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Abstract 

Cervical cancer is one of the most common gynecologic malignancies with 

significant morbidity and mortality globally. However, most pre-cancers are easily 

treatable such that early detection of cervical abnormalities is critical in improving 

patient prognosis. Despite the success of current cervical cancer screening 

methodologies, these techniques are still limited in accuracy, leading to undetected 

cervical lesions or unnecessary biopsies.  

This dissertation will focus on the development of two optical modalities for 

early detection of cervical dysplasia: angle-resolved low coherence interferometry 

(a/LCI) and multiplexed low coherence interferometry (mLCI). Originally, a/LCI was 

developed as a clinical technique for detecting esophageal dysplasia by detecting 

nuclear enlargement in the basal layer of the epithelium. To improve the clinical utility 

of a/LCI, a novel processing algorithm was developed using a continuous wavelet 

transform (CWT) based analysis of the a/LCI data which demonstrated significant 

improvement in processing speed compared to previous analysis techniques. Future 

development of this algorithm may open the possibility for real-time clinical analysis of 

a/LCI data, improving the clinical utility of the instrument.  

In addition, the a/LCI instrument was adapted for cervical imaging, and a clinical 

feasibility study was performed to determine the effectiveness of using a/LCI nuclear 
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morphology measurements for detecting cervical dysplasia. a/LCI optical biopsies were 

taken from 63 distinct tissue biopsy sites and compared to histopathological analysis of 

co-registered tissue biopsies. Analysis of the a/LCI nuclear morphology data found a 

significant increase in the nuclear diameter in the basal layer of dysplastic tissue sites 

and demonstrated high sensitivity and specificity (both >0.80) for detection of cervical 

dysplasia and high-grade squamous intraepithelial lesions. 

Secondly, mLCI was adapted for collecting A-scans over the cervical epithelium. 

An mLCI cervical probe was designed and a clinical study was conducted to image 50 

patients with the new device. Linear discriminant analysis was performed on the mLCI 

data to automatically classify the cervical A-scans as either endocervical or ectocervical 

tissue towards the goal of automatic delineation cervical transformation zone. This 

device can be combined with a/LCI to direct optical biopsy scans to areas on the cervix 

which are most likely to harbor tissue dysplasia. 

Finally, the two technologies were incorporated into a single multimodal 

imaging system. First, a benchtop scanning a/LCI system was developed by 

incorporating an image rotator and 2D scanner into the system to enable radial scanning 

on the sample. This system was integrated into a handheld probe for cervical imaging. 

Volumetric imaging using sparse depth scans and the scanning a/LCI technology was 

validated with a polystyrene microsphere phantom, and a pilot study was conducted to 
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demonstrate the feasibility of using this instrument for comprehensive screening of 

cervical tissue for precancerous cells. 
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1. Introduction  

1.1 Motivation  

Cervical cancer is the most common gynecologic cancer and eighth most 

common cancer worldwide resulting in approximately 527,600 new diagnoses and 

276,700 deaths in 2012.1 In the U.S., approximately 12,200 cases are diagnosed annually 

with 4,200 deaths. The main etiologic factor for cervical cancer is persistent human 

papillomavirus (HPV) infection.2,3 It is estimated that 10.4% of the women worldwide 

with healthy cervical cytology may be infected with HPV, and HPV is estimated to be 

the most common sexually transmitted infection in the United States.4,5 Since the 

implementation of HPV vaccination programs in the United States, the prevalence of the 

strains of HPV covered by the quadrivalent vaccine (types 6, 11, 16, and 18) have 

dropped from 11.5% to 4.3%.6 While HPV vaccination is very promising in preventing 

cervical cancer, the critical need for more effective secondary prevention via improved 

cervical screening and diagnosis persists for several reasons. First, vaccination does not 

alter the cervical screening schedule since the vaccine does not treat pre-existing 

infections, let alone all types of HPV.7   Second, to achieve high efficacy, the 3-dose 

vaccine must be given at an HPV-naïve age, typically 11-12 yrs.8 Unfortunately, U.S. 

vaccine uptake remains low and has been complicated by issues of parental and 

provider acceptance and overall less contact with healthcare providers during 

adolescence.9,10 In 2011, only 53% of girls aged 13-17 years received 1 or more doses and 
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only 32% received all 3.11 Third, vaccine access is extremely limited in many developing 

countries. 

There exists a long progression from HPV infection to cervical cancer such that 

several years can elapse between HPV infection and cervical cancer.  Thus, several 

screening techniques are employed to detect and treat cervical dysplasia and prevent the 

progression to cancer. The current screening protocol uses cervical cytology 

(Papanicolaou smear) and DNA testing for high-risk HPV as the primary initial 

screening tool for cervical dysplasia and cancer. If abnormal results are found, the 

patient will proceed to a colposcopy examination where dysplasia is diagnosed via 

histopathological analysis of tissue biopsies from the most suspicious areas.12 The 

colposcope magnifies the external tissue surface of the cervix, and the clinician uses 

acetic acid staining to guide biopsy site selection. In many developed countries, 

implementation of cervical cytology and colposcopy aided biopsy in routine cervical 

screening programs have decreased the rates of cervical cancer by as much as 65%, 

reducing morbidity and mortality.1 

Despite their success, cytology and colposcopy remain limited in sensitivity 

(approximately 0.54 for cytology13 and 0.85 for colposcopy9,10), specificity (0.96 for 

cytology  and 0.69 for colposcopy), and interobserver reproducibility (𝜅 = 0.46 for 

cytology14 and 𝜅 = 0.40 for colposcopy).15 Cervical cytology is inherently limited because 

it only evaluates a particular sample of exfoliated cells, and is unable to provide a 
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resolute diagnosis. This necessitates coloposcopic examination where dysplasia is 

diagnosed via biopsy of the most suspicious lesions and histopathological analysis. 

However, identification of abnormal areas is subjective and varies from clinician to 

clinician, leaving the technique vulnerable to missed diagnoses. While increasing the 

number of tissue biopsies taken at colposcopy may improve the sensitivity of the 

procedure, this leads to increased discomfort and bleeding for the patient.16-18 Moreover, 

these screening techniques are often resource, labor, and time intensive, requiring 

medical staff with the appropriate expertise and multiple patient visits over several 

weeks to complete the screening and diagnostic process. Thus, inherent limitations exist 

in current cervical dysplasia screening techniques, and there remains an unmet need for 

a more effective evaluation tool for identifying cervical dysplasia.  

The limitations in current screening techniques have inspired the development of 

several optical techniques for early detection of cervical dysplasia by detecting 

biochemical and structural changes in the cervical tissue.19-21 These optical devices are 

designed with the understanding that HPV infection causes detectable cellular changes 

in dysplastic tissue including increased nuclear size and density, increased nuclear to 

cytoplasmic ratio, and altered chromatin texture.22-24 

Previous optical techniques have been used to detect spectroscopic changes 

associated with tissue dysplasia including autofluorescence microscopy,25-27  

fluorescence and reflectance spectroscopy,28-31 and Raman spectroscopy.32-35 Several 
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optical point probes have been developed to take spectroscopic measurements for 

detecting dysplasia,36-39 but are inherently limited by the need to manually move a point 

probe to scan the entire ectocervix.  

High resolution imaging techniques such as optical coherence tomography 

(OCT),40-43 and endoscopic confocal microscopy44-46 have also been used to detect changes 

in dysplastic cervical tissue. Many of these high resolution imaging techniques focus on 

detecting nuclear atypia, such as nuclear size and morphology, through neoplastic 

progression which has been shown to be a marker for tissue dysplasia.47,48 For example, 

high resolution microendoscopy (HRME) was utilized by Pierce, et al. and Quinn, et al. 

for in vivo imaging of cervical tissue and found an increase in the nucleus to cytoplasm 

ratio in neoplastic tissue sites.49,50 In addition, Sung, et al. developed a fiber optic confocal 

reflectance microscope for in vivo imaging of nuclear morphology in the cervical 

epithelium.51 Collier, et al, and Drezek, et al. studied changes in light scattering from pre-

cancerous cervical tissues due to changes in nuclear size and chromatin optical density 

and texture.36,45 These high resolution imaging approaches all suffer from the need for an 

expert interpreter to evaluate the image. This type of image analysis is not within the 

scope of practice for clinical colposcopists. Time-consuming manual image evaluation is 

likewise difficult to accommodate during routine clinical visits. 

In comparison to point probes, wide area imaging approaches cover more tissue 

area but usually must compromise on performance. For example, several pilot studies 
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have evaluated the ability of multispectral reflectance to detect cervical dysplasia.52,53 A 

recent study showed good sensitivity and specificity (79%/88%) using an automated 

algorithm to evaluate the images but was limited to patients already known to have high 

grade dysplasia.54 Utility for screening the general population may vary. Widefield 

detection of autofluorescence has also been evaluated as a screening method in large 

trials.55,56 An FDA-approved product (LUMA system, SpectraScience, Inc.)57 showed 

increases in true positives but also in false positives, indicating room for improvement in 

specificity.55 Since fluorescence methods provide sensitivity by assessing signal from the 

submucosa,58 false positives can arise from anything that diminishes this signal, 

including inflammation59 or overlaying fluids such as mucous. 

Some more recent advances in optical detection of cervical dysplasia include 

atomic force microscopy imaging of liquid based cytology,60 development of point-of-

care tampon-based digital colposcope,61 photoacoustic imaging for detection of cervical 

lesions,62 fluorescence lifetime imaging of H&E tissue sections,63 and a structured 

illumination fiber-optic microendoscope for studying nuclear morphology in cervical 

columnar epithelium.64 

While many of these techniques show promise, clinical results to date have 

shown limited performance of these modalities, and none have been adopted in 

standard clinical practice. Thus, there exists a need for better clinical screening and 

diagnostic tools for cervical dysplasia. 
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Two optical technologies are presented in this dissertation: angle-resolved low 

coherence interferometry (a/LCI) and multiplexed low coherence interferometry (mLCI). 

The a/LCI technique measures the angle dependent, depth-gated light scattering from 

tissue samples which can be analyzed to detect nuclear enlargement at the basal layer of 

the epithelium as a biomarker for tissue dysplasia.65-67 mLCI, on the other hand, has the 

capability of sparse imaging using depth-resolved reflectivity and scattering profiles and 

has been used previously for quantitative mapping of vaginal microbicidal gel thickness 

in vivo.68,69 

Both modalities were adapted toward the goal of developing a multimodal 

coherence imaging platform for detecting cervical dysplasia. Four major steps were 

undertaken in this project to achieve this goal: (1) adapting the clinical a/LCI system for 

scanning the cervical epithelium and developing new processing algorithms for real-

time clinical analysis of a/LCI scans, (2) designing an mLCI endoscopic probe for 

identification of the cervical transformation zone where dysplasia most commonly 

develops, (3)  development of a scanning a/LCI instrument for directing a/LCI optical 

biopsies to the cervical transformation zone, and (4) integration of the a/LCI and mLCI 

technologies into a multimodal coherence imaging platform for comprehensive 

screening of cervical epithelial health. 
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1.2 Document Organization 

The dissertation document is organized as follows. Chapter 2 provides the 

background information concerning the cervical anatomy, cervical cancer disease 

progression, and an overview of the a/LCI and mLCI technologies. Chapter 3 describes 

the development of a continuous wavelet transform (CWT) based algorithm for 

analyzing a/LCI data which is faster than traditional processing techniques and has the 

potential for improving the clinical utility of a/LCI. Chapter 4 describes the development 

of a cervical a/LCI probe and a clinical feasibility study demonstrating the capability of 

using a/LCI nuclear morphology measurement to detect cervical dysplasia. Chapter 5 

presents the design and development of an mLCI instrument for cervical imaging and 

an automated algorithm for delineating ectocervical and endocervical tissue from data 

collected in a clinical mLCI study. Chapter 6 covers the development of a benchtop 

scanning a/LCI instrument. Chapter 7 presents a scanning a/LCI cervical imaging system 

which combines the innovations from Chapter 4 through Chapter 6. The instrument uses 

the mLCI technology for volumetric imaging of the cervix with the potential capability 

of automatic delineation of the cervical transformation zone and uses scanning a/LCI 

technology to direct optical biopsies to four quadrants on the cervix. 
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2. Background 

This chapter provides the background material to understand the clinical 

application and technological innovation presented in this dissertation. Section 2.1 

discusses the cervical anatomy as it relates to cervical cancer and the cervical cancer 

disease progression. Section 2.2 introduces the general theory of low coherence 

interferometry (LCI). Section 2.3 presents the angle-resolved low coherence 

interferometry (a/LCI) system instrumentation and data processing procedure along 

with a background to continuous wavelet transforms (CWTs) as it relates to a/LCI data 

processing. Section 2.4 describes the multiplexed low coherence interferometry (mLCI) 

instrument and an overview of a previous clinical study conducted with the instrument.  

