED datasheet 

I2 Luminous efficacy @ 450 nm 0.05 
Luminous efficacy of human 

eye 
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I3 Radiant power [W] 7.35 x 10-3 

I1*I2*photometric to 

radiometric conversion factor 

@ 450 nm 

I4 Radiance [Wm-2 sr-1] 22.69 
= I3/area of LED primary 

lens/2π (160°) 

I5 Spectral irradiance [Wm-2nm-1] 8.53 x 10-7 
= I3*solid angle*% area of I3 

under 450nm  

I6 Spectral power [W/nm] 2.10 x 10-13 =I5*area of LED primary lens 

I7 
LED primary lens to secondary 

lens coupling attenuation (%) 
90% Secondary optics datasheet 

I8 
Secondary lens to SMA 

attenuation (%) 
9% Best estimate 

I9 SMA coupling attenuation (%) 89.1% Fiber datasheet (1 – 1.5 dB) 

I10 Fiber propagation attenuation (%) 98.3% 0.05 dB/m * 3m 

I11 
Spectral power onto sample 

[W/nm] 
1.61 x 10-12 = I6*I7*I8*I9*I10 

*Sample 

S1 
% Diffuse reflectance detected by 

collection fiber (with NA = 0.22)  
1.81 x 10-5 

Monte Carlo simulation using 

two-layer optical properties in 

[47] with a 350 μm epithelial 

thickness. Source and detector 

fibers have a diameter of 200 

μm and a NA of 0.22, and are 

separated by 600 μm. 

Collection 

C1 
Spectral power onto collection 

fiber [W/nm] 
2.91 x 10-17 I7*S1 

C2 Fiber propagation attenuation (%) 98.3% 0.05 dB/m * 3m 

C3 SMA coupling attenuation (%) 89.1% Fiber datasheet (1 – 1.5 dB) 

C4 
Spectral power into spectrometer 

[W/nm] 
2.55 x 10-18 = C1*C2*C3 

Spectrometer & Detector 

S1 
Area of entrance slit (25μm) / area 

of fiber (%) 
8 % = 2*200μm*25μm/*π*(200μm)2]  

S2 Collimating mirror efficiency (%) 95% Best estimate 

S3 Grating efficiency @ 450 nm (%) 65% 
Grating#3 specification from 

Ocean Optics website 

S4 Focusing mirror efficiency (%) 95% Best estimate 

S5 Spectral power at detector 1.19 x 10-18 = C4*S1*S2*S3*S4 
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[W/nm] 

S6 # of photons/sec/nm [s-1nm-1] 2.69 x 109 

= hc/λ, where h=Planck’s 

constant and c=speed of light 

in vacuum 

S7 Detector sensitivity (photon / e-) 112.5 

Ocean Optics website (linear 

interpolation between 400 nm 

and 600 nm) 

S8 Quantum efficiency (%) 92% Detector datasheet 

S9 # of e-/sec/nm [s-1nm-1] 2.20 x 107 = S6/S7*S8 

S10 Pixel / nm 4 Detector datasheet  

S11 Integration time [s] 0.3 
Typical integration time for 

USB-4000 

S12 Signal / pixel 1.63 x 106 =S9/S10*S11 

Noises 

N1 Shot noise 1.28 x 103 = sqrt(signal) 

N2 Readout noise [/pixel] 100 Best estimate 

N3 Dark noise [e-/pixel/sec], rms 50 Detector datasheet 

Signal-to-noise (SNR) 

SNR

1 
Expected SNR [dB] 62 

= 20*log[signal^2/sqrt(total 

noise)] 

SNR

2 
Measured  60 

= 20*log(mean/standard 

deviation], where the mean 

and the standard deviation are 

calculated from 10 repeated 

measurements of reflectance 

using the self-calibration 

channel 

SNR

3 
Manufacturer specification 50 Ocean Optics datasheet 
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