2.1 Cervical Anatomy and Cervical Cancer Disease Progression   

The cervix is a two to three centimeter long, cylindrical-shaped canal that 

connects the lower portion of the uterus to the vagina in the female reproductive tract. 

The opening between the cervix and the vagina is referred to as the external os. The 

cervix is composed of two types of epithelial tissue: the simple columnar endocervix, 

and the stratified squamous ectocervix. In premenarchal females, the ectocervix is 

completely lined with stratified squamous epithelium (Figure 2.1).70 During puberty, the 

cervix undergoes ectropion in which columnar endocervix protrudes from the os and 

becomes exposed on the external portion of the cervix. Over time, the exposed columnar 

cells are replaced with squamous cells in a process called squamous metaplasia. In 
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between the endocervical and ectocervical tissues is a squamocolumnar junction referred 

to as the transformation zone, or T-zone, and it is the location where cervical dysplasia 

most commonly develops.71,72 The location of the T-zone can be highly variable and 

dependent on many factors such as age and hormonal level. 

 

Figure 2.1: Cervical anatomy for premenarchal, early reproductive and young 

adult women. During early reproductive age, the simple columnar endocervix is 

exposed, creating a squamocolumnar T-zone on the external cervix where dysplasia 

most commonly develops. 

Human papilloma virus (HPV) is the most common viral infection of the 

reproductive tract, and persistent HPV infection is the primary etiological factor leading 

to cervical cancer. However, for the majority of human papillomavirus (HPV) infections, 

clearance usually occurs within the first 6 months after infection, and the virus becomes 

undetectable in the vast majority of cases (>90%) after 2 years.73 However, when the 

infection is not cleared, the patient are at risk for developing cervical dysplasia, also 

known as pre-cancer. In fact, HPV infection is the primary cause of almost all cases 

(~99%) of cervical cancer.3,74-76 Cervical cancer typically develops from HPV infection of 

the metaplastic T-zone on the cervix.77 Over time, persistent HPV infection of the 
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cervical epithelium can lead to progressive replacement of the epithelium with 

undifferentiated cells and histologically diagnosed lesions known as low-grade 

squamous intraepithelial lesion (LSIL) or high-grade squamous intraepithelial lesion 

(HSIL) depending on its severity.78 Once HPV infected epithelial cells invade through 

the basement membrane of the epithelium, the lesion is classified as a malignant 

squamous cell carcinoma. 

2.2 Low Coherence Interferometry 

The optical modalities implemented in this dissertation utilize low coherence 

interferometry, or LCI, for producing depth-resolved sample scattering and reflectivity 

measurements. In an LCI system, light from a low coherence light source such as a 

superluminescent diode (SLD) is split into a sample and reference arm of an 

interferometer, such as a Michelson or Mach-Zehnder interferometer (Figure 2.2). In a 

Michelson interferometer, light from the reference arm is reflected by a mirror while the 

sample light is reflected and backscattered by the sample. Both arms are then combined 

at the original beam splitter and interfered prior to detection. Due to the low coherence 

property of the light source, the sample and reference arm will only interfere when the 

optical path length (OPL) difference is within the coherence length of the light source. 

The coherence length is defined by, 

 𝐿𝑐 =
2 ln(2)

𝜋

𝜆0
2

𝛥𝜆
 (2.1) 
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where 𝐿𝑐 is the coherence length, 𝜆0 is the central wavelength, and 𝛥𝜆 is the bandwidth 

of the source. The interferometric system thus enables depth-gating of the photons 

returning from the sample arm. A Mach-Zehnder interferometer based LCI system 

operates using the same principle except the sample and reference arms are recombined 

at a second beam splitter prior to detection. 

 

Figure 2.2: Examples of interferometric systems: (A) A Michelson 

interferometer and (B) a fiber-based Mach-Zehnder interferometer. 

 Time domain implementation of LCI systems, most commonly optical coherence 

tomography (OCT), use a moving reference arm mirror that alters the reference arm 

OPL to measure the sample reflectivity at various depth. Recently, Fourier-domain LCI 

has replaced time domain systems due to its superior sensitivity and utilization of a 

stationary reference arm for improved imaging speed.79-81 In a spectral-domain LCI 

system, a class of Fourier-domain LCI, a broadband light source is used as the light 

source, and a spectrometer is used to detect the interfered sample and reference arms. 

The signal detected by the interferometer is: 
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𝐼(𝜆) = 𝐸𝑠(𝜆)2 + 𝐸𝑟(𝜆)2 + 2𝑅𝑒[𝐸𝑠(𝜆)𝐸𝑟
∗(𝜆)cos (2𝑘𝛥𝐿)] (2.2) 

where 𝐸𝑠 and 𝐸𝑟 are the sample and reference fields, respectively, 𝑘 = 2𝜋/𝜆 is the 

wavenumber, and 𝛥𝐿 is the OPL difference between the sample and reference arms.  

There exists a Fourier relationship between the detected spectra and the sample depth 

scan.82 By interpolating the detected spectrum into evenly spaced wavenumber and 

performing a Fourier transform, a sample depth scan can be extracted from the spectral 

data. To account for chromatic dispersion differences between the sample and references 

arm, various hardware or numerical compensation techniques can be implemented to 

introduce a wavelength dependent phase correction to balance the dispersion between 

the two arms.83-85 In a Fourier-domain LCI system, the axial resolution of the system is 

dictated by the coherence length of the light source (Eq. 2.1) and the maximum imaging 

depth is determined by the Nyquist criterion of the Fourier transform which is equal to: 

𝑧𝑚𝑎𝑥 =
𝜋

2𝛿𝑠𝑘
  (2.3) 

where 𝛿𝑠is the spectral sampling interval in wavenumber units, and 𝑘 is the central 

wavenumber.86 

2.3 Angle-Resolved Low Coherence Interferometry 

2.3.1 System Instrumentation 

Angle-resolved low coherence interferometry (a/LCI) is an optical biopsy 

technique used for early detection of epithelial dysplasia. The a/LCI instrument collects 

elastically scattered light for varying scattering angles from the sample and implements 
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LCI to depth-gate all intensity measurements (Figure 2.3). This produces an a/LCI scan 

which yields the angular scattering profile for specific depths beneath the tissue surface. 

These angular scattering profiles can be analyzed computationally by modeling the cell 

nuclei using various scattering models and using inverse light scattering analysis (ILSA) 

to extract depth-resolved, quantitative measurements of nuclear morphology, which has 

been shown in previous studies to be a biomarker for tissue dysplasia.47,48  

 

Figure 2.3: Principle of a/LCI. A collimated beam of light (red arrow) is 

incident onto the cell nuclei modeled as a Mie scatterer. Backscattered light (blue line) 

is collected within the clinical a/LCI system’s angular collection range (shaded pink 

area). 

A schematic of the clinical a/LCI system is shown in Figure 2.4 and described in 

detail by Zhu, et al.87 Briefly, an 830 nm superluminescent diode (Superlum, Moscow, 

Russia) is used in a Mach-Zehnder interferometer geometry. P-polarized light from the 

sample arm is propagated via a polarization maintaining (PM) fiber to the probe tip 

where it is delivered to the sample via a GRIN lens as a collimated but off-axis beam. 

The scattered and reflected light from the sample is collected by the GRIN lens and 
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mapped to a coherent fiber bundle (Schott Inc., Southbridge, MA) by scattering angle.  

The light collected from the sample propagates to the second beam splitter where it is 

interfered with the reference field and detected by an imaging spectrograph (SP-2150i, 

Princeton Instruments, Acton, MA) and CCD (PIXIS: 100, Trenton, NJ) with each 

channel in the spectrometer detecting light from an individual scattering angle. 

 

Figure 2.4: a/LCI clinical system schematic in a Mach-Zehnder interferometer 

geometry. The fiber probe tip shows the sample illumination by the PM fiber and 

scattered light collected through the fiber bundle.87   

Previous a/LCI studies have demonstrated the capability of a/LCI for detecting 

dysplasia in vivo in Barrett’s esophagus patients.65,88,89 In this study, 172 optical biopsies 

were collected from fifty enrolled patients, and the nuclear morphology measurements 

were compared to histopathological analysis of co-registered tissue biopsies. Using the 

nuclear diameter and relative refractive index of the cell nuclei to cytoplasm (termed the 

nuclear density) from the basal layer of the epithelium (200-300 µm), a/LCI nuclear 

morphology prediction was able to separate dysplastic from non-dysplastic tissue 

biopsies with an accuracy of 86%, perfect (100%) sensitivity and 84% specificity.88 A 
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similar study was conducted on ex vivo intestinal tissue sample from 27 patients which 

demonstrated high sensitivity (92.9%) and specificity (83.6%) for detecting intestinal 

dysplasia.90 

Previous optical modalities have also been designed to identify nuclear atypia for 

detecting tissue dysplasia as discussed in Chapter 1. Other techniques have also used 

angular scattering measurements for characterizing morphological changes in 

tumorigenic cells91-95 or used finite-difference time-domain (FDTD) analysis to predict 

the changes in angular scattering associated with precancerous cells.36,96-99 However, 

a/LCI has the unique capability of obtaining quantitative nuclear morphology 

measurements specifically at or near the basal layer of the epithelium through depth-

resolved measurements enabled LCI. This enables high sensitivity and specificity 

analysis by targeting measurements to the tissue site where nuclear atypia and dysplasia 

usually originates. 

2.3.2 Traditional a/LCI Processing Techniques 

 A typical a/LCI scan is shown in figure 2.5A. To process the a/LCI scans, the 

depth corresponding to the start of the tissue is identified by summing the a/LCI scan 

across all scattering angles (Figure 2.5B). This produces a depth-resolved tissue 

reflectivity profile (A-scan), and the tissue start depth can be identified by a sharp 

increase in the intensity of the A-scan. Next, the a/LCI scan is segmented into depth bins 

down to 300 µm in tissue depth; in this example, a 50 µm depth bin is used. For each 
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depth bin, an angular scattering profile (intensity vs. scattering angle) is found by 

summing the a/LCI scan across all depths within the bin.  

 

Figure 2.5: (A) a/LCI scan of benign cervical tissue. The a/LCI scan is summed 

across scattering angles to produce an A-scan, shown in (B). The tissue start depth is 

determined from the A-scan, and the 200-250 µm depth bin (shaded red) is selected 

for analysis. The angle-resolved profile of scattered intensity is found by summing 

the a/LCI scan across the depth range within the bin and filtered to isolate the nuclear 

scattering profile. (C) The a/LCI angular scattering profile is shown along with the 

best fit profile determined from Mie theory analysis (7.1 µm nuclear diameter, 1.04 

nuclear density). (D) An example Mie theory fit of a scattering profile from a 

dysplastic tissue site (17.3 µm nuclear diameter, 1.036 nuclear density). 
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Prior to extracting the nuclear morphology, each angular scattering profile 

undergoes a signal conditioning step. First, each angular scattering profile is low-pass 

filtered. As described by Pyhtila et al., the Fourier transform of the angular profile is the 

two point correlation function of the sample.100  Thus the low-pass filter suppresses high 

frequency components in the scattering signal that arise from long-range intercellular 

correlations. This isolates the signal arising from subcellular structures, such as cell 

nuclei and cellular organelles. Traditionally, this low-pass filter cutoff is placed after the 

first observed peak in the two point correlation function. Following low pass filtering, a 

second order polynomial subtraction is performed to remove low frequency components 

arising from organelles smaller than the nucleus. These filtering steps isolate the 

oscillatory scattering component due to diffraction from the reflection/refraction 

component in the nucleus. A detailed discussion of the a/LCI signal processing is 

provided by Brown, et al.101 

Nuclear morphology information can be extracted from the a/LCI angular 

scattering profile through inverse light scattering analysis (ILSA). In ILSA, the processed 

a/LCI angular scattering data are compared to a theoretical model to assess structure. 

Two ILSA methods have previously been developed for a/LCI.102-105 Both of these 

methods require a database of simulated angular light scattering profiles computed 

using either Mie theory or T-matrix calculations for a range of scatterer sizes. Mie theory 

models the cell nuclei as spherical scatterers while T-matrix models the cell nuclei as 
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spheroidal scatterers. The angular scattering profile collected with a/LCI is compared to 

each profile within the database until the best-fit curve is found, using chi-squared (χ2) 

as a comparative metric. With Mie theory based ILSA, the nuclear diameter and nuclear 

density are extracted from the angular scattering distribution while with T-matrix based 

ILSA, the nuclear aspect ratio is also determined. However, T-matrix based ILSA 

requires a larger search library and resulting in a longer computational time for 

traversing through the database. Finally, two uncertainty criteria are used to remove 

non-unique solutions from the fitting algorithm. First the angular scattering profile is 

compared to a null-solution of constant intensity versus scattering angle and the χ2 value 

is compared to that of the best fit to ensure the achieved fit is meaningful.  Secondly, the 

χ2 of the best fit must be 10% lower than that of the second best fit or the nuclear 

morphology prediction is determined to be a non-unique solution and removed from 

analysis. 

2.3.3 Continuous Wavelet Transform 

The continuous wavelet transform (CWT) is traditionally used as a means of time-

frequency analysis on non-stationary signals as depicted in Figure. 2.6A-C.106  The CWT 

is calculated using a wavelet function represented as:  

𝜓𝑎𝑏(𝑡) =
1

√𝑎
𝜓 (

𝑡−𝑏

𝑎
)  (2.4) 

where a and b represent the dilation and shift factor, respectively, relative to the mother 

wavelet ψ(t).107 The CWT of a signal f(t) is defined as: 
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𝑊𝑓(𝑎, 𝑏) = 〈𝑓(𝑡), ψab(t)〉 =
1

√a
∫ 𝑓(𝑡)ψ (

t−b

a
) 𝑑𝑡

∞

−∞
 (2.5) 

Because the oscillatory frequency of the a/LCI angular scattering profile is highly 

dependent on the size of the scatterer, CWT analysis can be performed to estimate the 

diameter of the scatterer. In general, the frequency of oscillations increases in the 

angular scattering profile as the diameter of scatterer increases. However, the rate and 

uniformity of this frequency increase varies depending on the angular range in the 

scattering profile, such that local analysis using CWT can provide more information 

than traditional Fourier transform analysis for size determination of the scatterer.  

The CWT energy spectrum was used to assess the local frequency content in the 

scattering profile and is defined as: 

𝐸(𝑎) =
∫ [𝑊𝑓(𝑎,𝑏)]

2
𝑑𝑏

𝑏2
𝑏1

𝑏2−𝑏1
 (2.3) 

where E(a) is the CWT energy at the wavelet dilation factor a, and b1 and b2 define the 

limits of the shift factors of interest. Strong energy peaks in the CWT occur when the 

wavelet is dilated to match the size of the oscillatory period of the scattering spectrum. 

Therefore, higher frequency content is manifested as higher energy at lower dilation 

factors in the energy spectrum and vice versa, seen in Figure 2.6D. Thus, analysis of the 

CWT energy peaks for angular scattering profiles can produce an estimate of the 

scatterer diameter.  
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Figure 2.6: (a) A non-stationary signal composed of three sinusoids of different 

frequencies occurring at three different times with (b) its Fourier transform and (c) its 

CWT. While the Fourier transform is localized only in frequency, the CWT is 

additionally localized in time. Three distinct patterns in the CWT appear at the times 

of each sinusoid. (d) The energy spectra of the corresponding shift factor ranges of the 

CWT above. The dilation factor for the primary peak in the energy spectra decreases 

as the sinusoid frequency increases. Higher dilation factor sub-peaks correspond to 

subharmonics of the sinusoid frequency.108 

2.4 Multiplexed Low Coherence Interferometry 

Multiplexed low coherence interferometry (mLCI) is an interferometric imaging 

system that uses parallel interferometers to collect sparse sample depth-reflectivity 

profiles (A-scans). The mLCI system was originally designed for in vivo measurements 

of intravaginal microbicide gel thickness distribution.68,109 These microbicide gels are 

topical products applied to protect against sexually transmitted infections including HIV. 
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However, to properly assess the efficacy of these gels, an accurate technique was needed 

to measure the gel coating thickness distribution. 

The mLCI system was developed to address this issue, and a system schematic of 

the clinical system is shown below. Briefly, light from a SLD was split into 6 parallel 

Michelson interferometers (Figure 2.7). In each path, a 50:50 fiber optic coupler was used 

to create a reference and sample arm. The reference arms were collimated using fiber 

optic collimators onto a mirror array. The sample arm fibers were routed through a 

protective sheathing into the endoscopic probe and secured into a custom imaging 

module. In the imaging module, the six optical fibers from the sample arm were held in 

place using a silicon v-groove chip and the light from the fibers are imaged in a 4f system 

using two ball lenses with a 90 degree prism incorporated to create a side viewing 

imaging configuration. The entire imaging module was encased in a polycarbonate tube 

with the capability of translating axially, and rotating azimuthally to provide full imaging 

coverage of the vaginal canal. 

The reference and sample fields were recombined by the six 50:50 couplers and 

detected simultaneously by a six-channel spectrometer. The mLCI system also 

incorporated a fluorescence imaging arm, and the fluorimetric scans were registered to 

the mLCI measurements to validate the mLCI results. 
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Figure 2.7: (a) Clinical mLCI system schematic (b) mLCI probe design (c) co-

registered get distribution measurements from mLCI and flourimetric measurements. 

Figure adapted from Drake, et al.68 

The instrument was able to obtain in vivo gel thickness measurements shown as a 

topological map relative to azimuthal angle and axial position of the imaging module. 

The measurements from both modalities were registered and contour lines of the 

fluorimetric distribution can then be overlaid on the topological plot of the mLCI data for 

qualitative comparison, and the gel thickness distributions appear to correlate spatially.68 
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3. Continuous Wavelet Transform (CWT) Based Inverse 
Light Scattering Analysis 

Although Mie theory and T-matrix based ILSA have been successful in 

characterizing nuclear morphology, both methods are limited in their clinical utility due 

to the long computational time required to traverse through a database of simulated 

profiles to find a best fit. For the clinical a/LCI system, Mie theory based ILSA requires 

approximately 0.5 seconds to analyze a single biopsy site, while T-matrix based fitting 

can take upwards of 15 minutes. Ideally, processing should take under 1 second to 

achieve near real-time analysis and optimal clinical utility. To address this need, we 

developed a fast ILSA method using the continuous wavelet transform (CWT) of the 

angular scattering profile which was able to predict the nuclear diameter without a 

database traversal step.108 This chapter discusses the development of a CWT based ILSA 

algorithm, as well as several validation studies conducted on microsphere phantoms, in 

vitro cell samples, and ex vivo cervical tissue samples. 

3.1 CWT Algorithm Development and Optimization 

The CWT based ILSA algorithm was developed by analyzing a library of 

simulated Mie scattering profile (MiePlot v4305) using the MATLAB wavelet toobox.  

The CWT of a simulated Mie scattering profile is shown in Figure 3.1 along with the 

corresponding energy spectra for varying dilation factors in the CWT. Since the 

frequency of oscillation increases in the Mie scattering profile as the size of the scatterer 
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increases, the dilation factor of the first peak in the CWT energy spectrum (apeak) can be 

used to identify the size of the scatterer.  

 

Figure 3.1: (a) The simulated Mie angular scattering profile for 10 µm beads in 

PDMS with (b), its corresponding CWT. (c) The CWT energy was calculated for 

varying wavelet dilation within the optimal angular range (black dotted line). The 

first energy peak wavelet dilation factor (pink line) was used as the sizing metric.108 

To assess the capability of using CWT analysis for determining scatterer size, 

simulated Mie scattering profiles were analyzed for varying size scatterers (5 to 18 µm 

diameter at an interval of 0.1 µm) for two different samples: (1) monodisperse 

polystyrene microspheres in polydimethylsiloxane (PDMS) (nbead = 1.59, nPDMS = 1.41, λ = 

830) and (2) cell nuclei (nnucleus = 1.45, ncytoplasm =1.37, 2.5% diameter standard deviation). 

For each simulated profile, apeak was identified in the CWT energy spectrum. Then, a 

linear regression was performed between the inverse of the peak energy dilation factor 

(1/apeak) and the scatterer diameter for all simulated profiles. The coefficient of 

determination, r2, was used as a sizing quality metric, and this analysis was performed 
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with varying wavelet shift ranges to determine the optimal angular range (6.2-10.2° for 

polystyrene beads, 20-25° for cells) and the optimal mother wavelet (Morlet wavelet) for 

analysis.  

From this study, a close fit was found between the 1/apeak of the CWT and the 

diameter of the scatterer for both the polystyrene microspheres (r2 = 0.9969) and cell 

samples (r 2= 0.9979) (Figure 3.2). Generally, the fitting accuracy decreased for larger 

diameter scatterers due to angular resolution of the scattering profile which limits the 

resolution of the wavelet dilation factor. Thus, the sizing performance can be improved 

in simulation by increasing the angular resolution of the scattering profiles but at the 

cost of CWT calculation time. However, in practice, the angular resolution is limited by 

the performance of the a/LCI system.  

 

Figure 3.2: Size lookup line for the first energy peak dilation factor of the 

simulated scattering profile CWT for (a) polystyrene beads in PDMS and (b) cell 

nuclei.108 
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3.1.1 CWT Algorithm Robustness Characterization 

During the development of the CWT algorithm, the relative refractive index (nrel), 

defined by the ratio of the refractive index of the scatterer to that of the surrounding is 

assumed from either a refractive index database or previous experimental 

measurements. However, in an experimental setting, the exact nrel of the sample is 

unknown. Thus, the CWT sizing algorithm must be robust to slight errors in the nrel to 

accurately determine the scatterer diameter in an experimental setting. 

The CWT sizing algorithm was characterized for robustness to changes in nrel by 

testing the algorithm using simulated scattering profiles over a range of nrel values. The 

polystyrene microspheres and cell nuclei simulation had an expected nrel of 1.12 and 

1.058, respectively, and nrel was varied from 1.09 to 1.16 and 1.037 to 1.073, respectively 

(Figure 3.3). Using the correct assumption of nrel, theoretical fitting with the CWT 

algorithm determined the diameter of the simulated samples with an average error of 

±0.158 µm for polystyrene microspheres and ±0.181 µm for cell nuclei. When error was 

introduced in the nrel assumption, the sizing performance degraded to an average error 

of ±0.412 µm (r2 = 0.9652) for the polystyrene microspheres and an average error of 

±0.354 µm (r2 = 0.9841) for the cell nuclei. Although these simulations demonstrates that 

an error in the nrel assumption decreases the sizing performance of the algorithm, a large 

range of nrel error can be introduced while still producing sub-wavelength accuracy in 

size determination, demonstrating the robustness of the algorithm. 
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Figure 3.3: Calculated vs. true diameter of the simulated scattering profiles for 

the original profiles (○) and profiles with added error in nrel (+, x) for (a) beads in 

PDMS and (b) cell nuclei.108 

In addition, a second simulation was performed to determine the algorithm’s 

robustness to noise. The simulated scattering profile of 10 µm polystyrene beads in 

PDMS was degraded with varying amplitude of additive Gaussian white noise. 

Although additive Gaussian white noise can significantly degrade the angular scattering 

profile, the characteristic CWT apeak are still distinguishable shown in Figure 3.4A-B. 

Comparison of the CWT energy spectra of a noiseless and added noise signal in Figure 

3.4C showed a consistent apeak despite the addition of noise. However, a spurious peak 

was introduced at lower dilation factors which correspond to high frequency noise.  
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Figure 3.4: Simulated scattering profile and corresponding CWT for 10 µm 

polystyrene beads in PDMS for (a) no added noise and (b) SNR = 0.5. (c) Normalized 

CWT energy spectrum for an angular range from 6.2 to 10.2° for profiles without no 

added noise, SNR = 1, and SNR = 0.5.108 

The low dilation factor peak introduced by noise in the signal interferes with the 

automatic detection of the first dilation factor peak. To overcome this, a minimum 

detection threshold relative to the maximum in the CWT energy spectrum was 

implemented during peak detection. This is similar to the low pass filter signal 

conditioning step used in previous Mie theory analysis of a/LCI data (Section 2.3.2). The 

ratio of the signal first energy peak to the noise energy peak was calculated for varying 

signal-to-noise ratio (SNR) and a peak detection threshold of 50% was implemented 

which roughly corresponds to an SNR of 1.  
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3.1.2 Experimental Validation of the CWT Algorithm 

To validate the CWT algorithm, experimental a/LCI measurements were 

collected from a 2D a/LCI benchtop system from polystyrene microspheres and cell 

samples which were analyzed using CWT based ILSA.  The 2D a/LCI system (Figure 3.5) 

mainly differs from the original a/LCI system through the incorporation of a scanning 

mirror which allows the entire of the 2D scattering field to be collected by an imaging 

spectrometer (Princeton Instruments, SP-2150) and detected with a Pike F-032 camera 

(Allied Vision Technologies, Germany).110-112 In this study, only the 1D angular scattering 

profile was extracted and used for CWT analysis (Figure 3.6). 

 

Figure 3.5: 2D a/LCI system schematic. Light from a Ti:Sapphire laser (λ=800 

nm, Δλ=35 nm) is split into sample and reference arms (red). Angularly scattered light 

from the sample (green) is imaged onto the scanning mirror and overlapped with the 

reference field at the spectrometer slit. The angle scanning mirror is used to measure 

the entire 2D scattering plane.112 
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Figure 3.6: 2D a/LCI scattering profile for a 10 µm polystyrene bead phantom. 

The 1D scattering profile was extracted and used to size the phantom using CWT 

analysis.108 

For the sample preparation, polystyrene microspheres (Thermo Fisher Scientific, 

Microgenics Corporation, Fremont, CA) with diameters of 6, 8, 10, 12, and 15 µm were 

evenly distributed in a PDMS phantom (nrel =1.12) for analysis. The polystyrene 

microspheres were mixed and sonicated in PDMS to prevent clumping and the PDMS 

was cured overnight in a vacuum chamber to remove air bubbles which may confound 

the light scattering signal. A second sample was prepared with polystyrene 

microspheres of the same diameters suspended in glycerol (nrel =1.14) to experimentally 

test the robustness of CWT analysis to error in the refractive index assumption. The 

glycerol was diluted with water to match the density of polystyrene in order to preserve 

an even distribution of beads throughout the sample, and the sample was sonicated 

prior to imaging. For the cell sample, MCF-7 breast cancer cells were plated on a 

chambered cover glass and imaged using the 2D a/LCI system at 8 different points. The 

1D angular scattering profiles were extracted from the 2D a/LCI scans and the nuclear 

size was determined using the CWT algorithm. Validation of nuclear sizing was 
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performed using fluorescence microscopy following staining with 4’,6’-diamidino-2-

phenylindole (DAPI) (Life Technologies, Carlsbad, CA). Fluorescence image analysis 

was performed using ImageJ (U.S. National Institutes of Health), and the equivalent 

diameter was averaged from 100 cells to determine the actual diameter of the nuclei. 

Furthermore, the angular scattering profiles were analyzed using Mie theory based ILSA 

to compare the accuracy of the algorithms, and statistical analysis was performed using 

Student’s t-tests (α=0.05). 

CWT analysis of experimental a/LCI measurements from polystyrene 

microspheres produced accurate fits for both the PDMS and glycerol phantoms (r2 = 

0.9971 and r2 = 0.9764, respectively), as shown in Figure 3.7. All analyzed phantom 

measurements produced size determinations with subwavelength accuracy (< 0.58 µm 

absolute error), with an average error of ±0.147 µm and ±0.396 µm for the PDMS and 

glycerol phantoms, respectively. As expected, the glycerol phantoms had inferior sizing 

performance due to the added error in the incorrect nrel assumption. 
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Figure 3.7: (a) Angular scattering profile and CWT of the 10 µm polystyrene 

beads PDMS phantom and (b) the calculated vs. true diameter of polystyrene beads 

for PDMS and glycerol phantoms.108 

Quantitative image analysis of DAPI stained MCF-7 cells, shown in Figure 3.8A, 

determined the average equivalent nuclear diameter of the cells to be 11.8 ± 1.8 µm. 

From the 8 a/LCI scans of MCF-7 cells, Mie theory based ILSA obtained an average 

nuclear diameter of 11.89 ± 0.70 µm, and CWT based ILSA obtained an average nuclear 

diameter of 11.71 ± 0.96 µm, both in close agreement with the results obtained through 

fluorescence microscopy (Figure 3.8B). In addition, no statistical difference was observed 

between the predicted nuclear diameters from the three analysis techniques (p > 0.05), 

and comparison of the experimental and simulated CWTs in Figure 3.8C and 3.8D found 

close agreement in the locations of the characteristic CWT peaks.  
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Figure 3.8: (a) Fluorescence images of DAPI stained MCF-7 cells with a 50 µm 

scale bar. (b) Average predicted MCF-7 nuclear diameter from the wavelet based and 

Mie theory based ILSA and from the DAPI image analysis. (c) CWT taken from one 

experimental MCF-7 angular scattering profile. From the CWT of this profile, the 

peak energy dilation factor (pink line) predicted a nuclear diameter of 11.69 µm. (d) 

The corresponding CWT of the simulated angular scattering profile for 11.7 µm cell 

nuclei, showing similar features to the experimental data across the indicated angular 

range.108 

3.1.3 Analysis of ex vivo cervical tissue samples 

Next, we sought to determine the accuracy of the CWT algorithm in determining 

the nuclear diameter from cervical tissue samples. The CWT algorithm was used to 

analyze a/LCI scans from a previous study of ex vivo cervical tissue obtained from 

cervical cone biopsies or hysterectomies. Following surgical resection, a/LCI optical 

biopsy sites were selected based on physician guidance and scanned using a clinical 

a/LCI system. Each a/LCI optical biopsy site was marked with India ink for co-registered 

pathological examination which subsequently characterized each biopsy site as either 
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healthy (n = 16), metaplastic (n = 4), or dysplastic (n = 3). The a/LCI scans were then 

analyzed using Mie theory and CWT based ILSA and the nuclear morphology 

predictions from each algorithm were compared. 

3.1.3.1 Mie Theory Based ILSA 

Each a/LCI scan was binned into 50 µm depth segments and processed according 

to the procedure described in Section 2.3.2, and the average nuclear diameter and 

density was determined for each depth bin using traditional Mie theory ILSA. For 

analysis, because the clinical course of action is identical for healthy and metaplastic 

biopsy sites, i.e., no intervention is required, the biopsy sites for these two groups were 

combined into a single group, non-dysplastic.  

 

Figure 3.9: (a) Scatter plot of average nuclear diameter and density for each 

biopsy site at 200-250 µm depth predicted using Mie theory ILSA. A 10.54 µm 

decision line separates dysplastic (red) from non-dysplastic (green, orange) sites with 

100% sensitivity and 90% specificity.113 (b) Average nuclear diameter for non-

dysplastic (healthy+metaplastic) and dysplastic biopsy sites.114 
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Consistent with previous a/LCI clinical studies,88,90 the basal layer depth bin (200-

250 µm beneath the tissue surface) was the most diagnostically useful layer in 

distinguishing dysplastic tissue biopsies (Figure 3.9A). Using Student’s t-test, a 

significant increase in nuclear diameter was observed between dysplastic and non-

dysplastic sites (p = 0.002) with a mean increase of 2.54 µm (Figure 3.9B). Using a 10.54 

µm decision line, the biopsy sites can be classified retrospectively with 100% sensitivity, 

90% specificity, 91.3% accuracy, and 100% negative predictive value (NPV). The angular 

scattering profiles from the 200-250 µm depth bin which passed the uncertainty criterion 

were used for subsequent CWT based ILSA analysis. 

3.1.3.2 CWT Based ILSA 

Prior to CWT fitting of the a/LCI data, validation of the CWT based ILSA 

algorithm was performed on simulated Mie scattering profiles based on the average 

nuclear morphology parameters determined from the Mie theory analysis of the cervical 

tissue samples (1.044 nuclear density, 2.5% standard deviation size distribution, and 

varying scatterer diameters from a range of 5 to 18 µm using an interval of 0.1 µm). 

Using the same approach developed in Section 3.1, apeak was determined for each 

scatterer diameter and linear regression as performed between 1/apeak and the scatterer 

diameter. This procedure was repeated for varying CWT angular analysis range until an 

optimal range (23.63° - 30.08°) was found, having the highest coefficient of 

determination (r2 = 0.99). A lookup line was produced from the linear regression, and in 
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experimental analysis, the lookup line is used to map the apeak in the CWT of each a/LCI 

scan to the corresponding scatterer diameter prediction (Figure 3.10).  

 

Figure 3.10: (a) The simulated Mie scattering profile for 9 µm cervical tissue 

with (b), its corresponding CWT. (c) The CWT energy for varying dilation factor of 

the CWT within the angular analysis range (dotted black line). The first energy peak 

(apeak = 25) was used for nuclear diameter determination (pink line). (d) The inverse of 

the first energy peak (1/apeak = 0.4) is input to the scatterer size lookup line (red) to 

produce a CWT diameter estimate (d = 9.29).114 

Experimental fitting of the a/LCI data from cervical tissue was then performed 

using the optimal angular analysis range using CWT based ILSA. Although there was 

general agreement between CWT and Mie theory prediction of the nuclear diameter, a 

CWT over prediction in the nuclear diameter was observed in several scans. This 

resulted in a systematic offset in the Bland-Altman plots comparing the nuclear size 

prediction from Mie theory and CWT analysis on both an individual a/LCI scan and 

biopsy basis (Figure 3.11). Despite this systematic bias, the CWT maintained a high 

diagnostic predictive value.  By adding the 1.31 µm bias in the Bland-Altman plot to the 

Mie theory analysis decision threshold, an 11.85 µm decision threshold was used for 

discriminating dysplastic from non-dysplastic tissue sites (dotted blue line, Figure 
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3.11B). Using this decision line, all non-dysplastic tissue biopsies can be differentiated 

from dysplastic biopsies. 

 

Figure 3.11: Bland-Altman plots comparing CWT ILSA and Mie theory ILSA 

nuclear diameter prediction for the a/LCI distribution filtered at fCWT for (a) individual 

a/LCI scans and (b) biopsy sites. The 11.85 µm decision line (dotted blue line) can be 

drawn for CWT based ILSA diameter prediction for 100% predictive accuracy.114 

The systematic offset in the Bland-Altman plot is likely due to a high frequency 

component in the angular scattering profiles of tissue samples. This high frequency 

component arises from long-range intercellular correlations, which creates a low dilation 

factor peak in the CWT, resulting in over prediction of the nuclear diameter. Despite low 

pass filtering the angular scattering profile prior to fitting, the high frequency 

component can result in over prediction of the nuclear diameter in CWT fitting even 

when Mie theory ILSA results in a an accurate prediction. To further compensate for this 

high frequency component in tissue samples, the filter cutoff should be further 

decreased during CWT analysis. An iterative fitting approach was performed using 

incrementally lower filter cutoffs until the optimal filter position was found, defined by 
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the highest agreement between the Mie theory and CWT ILSA diameter prediction 

(Figure 3.12). However, this method requires a priori knowledge of the nuclear size and 

can only be used retrospectively, after completing Mie theory analysis. Thus, the CWT 

algorithm is not viable as an independent clinical fitting algorithm. To overcome this 

issue, a hybrid fitting algorithm was developed that combines the speed of CWT ILSA 

and the accuracy of Mie theory ILSA. 

 

Figure 3.12: Bland-Altman plot of CWT ILSA vs Mie theory ILSA predicted 

nuclear diameter with the filter cutoff optimized for greatest agreement between the 

two algorithms.114 

3.2 Hybrid Algorithm 

3.2.1 Algorithm Overview 

A hybrid algorithm was developed which combines CWT and Mie theory 

analysis for analyzing the angular scattering profile of tissue samples. A flowchart 

comparing the three ILSA algorithms are shown in Figure 3.13. All three algorithm 

begin with the low pass filter used in traditional Mie theory ILSA with the filter cutoff 
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(fMie) set by the first minimum in the Fourier transform of the signal. While Mie theory 

based and CWT based ILSA used this filtered distribution for predicting the nuclear 

diameter, the hybrid algorithm goes through a second, iterative signal conditioning step 

to find the optimal filter cutoff position. In this step, CWT based analysis is performed 

for decreasing filter  positions below fMie, and the χ2 goodness of fit is determined 

between the measured a/LCI scattering profile and the Mie scattering profile for the 

CWT predicted nuclear diameter (DCWT). This produces an optimal filter cutoff (fCWT). 

Following this coarse sizing step, a fine fitting step is performed for the angular 

scattering profile filtered at fCWT using Mie theory based ILSA over a ± 1 µm range 

around DCWT. 

In addition, to further reduce the influence of high frequency noise, the 

apeak detection threshold was increased from 50% in the in vitro MCF-7 cell study (Section 

3.1.1) to 66%. If multiple peaks in the CWT energy spectra were above 66% of the 

maximum energy, we determined the CWT size prediction to be non-unique and the 

a/LCI scan was not used for analysis. This is similar to the uniqueness criteria used in 

traditional a/LCI processing (Section 2.3.2). Thus, the hybrid algorithm had three main 

modifications from the CWT based ILSA algorithm: (1) an iterative step for finding the 

optimal low pass filter cutoff position, (2) a fine sizing step using a minimized Mie 

search library, and (3) a more conservative peak detection threshold. 
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Figure 3.13: Flowchart of (a) Mie theory based ILSA, (b) CWT based ILSA, and 

(c) the hybrid fitting algorithm. For the hybrid algorithm, the a/LCI scattering 

distribution is initially filtered at fMie. Coarse fitting is performed using CWT ILSA to 

determine the optimal CWT filter cutoff position fCWT and a coarse diameter 

prediction DCWT. Fine fitting is performed using Mie theory based ILSA within a ±1 

µm range around DCWT.114 
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3.2.2 Cervical Tissue Sizing Results 

The hybrid algorithm resulted in much higher agreement with Mie theory ILSA 

in nuclear diameter prediction compared to CWT ILSA (Figure 3.14A). Additionally, the 

Bland-Altman bias in predicted diameter decreased from 1.31 µm to 0.49 µm along with 

a decrease in the standard deviation from 1.70 µm to 1.06 µm, suggesting a decrease in 

the variability between the two approaches. Similar to traditional Mie theory analysis, 

Student’s t-test of the hybrid algorithm’s nuclear diameter predictions demonstrated a 

strong separation between dysplastic and non-dysplastic sites (p = 4e-6). Using the same 

10.54 µm Mie theory ILSA decision line, the hybrid algorithm achieved perfect 

sensitivity and specificity (Figure 3.14B).  

 

Figure 3.14: (a) Bland-Altman comparison of modified CWT ILSA and Mie 

theory ILSA nuclear diameter prediction. (b) Mie theory ILSA and hybrid algorithm 

nuclear diameter prediction for each biopsy site. A 10.54 µm decision line separates 

dysplastic non-dysplastic sites with 100% sensitivity and 100% specificity for the 

hybrid algorithm.114 

Significantly, in comparing the relative processing times of the two algorithms, 

the hybrid algorithm performed over four times faster (110 ms per scan for the hybrid 
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algorithm, 462 ms per scan for Mie theory ILSA). It should be noted that the algorithms 

were developed and tested using MATLAB and did not implement other optimization 

techniques such as parallel computing to improve processing times. Thus, these times 

do not represent the optimized processing times of the clinical a/LCI system, but by 

comparing the relative processing times of the algorithms, the increase in speed of the 

hybrid algorithm could be demonstrated. 

3.2.3. Discussion 

The final hybrid algorithm significantly reduced a/LCI processing time, through 

the coarse CWT fitting step which significantly which reduced the database search range 

for Mie theory based ILSA. This study demonstrated the potential of the hybrid 

algorithm for real-time clinical analysis of a/LCI data. However, the total time needed 

for data acquisition and processing needs to be considered to gauge the practical clinical 

impact of implementing the hybrid algorithm. Due to the higher CWT peak detection 

threshold in the hybrid algorithm, more scans are required per biopsy site to acquire a 

sufficient amount of data to make a proper evaluation. From the 230 a/LCI scans taken 

in this study, 82 were rejected (~36%) from Mie theory ILSA processing. With the hybrid 

algorithm, an additional 33 scans were rejected resulting in a 50% total rejection rate.  

The theoretical amount of time required to acquire and process additional scans 

to account for those lost through the hybrid algorithm’s rejection criteria was calculated. 

For each algorithm to achieve 230 passed scans, an additional 130 scans would be 
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required for Mie theory ILSA (360 scans total; 166.3 seconds), while an additional 230 

scans would be required for the hybrid algorithm (460 scans total; 50.6 seconds). This 

adjusted computation time gives a fair comparison between the two algorithms, and 

despite the additional scans, the hybrid algorithm still achieves a 3.3 fold improvement 

in processing time compared to Mie theory analysis (Figure 3.15). Regardless of 

potential improvements that could be implemented with optimized coding or improved 

processing power, the hybrid algorithm already offers a significant improvement to the 

current clinical system. 

 

Figure 3.15: Relative processing time for Mie theory and Hybrid ILSA 

algorithms along with the adjusted processing times taking into consideration the 

rejected scans of both algorithms.114 

3.3 Summary 

In this chapter, we demonstrate the potential of using CWT analysis for fast 

determination of scatterer diameter from the a/LCI angular scattering profile. The CWT 

algorithm was developed using simulated Mie scattering profiles, and high nuclear 

sizing accuracy was demonstrated using in vitro cell samples.  
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In a small pilot study, analysis of ex vivo cervical tissue biopsies demonstrated 

the feasibility of using a/LCI to detect dysplasia in the cervical epithelium. While the 

results were preliminary with a limited number of samples (particularly dysplastic 

biopsy sites), these initial results were the motivation for a full clinical cervical a/LCI 

study presented in Chapter 4.  

While the CWT algorithm struggled with accurate fitting of scattering profiles from 

cervical tissue due to the presence of high frequency noise, a new hybrid algorithm 

combining CWT and Mie theory ILSA was shown to improve the nuclear sizing 

agreement with traditional Mie theory analysis along with a significant improvement in 

computational time.  

Future work for improving the CWT sizing algorithm may include size 

averaging using multiple wavelets or spectral ranges and utilization of multiple angular 

shift ranges in the CWT for data analysis. Implementation of a machine learning 

algorithm using characteristic features in the CWT can also improve the algorithm’s 

sizing accuracy and robustness to noise. Chapter 4 presents a continuation of this study, 

with a clinical feasibility study of the a/LCI system for the detection of cervical 

dysplasia. The sizing performance of the hybrid algorithm developed in this chapter is 

further validated on the clinical data set. Finally, additional computational optimization 

of the hybrid algorithm could provide a real-time processing algorithm for a/LCI data in 

a clinical setting.   
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4. Cervical a/LCI Clinical Feasibility Study 

In Chapter 3, we demonstrated the capability of a/LCI in distinguishing 

dysplastic tissue site in ex vivo cervical tissue biopsy samples. In this chapter, we 

adapted the clinical a/LCI system to acquire nuclear morphology measurements from 

the cervical epithelium in vivo to determine the clinical feasibility of using a/LCI for 

detecting cervical dysplasia. 

Numerous optical techniques for early detection of cervical cancer have been 

developed that aim to detect biochemical and structural changes in the cervical tissue 

indicative of neoplasia, as discussed in Section 1.1. Similar to a/LCI, techniques detected 

changes in nuclear morphology in dysplastic cells. However, these techniques, such as 

high resolution microendoscopy49,50 and confocal microscopy44,115 typically image the 

superficial layers (typically less than 200 µm deep) of the epithelium, whereas a/LCI 

targets the nuclear morphology of the basal layer. Consequentially, these other imaging 

techniques often lack the sensitivity to detect changes in nuclear morphology in low-

grade dysplasia.  

The a/LCI approach may also offer advantages over other optical modalities 

designed for detecting cervical dysplasia (Section 1.1). For example, fluorescence and 

reflectance spectroscopy detect dysplasia by observing transformation in tissue 

architecture or biochemical composition, and Raman spectroscopy detects changes in 

tissue on the molecular scale. These techniques, however, do not provide information at 
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the cellular scale, and may require the administration of exogenous contrast agents. 

OCT, on the other hand, has the capability of imaging the tissue epithelium in its 

entirety and provides an analysis of the tissue ultrastructure, but lacks the spatial 

resolution to measure cellular substructures, such as the cell nucleus. Finally, many of 

these modalities require an expert technician to interpret the images to make a 

diagnosis. Thus, a/LCI has the distinct advantages of not requiring contrast agents, 

providing direct measurements of the nuclear morphology, and producing an 

independent assessment without the need for an expert technician. 

In this chapter, an a/LCI clinical feasibility study was performed using the 

cervical a/LCI instrument, and optical biopsies were taken from 40 patients. The a/LCI 

data were analyzed using traditional Mie theory analysis and the hybrid algorithm 

developed in Section 3.2 to compare the accuracy and processing speeds of both 

algorithms. We aimed to demonstrate the feasibility of using a/LCI for evaluating 

cervical dysplasia and illustrate the potential for real-time clinical application to 

supplement traditional cervical diagnostic techniques. 

4.1 a/LCI Adaptation for Cervical Imaging 

The previous a/LCI clinical system was developed for endoscopic imaging of the 

esophageal epithelium.116 The probe was constructed to be deployed through the 

accessory channel of an endoscope. However, for cervical imaging, a new handle was 

required to allow the clinician to position the a/LCI probe onto the cervical epithelium. To 
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this end, a handheld wand was manufactured for the tip of the a/LCI probe to adapt the 

a/LCI instrument for cervical imaging. 

The handheld wand was constructed with a 10 mm diameter probe tip with a 

stainless steel tube running through the center of the wand to house the a/LCI optical fiber 

bundle and illumination fiber (1 mm diameter). In addition, a 20° bend was incorporated 

at the end of the wand to allow easier access to the cervical surface from the vaginal canal. 

The handle was generated from acrylonitrile butadiene styrene (ABS) via 3D printing, and 

the entire wand was over-molded with polyurethane to unify and stiffen the wand (Figure 

4.1). 

 

Figure 4.1: (a) Photograph of clinical a/LCI system interior, (b) handheld 

cervical a/LCI probe, and (c) portable a/LCI system on a clinical cart.117 

4.2 Clinical Study Protocol 

The a/LCI clinical study was conducted from the University of California, San 

Francisco (UCSF) medical center. We enrolled a total of 40 women, including 33 women 

from the UCSF Gynecologic Dysplasia Clinic and 7 healthy women from a UCSF HPV 

A

B

C
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cohort study.118 After voluntary informed consent, each woman was confirmed to be 

non-pregnant by urine testing, interviewed to obtain demographic and behavioral 

characteristics, and tested for Chlamydia trachomatis and Neisseria gonorrhoeae infection by 

vaginal swab for Aptima Combo2 nucleic acid amplification testing. The 33 patients 

from the Gynecologic Dysplasia Clinic were referred for abnormal cytology and thus 

received the appropriate number of colposcopy-guided cervical biopsies as clinically 

indicated. The 7 healthy women each received 1 random cervical biopsy. Specifically, 

during a single speculum examination, a cervical cytology sample was obtained if 

clinically indicated and then colposcopic inspection under 3% acetic acid staining was 

performed to identify the intended cervical biopsy sites which were recorded on a 

handwritten map. After the acetic acid stain faded (approximately 2-3 minutes), the tip 

of the a/LCI probe was gently placed in contact with the tissue surface at the recorded 

biopsy sites and 100 repeated optical scans (25 milliseconds each) were collected (total of 

2.5 seconds). After removing the a/LCI probe, the acetic acid was reapplied and Tischler 

biopsy forceps were used to obtain tissue biopsies for histopathological analysis. The 

optical window at the tip of the a/LCI probe was slightly protruded which left an 

indentation in the tissue where the optical biopsy was taken. This provides visual 

guidance to assist the clinician in obtaining cervical biopsies that are co-registered to the 

a/LCI optical biopsies as demonstrated previously.88  
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The tissue biopsy specimens were formalin fixed, paraffin embedded, and 

hematoxylin and eosin stained in the clinical laboratory. The biopsy sections were then 

analyzed by a pathologist blinded to the a/LCI optical biopsy results and categorized as 

either benign, low-grade squamous intraepithelial lesions (LSIL), also known as cervical 

intraepithelial neoplasia-1 (CIN 1), or high-grade squamous intraepithelial lesions 

(HSIL), also known as cervical intraepithelial neoplasia-2/3 (CIN 2/3).78 This study was 

approved by the Institutional Review Boards of UCSF and Duke University. 

4.3 Data Processing: Mie Theory and Hybrid Algorithm 

Each a/LCI scan was processed using the methods described in Section 2.3.2. 

Briefly, the tissue surface depth was manually identified, and the a/LCI scans are 

processed by segmenting each scan into 50 µm depth bins. From the a/LCI of ex vivo 

cervical tissue specimen, it was determined that the 200-250 µm depth bin was most 

diagnostically useful (Section 3.1.3). Thus, this depth bin was estimated to be the 

basal/parabasal layer of the epithelium, which was further confirmed from analysis of 

histopathology slides and features in the a/LCI scans. While the primary target of a/LCI 

is the single cell basal layer of the epithelium, variations in cervical epithelial thickness 

necessitates a depth bin larger than the basal layer to ensure its scattered field is 

captured. We refer to this depth bin as the basal/parabasal epithelial bin, which includes 

contributions from cells adjacent to the basal layer.  
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Prior to determining the nuclear morphology, the a/LCI A-scans were analyzed 

to exclude scans with insufficient signal. Reasons for poor signal quality include patient 

movement, probe movement, interference from cervical mucus, or poor tissue contact 

with the probe. All remaining scans were analyzed to determine the average depth-

resolved nuclear morphology measurements at each depth bin for each biopsy site. For 

each scan, the angle-resolved scattering profile was conditioned according to the 

traditional a/LCI processing procedure (Section 2.3.2), and nuclear diameter was 

predicted using either Mie theory ILSA or the hybrid algorithm (Section 3.2).  

The nuclear morphology measurements from both algorithms were grouped by 

and compared to histopathological classification. However, the a/LCI nuclear diameter 

predictions were not compared directly to histological image analysis, because 

histological tissue processing is known to produce artifacts, including the tendency for 

nuclei to shrink after fixing and staining. In addition, histology sections produce slices 

through various planes of the cell nuclei, making it difficult to produce accurate nuclear 

morphology measurements for comparison.  

4.4 Statistical Analysis 

The histopathology results were dichotomized using two approaches: dysplastic 

(LSIL and HSIL) versus non-dysplastic, and HSIL versus LSIL/benign. Although it is 

important to identify dysplastic biopsy sites, HSIL and LSIL have different clinical 

management algorithms and important clinical implications. While HSIL requires more 
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aggressive medical intervention to remove the abnormal tissue, LSIL can resolve 

without treatment and the clinical course of action resembles benign tissues sites where 

only close monitoring is required to ensure it does not develop into HSIL to avoid 

unnecessary surgical intervention. Consequently, a separate analysis was performed 

with the biopsies dichotomized as HSIL and LSIL/benign.  

Comparisons of two groups were conducted using two-sided Student’s t-test, 

and comparisons across multiple groups were performed using ANOVA and Bonferroni 

post hoc analyses. During patient screening, potential confounding variables were 

recorded including the patient’s age, race (Caucasian, African-American, Asian, 

Mixed/Other), smoking in the past week (yes/no), and menstrual stage (periovulatory, 

i.e., 12 to 16 days since last menstrual period/non-periovulatory). All women enrolled in 

the study were negative for Chlamydia and gonorrhea infections; thus these infections 

were not relevant. A multivariate regression was performed with all potential 

confounding variables, and statistically significant confounders were identified as 

follows: smoking for Mie based nuclear diameter analysis; no significant confounders 

for Mie based nuclear density analysis; and smoking and menstrual stage for hybrid 

analysis of nuclear diameter (Table 4.1). 
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Table 4.1: P-values of potential confounders 

Confounders 

Mie Theory 

Nuclear 

Diameter 

Mie Theory 

Nuclear 

Density 

Hybrid 

Nuclear 

Diameter 

Age 

Smoking 

Race 

Last Menstrual Period 

0.67 

0.016* 

0.87 

0.23 

0.56 

0.18 

0.98 

0.94 

0.96 

0.0018* 

0.87 

0.013* 

 

P-values 

   

Dysplastic vs. Non-

dysplastic 

Unadjusted 

Adjusted** 

 

HSIL vs. LSIL/Benign 

Unadjusted  

Adjusted** 

 

 

5.01E-23* 

1.46E-23* 

 

 

1.88E-7* 

3.90E-7* 

 

 

5.91E-12* 

– 

 

 

1.16E-6* 

– 

 

 

3.72E-8* 

6.30E-9* 

 

 

2.71E-5* 

3.79E-5* 

* Indicates statistical significance (p < 0.05) 

** P-values adjusted for significant confounders determined above 

 A final multiple linear regression model was constructed which included all 

significant confounders, and the adjusted p-values were determined for the dependent 

variable in the model. P-values are reported for both unadjusted analyses and those 

adjusted for the relevant confounders. To determine the sensitivity and specificity of 

a/LCI as a tool to identify dysplasia, the optimal point was determined on receiver 

operating characteristic (ROC) curve. For analysis using the hybrid algorithm, the 

optimal point on the ROC curve was used as the nuclear diameter classification 

threshold for the biopsy sites. For Mie theory ILSA, two independent variables are 

extracted (nuclear diameter and nuclear density) which were used to classify the biopsy 

sites. To create a single classification variable, linear discriminant analysis (LDA) was 
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performed to find a classifier based on a linear combination of the two variables. The 

optimum value of the linear classifier was then found using the ROC curve. To ensure 

the classification model does not overfit the data, the classification accuracy of each 

algorithm was determined using leave-one-out cross-validation. Statistical analyses 

were performed using MATLAB, R2015a (MathWorks, Inc., Natick, MA) and R 3.2.2 

(RStudio, Boston, MA). 

4.5 Feasibility Study Results 

 We obtained a/LCI scans of sufficient quality for analyses from 63 distinct 

cervical biopsy sites (benign, n = 33; LSIL, n = 17; HSIL, n = 13), derived from 29 women. 

We first analyzed the results under the HSIL/LSIL vs. normal tissue dichotomization to 

assess the ability of a/LCI to distinguish dysplastic from non-dysplastic biopsy sites 

(Table 4.2). Using Mie theory ILSA, a significantly greater mean nuclear diameter was 

observed for the basal/parabasal depth bin for the dysplastic biopsy sites compared to 

the non-dysplastic biopsy sites (11.62 µm versus 8.22 µm, p < 0.001). In addition, a 

significantly lower mean nuclear density was observed for the dysplastic biopsy sites 

compared to the non-dysplastic sites (1.042 versus 1.053, p < 0.001) at this depth. A 

scatterplot of the Mie theory ILSA predicted nuclear morphology for the basal/parabasal 

epithelial bin is shown in Figure 4.2A. When determining the optimal classification line 

in distinguishing dysplastic from non-dysplastic tissue sites, using both nuclear density 

and diameter (pink dotted line) resulted in the same sensitivity and specificity (1.00 and 
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0.97, respectively) as using nuclear diameter alone (line not shown) as the classification 

variable. Thus, to simplify classification, nuclear diameter alone was used as the 

classifier in further analyses. 

 Using the hybrid algorithm, a smaller but still strongly statistically significant 

increase in mean nuclear diameter was observed between dysplastic biopsy and non-

dysplastic biopsy sites (10.71 µm versus 9.11 µm, p < 0.001) (Table 4.2). A scatterplot of 

the basal/parabasal epithelial bin nuclear morphology predictions from the hybrid 

algorithm is shown in Figure 4.2B along with the optimal nuclear diameter classification 

line (pink dotted line). Analysis of the ROC curves for both classification algorithms 

resulted in an area under the curve (AUC) of 0.99 and optimal nuclear diameter 

threshold of 9.66 µm for Mie theory and an AUC of 0.948 and classification threshold of 

10.15 µm for the hybrid analysis (Figure 4.3A). This produced a sensitivity and 

specificity of 1.0 and 0.97 respectively, for Mie theory ILSA, and 0.83 and 0.94, 

respectively, for the hybrid algorithm. A NPV of 1.00 and 0.86 was obtained using Mie 

theory ILSA and hybrid algorithm, respectively, and a positive predictive value (PPV) of 

0.97 and 0.93 was obtained using Mie theory ILSA and the hybrid algorithm, 

respectively. Full statistical analysis of these results is presented in Table 4.2. 
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Table 4.2: a/LCI optical biopsy results at the basal/parabasal epithelial bin (200-250 

µm depth bin) 

 Mie Theory ILSA Hybrid Algorithm 

 

Dysplastic (HSIL/LSIL) vs. Non-

dysplastic (Benign) 

  

Nuclear diameter (µm, mean ± SD) 

Dysplastic (n = 30) 

Non-dysplastic (n = 33) 

Unadjusted p-value 

Adjusted p-value 

 

11.62 ± 0.92 

8.22 ± 0.83 

p << 0.001 

p << 0.001a 

 

10.71 ± 0.72 

9.11 ± 0.85 

p << 0.001 

p << 0.001b 

Nuclear Density (mean ± SD)  

Dysplastic 

Non-dysplastic 

p-value 

 

1.042 ± 0.004 

1.053 ± 0.005 

p << 0.001 

 

– 

– 

– 

Sensitivity c [95% CI] 1.00 [0.88, 1.00] 0.83 [0.65, 0.94] 

Specificity c [95% CI] 0.97 [0.84, 1.00] 0.94 [0.79, 0.99] 

NPV [95% CI] 1.00 [0.89, 1.00] 0.86 [0.71, 0.95] 

PPV [95% CI] 0.97 [0.83, 1.00] 0.93 [75.7, 99.1] 

ROC AUC 0.999 0.948 

Accuracy 0.98 (62/63) 0.89 (56/63) 

 

HSIL vs. LSIL/Benign 

  

Nuclear diameter (µm, mean ± SD) 

High Risk (n = 13) 

Low Risk (n = 50) 

Unadjusted p-value 

Adjusted p-value 

 

12.04 ± 0.92 

9.27 ± 0.83 

p << 0.001 

p << 0.001a 

 

10.94 ± 0.79 

9.60 ± 1.04 

p << 0.001 

p << 0.001b 

Nuclear Density (mean ± SD) 

HSIL  

LSIL/Benign 

p-value 

 

1.041 ± 0.003 

1.050 ± 0.006 

p << 0.001 

 

– 

– 

– 

Sensitivity c [95% CI] 1.00 [0.75, 1.00] 0.92 [0.64, 1.00] 

Specificity c [95% CI] 0.82 [0.69, 0.91] 0.82 [0.69, 0.91] 

NPV [95% CI] 1.00 [0.91, 1.00] 0.97 [0.87, 1.00] 

PPV [95% CI] 0.59, [0.36, 0.79] 0.57 [0.34, 0.78] 

ROC AUC 0.914 0.871 

Accuracy 0.86 (54/63) 0.84 (53/63) 

 

Data Processing Time (ms/profile) 

 

240.7 

 

73.2 
a Adjusted for smoking 
b Adjusted for smoking, menstrual stage 
c Sensitivity and specificity based on optimal decision line from ROC analysis 
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 Next, we reanalyzed the data using a second biopsy dichotomization of HSIL 

and LSIL/benign, and assessed the ability of a/LCI to distinguish these categories at the 

basal/parabasal epithelial bin. For Mie theory ILSA, a significantly greater nuclear 

diameter (12.04 µm versus 9.27 µm, p < 0.001) and lower nuclear density (1.041 versus 

1.050, p < 0.001) was observed at the HSIL sites compared to the LSIL/benign sites (Table 

4.2), and both variables were used to classify the biopsies (blue dotted line, Figure 4.2A). 

The ROC for Mie theory ILSA produced an AUC of 0.914 (Figure 4.3B), a sensitivity of 

1.0, a specificity of 0.82, a NPV of 1.00, and a PPV of 0.59. Similarly, when using the 

hybrid algorithm for analysis, a significant increase in nuclear diameter was observed in 

HSIL sites (10.94 µm versus 9.11 µm, p < 0.001). Using the optimal nuclear diameter 

classification line (blue dotted line, Figure 4.2B), the hybrid algorithm achieved an AUC 

of 0.871, a sensitivity of 0.92, a specificity of 0.82, a NPV of 0.97, and a PPV of 0.57. For 

both dichotomizations and algorithms, no change was observed in sensitivity and 

specificity using leave-one-out cross-validation. Full statistical analysis of these results is 

presented in Table 4.2. While high sensitivity, specificity, and NPV was retained for both 

algorithms in this dichotomization, a lower PPV was observed compared to that of the 

dysplastic vs. non-dysplastic dichotomization. 
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Figure 4.2: Scatter plot of the nuclear diameter and density predicted from each 

optical biopsy using (a) Mie theory ILSA and (b) the hybrid algorithm of the a/LCI 

scattering profile in the 200-250 µm depth bin. The dashed lines indicate the optimal 

decision lines for distinguishing dysplastic (HSIL/LSIL) from non-dysplastic (benign) 

biopsies (pink dashed line) and distinguishing HSIL from LSIL/Benign biopsies 

(blue dashed line) using both nuclear diameter and density for Mie theory ILSA, and 

using nuclear diameter for the hybrid algorithm.117 

 

Figure 4.3: ROC curves for both ILSA techniques of classification results for 

biopsies dichotomized as (a) dysplastic versus non-dysplastic and (b) HSIL versus 

LSIL/Benign.117 
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 From multiple group comparison across all 3 groups (HSIL, LSIL, benign), a 

general trend of increasing nuclear diameter and decreasing nuclear density was 

observed across increasing severity of dysplasia. Both HSIL and LSIL have significantly 

higher nuclear diameter compared to benign biopsy sites for both Mie theory (both p < 

0.001) and hybrid analysis (both p < 0.001) and significantly lower nuclear density for 

Mie theory analysis (both p < 0.001) (Figure 4.4). HSIL showed a greater nuclear 

diameter (p = 0.084 and p = 0.177 for Mie theory ILSA and the hybrid algorithm, 

respectively) and lower nuclear density (p = 0.062 for Mie theory ILSA) than LSIL 

although this did not reach a formal significant difference.  

 

Figure 4.4: Multiple group comparisons of Mie theory and hybrid analysis 

predicted nuclear diameter and density for benign, LSIL, and HSIL biopsy sites at 

200-250 µm depth bin. Error bars indicate standard error. (*indicate p < 0.05, p-values 

are adjusted)117 

For determining the data processing time, 2000 angular scattering profiles were 

analyzed using each algorithm and the average time per profile was calculated. Mie 

theory required an average of 240.7 ms to process each profile while the hybrid 
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algorithm required 73.2 ms per profile (Table 4.2). Traditionally, a minimum of 10 

repeated optical biopsies are taken for clinical data to sufficiently analyze each biopsy 

site using a/LCI.88 This corresponds to approximately 2.5 seconds and 0.75 seconds using 

Mie theory and the hybrid algorithm, respectively, for acquisition and processing for 

each optical biopsy. 

4.6 Discussion 

 The cervical a/LCI instrument detected a statistically significant increase in 

nuclear diameter at the basal/parabasal epithelial bin for dysplastic cervical tissue sites 

compared to non-dysplastic sites. This is consistent with results from a previous clinical 

a/LCI study on Barrett’s esophagus which found nuclear enlargement at the 

basal/parabasal layer depth bin of 200-300 µm to be most predictive of dysplasia.88 In 

addition, the high sensitivity and specificity observed in this study are consistent with 

the a/LCI results obtained from ex vivo cervical tissue (Section 3). Given the high 

sensitivity and specificity of both Mie theory and hybrid analysis of a/LCI data, the 

results from this study demonstrates the promising clinical utility of a/LCI as an optical 

biopsy tool to supplement traditional biopsy procedures. In particular, the high NPV of 

a/LCI may allow the clinician to refrain from taking a biopsy when presented with a 

normal nuclear morphology measurement from the optical biopsy. The clinical 

application of a/LCI may help clinicians to avoid acquiring biopsies from benign tissue 

sites, and to better locate dysplastic tissue sites. 
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A novel aspect of this study is the first evaluation of the hybrid algorithm on an 

in vivo clinical data set. Using the hybrid algorithm, analysis of 10 repeated optical scans 

took less than one second. This is a threefold improvement in processing time compared 

to Mie theory ILSA, and implementation of hybrid algorithm may lead to increased 

clinical utility of a/LCI. However, this faster processing speed comes at the cost of lower 

performance characteristics. In particular, use of the hybrid algorithm lowers NPV from 

100% for Mie theory ILSA to 86.5%. As discussed in Section 3.1, CWT analysis can result 

in poor sizing due to the reduced sizing resolution of large scatterers and added error 

due to the assumption in the relative refractive index of the sample. In conjunction with 

the reduced Mie search range, the hybrid algorithm has the tendency of moving nuclear 

diameter estimates towards a more central size prediction, resulting in poorer separation 

between the biopsy groups. However, the faster processing speed of the hybrid 

algorithm could open the possibility of compensating by taking more scans at a given 

optical biopsy site to improve diagnostic performance. We compared the error between 

the average Mie theory and hybrid algorithm prediction for an increasing number of 

analyzed scans and found a decrease in error by an average of 1.6% for every additional 

scan taken. The hybrid algorithm opens the potential for a/LCI to provide real-time 

clinical feedback to the clinician during the patient’s pelvic examination. This could be 

exploited as an adjunct modality to traditional screening techniques to improve 

detection of dysplastic lesions or to increase surveillance coverage of at-risk tissues. 
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 Although no significant differences in the nuclear characteristic between LSIL 

and HSIL was observed in this study, the general trends of increasing diameter and 

decreasing nuclear density were observed for increasing severity of dysplasia. The lack 

of formal significance may be due to early dysplastic changes occurring in the basal 

layer in LSIL similar to those seen for more severe biopsy sites making the two 

indistinguishable. While dysplastic nuclei appear hyperchromatic in histology due to 

increased chromatin content, it is not fully understood why dysplastic biopsies exhibit 

lower nuclear density in a/LCI measurements. However, nuclear density was also 

found to be negatively associated with dysplasia in previous a/LCI studies.88,90 Other 

factors may contribute to changes in the nuclear density measurements including a 

lower density of nuclear material due to the increased nuclear volume, changes in 

chromatin distribution within the nuclei, and the ratio of euchromatin to 

heterochromatin.  

The nuclear morphology measurements was extracted from other depth bins 

from the a/LCI scans (Figure 4.5). While it may be possible to include these 

measurements in classifying the optical biopsies, this was avoided to prevent 

overfitting the classification algorithm due to the limited sample size of this study. As 

dysplasia progresses from LSIL to HSIL, nuclear atypia begins to spread to more 

superficial areas of the epithelium. Thus, a greater difference was expected in nuclear 

morphology at shallower depths under 200 µm between HSIL and LSIL, but the 
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predicted nuclear characteristics were not diagnostically significant. These findings are 

similar to those found in the clinical a/LCI esophageal study where nuclear size data 

collected superficial to 200 µm were not diagnostically useful. The lack of diagnostic 

significance may be due to a number of confounding factors such as decreased density 

and sphericity of nuclei at the surface of squamous epithelium, as well as the increased 

susceptibility of the surface layers of the epithelium to reactive and inflammatory 

metaplasia. Moreover, HPV replication occurs in the middle portions of the cervical 

epithelium (100- 200 µm) which can cause nuclear changes in LSIL, making it even 

more difficult to distinguish LSIL and HSIL from nuclear morphology measurements at 

these depths. These factors may be contributors to the LSIL false positives in the HSIL 

vs. LSIL/benign dichotomization, resulting in the lower PPV. While a lower PPV is not 

ideal and may result in some unnecessary LSIL biopsies being taken, this is preferable 

over to a low NPV where HSIL may be missed. Despite these limitations, both Mie 

theory ILSA and the hybrid algorithm distinguished HSIL from LSIL/benign biopsy 

sites with high sensitivity, specificity and NPV using only the nuclear morphology 

measurements from the basal/parabasal depth bin.  
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Figure 4.5: (A) The nuclear diameter and (B) nuclear density predicted from 

Mie theory ILSA for varying tissue depth bins (*indicate p < 0.05). The scatter plot of 

the nuclear diameter and density predicted from each optical biopsy in (C) the 100-150 

µm and (D) the 250-300 µm depth bin (depth bins with significant differences in 

nuclear). (E) The nuclear diameter predicted from the hybrid algorithm for varying 

tissue depth bins (*indicate p < 0.05). (F) The scatter plot of the hybrid algorithm 

predicted nuclear diameter for each optical biopsy in the 250-300 µm depth bin (the 

depth bin with significant).117 
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4.7 Summary 

 This cervical a/LCI study demonstrated the feasibility of applying the a/LCI 

probe to the cervical epithelium and collecting a/LCI optical biopsy scans during a 

pelvic examination. In addition, analysis of the a/LCI data revealed a strong 

relationship between nuclear enlargement at the basal/parabasal epithelial bin and the 

presence of dysplasia in histological analysis. The data collected from this study can 

serve as a future training set to establish the decision lines for grading biopsy sites for 

future prospective studies. Further advancement and implementation of the hybrid 

algorithm could lead to real-time processing of a/LCI scans during a patient’s clinical 

examination. Optical biopsy characterization using a/LCI nuclear morphology 

measurements would aid the clinician in identifying dysplastic tissue sites in vivo 

potentially resulting in earlier detection of tissue dysplasia, more effective medical 

intervention, and improved patient outcome.  

Future work will include further refinement and validation of the clinical a/LCI 

instrument in vivo as well as the implementation of real-time processing software based 

on the hybrid algorithm. In addition, a scanning mechanism which enabled multiple 

a/LCI measurements across the cervix without repositioning the probe is presented in 

Chapter 6 to further improve the clinical utility of the system. 
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5. Design of mLCI Instrument for Delineating the 
Cervical Transformation Zone 

In Chapter 4, we demonstrated in a clinical study the feasibility of using a/LCI 

basal layer nuclear morphology measurements for detecting of cervical dysplasia.  While 

the study demonstrated highly sensitive and specific detection of dysplasia, the a/LCI 

instrument is a point probe, interrogating less than 0.5 mm2 for a single optical biopsy. 

Thus, comprehensive analysis and surveillance of the entire of the cervical epithelium 

would require manual translation of the probe, and the amount of time required to 

complete such a procedure would not be clinically viable. 

To address this issue, we adopt a similar approach used in traditional clinical 

screening methods. Cervical screening can be separated into two stages: (1) wide-field, 

high sensitivity surveillance of overall tissue health through cervical cytology, HPV 

testing, and colposcopic analysis and (2) targeted, high specificity, cellular-level analysis 

through histopathological analysis of tissue biopsies.119 While histopathological analysis 

is the current clinical gold standard for diagnosing cervical dysplasia, a tissue biopsy 

only covers a 1 mm x 1 mm area with approximately 4 biopsies taken during a clinical 

visit, limiting its capability for comprehensive assessment of the cervical epithelium. 

Thus, the two screening stages complement one another by first identifying the at-risk 

population before performing highly sensitive and specific detection of cervical 

dysplasia.  
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The a/LCI technique can be considered an optical equivalent to histopathological 

analysis, providing highly accurate detection of cervical dysplasia over a small area. 

While a/LCI is limited as a stand-alone device, the implementation of a wide-field 

imaging technique prior to a/LCI imaging can offer an approach for guiding a/LCI 

measurements to areas on the cervix that are most likely to harbor dysplasia. As 

discussed in section 2.1, 90% of cervical dysplasia occurs in the metaplastic cervical T-

zone. Thus, optical mapping of the cervical T-zone can be used to direct a/LCI to the 

most at-risk areas on the cervix.  

Toward this goal, we adapted mLCI for wide-field imaging of the cervical 

epithelium and automatic mapping of ectocervical and endocervical tissue for 

identifying the location of the T-zone. Previous OCT studies of the cervix have noted 

qualitative differences in the A-scans of endocervix vs. ectocervix, suggesting this 

approach has promise.120 In particular, Escobar, et al. found characteristic differences in 

the B-scans of ectocervical versus endocervical tissue.120 Specifically, B-scans of 

ectocervical tissue exhibited a structured layered image with a clear distinction between 

the epithelium and stroma, while endocervical tissue largely lacks tissue structure in its 

B-scans. These studies demonstrate the potential of using mLCI A-scans for 

distinguishing the cervical epithelial tissue types. 

In this chapter, the design and development of the cervical mLCI instrument is 

discussed. In addition an mLCI clinical study was performed to study the utility of the 
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instrument for differentiating endocervical from ectocervical epithelium. Development of 

this technology would provide rapid and reliable identification of cervical epithelial types 

to enable targeted a/LCI measurements of nuclear morphology in future instruments.  

5.1 System Instrumentation 

5.1.1 System Engine 

To adapt the previous mLCI instrument (Section 2.4) for imaging the cervical 

epithelium, we modified the original mLCI system to have 6 parallel Mach-Zehnder 

interferometers which are time multiplexed 6 fold for 36 acquisition channels to image 

an area. The internal mLCI system schematic is shown in Figure 5.1. Briefly, light from 

an 830 nm SLD is split into a sample and reference arm using a 1x2 fiber coupler. A fiber 

optic switch (AC photonics) is incorporated into each arm to collect the background 

signal for processing the interferograms. The sample arm consists of 36 illumination 

paths which correspond to the 36 imaging points collected by the mLCI instrument. 

Each illumination path is coupled to a point within a 6 x 6 fiber array module. The 

illumination light in the sample arm is first passed through a mechanical fiber optics 

switch (AC photonics) which directs the light through 1 of 6 different fiber tree arrays to 

illuminate one row of 6 fibers in the fiber array module at any given point in time. For 

the collection paths, each column in the fiber array module is coupled to 6 channels of a 

1x8 switch to de-multiplex the returning light. Each of the 6 sample arms is interfered 
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with one of 6 parallel reference arm and detected using a multichannel spectrometer 

(Avantes, Apeldoorn, the Netherlands).  

To control for variations in optical path lengths between sample arms, a variable 

delay is incorporated in the reference arms using retroreflectors mounted on a 

motorized linear rail systems (RGS04, Haydon Kerk) which are controlled using an 

Arduino (Arduino Mega 2560). 

 
Figure 5.1: mLCI system schematic. A 1x8 switch is used to couple the light 

into one of six input rows in the fiber module array. Each output column of the fiber 

array module is de-coupled with a 1x8 switch where it is mixed with the reference 

field before detection by a multichannel spectrometer. 

A custom housing was constructed for the mLCI system engine (Figure 5.2). Six 

elevated aluminum shelves held the optical components for the illumination path (SLD, 

fiber optic switch, and 6 fiber tree arrays) prior to the fiber array module. The fiber array 

module was constructed from a piece of aluminum cut with 36 D-shaped holes to hold 

36 fiber mating sleeves (ADAFC, Thorlabs). Two of these fiber array modules were 

positioned under the shelves, one for coupling the illumination light from the fiber tree 

array to the probe and another for coupling the returning light from the probe to the 
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fiber optic switches in the collection path. A separate stack of shelves were used to hold 

the optical components for the collection paths (6 fiber optic switches), and the de-

multiplexed light from the switches was routed out of the system housing to the 

multichannel spectrometer.  

 

Figure 5.2: Photograph of the interior of the mLCI system engine. The light is 

split into the fiber module array (green circle) using the illumination optics (blue box) 

and de-multiplexed using the collection optics (red circle). A stepper motor rail 

system is used for a variable reference delay, and system electronics and white light 

imaging optics are also included within the housing. 

The housing also held the reference variable delay. A custom adapter piece was 

machined to hold the 6 stepper motor rail system to the base of the housing, and a post 

holder was machined to mount the retroreflectors onto the carriages of the rail systems. 

To enable repeatable positioning of the carriages, a piece of sheet metal was attached to 

each carriage that would block a photointerrupter at one end of the rail system to create 
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a homing system. Custom printed circuit boards (PCBs) were designed and fabricated to 

interface the stepper motors, photointerrupters, and optical switches with the Arduino. 

The PCBs and Arduino were mounted onto the side walls of the system housing. 

A fiber-based white light imaging system was also incorporated in the 

instrument design to provide white light imaging through the distal tip of the cervical 

probe. Illumination was achieved through a fiber-coupled LED (MCWHF2, Thorlabs, 

Newton, NJ) within the system engine, and the light was propagated to the probe 

through a 1 mm diameter plastic optical fiber (Edmund Optics). Imaging was performed 

through a 7,000-core plastic imaging fiber bundle (Mitsubishi Chemical, Tokyo, Japan). 

The proximal tip of the fiber within the system engine was magnified using a 4f lens 

relay and imaged onto a color camera (Flea 3, Point Grey, Richmond, BC, Canada). 

The electrical components, white light imaging camera, and multichannel 

spectrometer were controlled via LabVIEW (National Instruments, Austin, TX) and 

incorporated into a single clinical software interface. 

5.1.2 Cervical Probe Design 

Light from the 36 sample arms were propagated through 36 single mode fibers 

(SMFs) in a protective sheath to a brass fiber array holder. The cervical probe was 

designed to focus the light from the fiber array onto the cervical epithelium. In addition, 

the white light illumination and imaging bundles were incorporated into the probe. 
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The probe design had to meet several design constraints and requirements. First, 

the diameter of the probe is crucial to ensure patient comfort. Ideally, the probe should 

fit through a small speculum. Thus, an optical design required lower diameter lenses, 

yet maximized the use of the aperture to increase the imaging area of the probe. In 

addition, the probe should include a slight bend to conform to the anatomical position of 

the cervix relative to the vaginal canal. As a design reference, we modeled the probe 

design after a transvaginal ultrasound probe (e.g. GE E8c transvaginal ultrasound 

transducer). This also made it possible to adopt pre-existing probe disinfection protocol 

using a peroxide-based high level disinfection unit (Trophon, Nanosonics USA, 

Indianapolis, IN).  For the optical design, the field of view (FOV) of the probe should be 

maximized to capture as much of the cervical epithelium as possible. Finally, the probe 

needed to be ergonomic to the clinician to allow for stable placement of the probe during 

imaging. 

5.1.2.2 First Design Iteration 

The optical probe housing was 3D printed using a medical grade photopolymer 

(Med610, Stratasys) on a Stratasys PolyJet printer (Connex3 Objet350). The probe 

housing was printed in two halves designed with cavities so the optical components can 

be dropped in and glued in place. Once the optical components were set, the two halves 

were sealed together using a medical grade silicone. The 36 SMFs were held in place 

within the probe by a brass ferrule array in a 6 x 6 square grid spaced by 1.5 mm 
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(FiberTech Optica). The imaging optics were composed of a meniscus lens to help 

correct for field curvature and two lenses, a Hastings triplet (L1, f = 40.3 mm) and an 

achromatic double (L2, f = 35 mm) which focused the mLCI beams at the end of the 

probe. The lenses provided a magnification of approximately M = 2 to image a 16 x 16 

mm area. Two 4 degree wedge prisms were incorporated to add an 8 degree bend 

within the probe to improve its anatomical conformation. The white light imaging and 

illumination bundles were incorporated through the proximal tip of the probe and ran 

along the bottom of the probe housing. An imaging rod lens (1 mm diameter, 20 mm 

working distance) was adhered to the end of the imaging bundle to capture a live image 

out from the tip of the probe.  

 

Figure 5.3: First design iteration of the mLCI probe. (A) Schematic of the 

internal components within the mLCI probe, (B) the locking mechanism for the probe 

tip, (C) optical ray tracing from the 36 SMFs to the imaging plane at the distal tip of 

the probe, and (D) a photograph of the completed probe. 
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The probe had a replaceable hollow tip that aided in the disinfection process. The 

tip was attached using a twist-on bayonet lock (Figure 5.3B) and was designed for the 

focal plane of the optical system to coincide with the distal tip of the probe. The outer 

rim of the tip was to be placed in contact with the cervix to put the cervical epithelium 

into focus for imaging. The assembled probe handle was 27 mm in diameter, and had a 

thumb divot on the handle to help the clinician orient the probe properly onto the 

cervix.  

An initial pilot study was conducted for the probe at the Duke Perinatal Clinic. 

The pilot study revealed two major issues in the first iteration of the probe. First, the 

probe diameter was too large. While the probe could fit through a small speculum, the 

large diameter of the probe made it difficult for the clinician to maneuver the probe and 

place it in proper contact with the cervix. Secondly, the tip design for the probe made it 

difficult to bring the cervix into focus. Although the outer rim of the probe tip may be in 

contact with the cervix, the concave shape of the cervix makes it difficult for the cervical 

epithelium to be in focus in the center of the probe. Thus, a second iteration of the probe 

was designed to address these issues.  

5.1.2.3 Final Probe Design 

Smaller optical components were introduced to the optical design to reduce the 

diameter of the probe. The diameter of the Hastings triplet was reduced from 23 mm to 

15 mm (f = 25.4) and a shorter focal length achromatic doublet was used (f = 25 mm) to 
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maintain a high imaging area. This allowed the diameter of probe to be reduced to 23 mm, 

greatly improving its maneuverability. 

 

Figure 5.4: Final mLCI cervical probe design. (a) Probe schematic showing the 

location of the white light illumination and imaging bundle through the top of the 

probe. A brass ferrule holds the 36 SMFs from the sample arm in place. (B) A 

photograph of the handheld mLCI probe. (C) Optical components within the probe. 

Lenses L1 and L2 image the face of the brass ferule to the back surface of a meniscus 

lens at the end of the probe. Two wedge prisms (P) are used to incorporate an 8 degree 

bend. 

To address the issue of keeping the cervical epithelium in the focus of the optical 

system, a meniscus lens was introduced to the end of the probe. The Hastings triplet and 

achromatic doublet were positioned to focus the beams non-telecentrically to the curved 

surface of the meniscus lens to enable contact imaging of the cervix. Using this 

configuration, we are able to take advantage of the field curvature introduced from off-

axis aberrations to produce tighter beams spots. However, the optical components at the 

distal end of the probe prevented the use of a disposable probe tip. Thus, in the final 

probe design, the probe tip was glued into place using medical grade silicone. The final 
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optical and probe design are shown in Figure 5.4. While the mLCI system was designed 

with 36 imaging points, the beam path for the four corner points were occluded by the 

probe body. This resulted in a grid of 32 mLCI measurement points covering an 

approximate 20 x 20 mm FOV. 

5.2 Clinical Study Design 

A clinical study was conducted from the Jacobi Medical Center located in the 

Bronx, NY. Women between the ages of 18 and 45 undergoing routine care were 

recruited from the women’s health clinic. Exclusion criteria included history of cervical 

dysplasia or previous surgery on the cervix, complaint of vaginal discharge, suspicion of 

sexually transmitted infection, or a positive urine pregnancy test. Informed consent was 

obtained, and the participants received a stipend of $50 after completion of the study.  

Before the start of each study, the probe was disinfected by a Trophon unit, and 

the clinical software interface was initiated by the clinician. Prior to mLCI imaging, each 

participant underwent a speculum exam to visualize the cervix. A Wallach colposcope 

was used to obtain a digital image of the cervix. After the image was taken, the mLCI 

probe was inserted by the clinician through the speculum. A white light video through 

the distal tip of the probe was displayed through the clinical software interface. The 

video provided visual guidance during probe placement and assured good contact of 

the probe tip onto the cervix. After centering of the probe over the T- zone, the mLCI 

imaging sequence was initiated. At completion of the imaging sequence, the probe was 
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removed. A cervical pap smear with HPV testing and nucleic acid testing for gonorrhea 

and chlamydia were performed. The study was approved by the IRBs of Albert Einstein 

College of Medicine and Duke University. 

The colposcopic images were reviewed by a board-certified gynecologist 

experienced in colposcopy and areas of endocervical and ectocervical tissue were 

digitally marked. A second observer matched the image features judged to be 

recognizable on both the colposcopy image and the video image taken by the mLCI 

probe in order to co-register the A-scans to the anatomical area of the cervix scanned by 

the probe.  

5.3 Data Processing 

When the mLCI imaging sequence was initiated, row 1 (out of 6) of the fiber array 

module was illuminated, and the input switches for each of the 6 interferometers were 

directed to channel 1.  The stepper motors for each of the 6 reference arms translated to 

the pre-measured path-matched position corresponding to the probe fiber channel 

currently addressed which took approximately 5 seconds.  Fifty (50) spectra were 

acquired (3 ms integration time) from each of the 6 spectrometers.  To increase the margin 

of error for path-length matching of the reference and sample arms, the reference positions 

were translated from 1 mm less than to 1 mm farther than the pre-measured path-matched 

positions, and an additional 50 spectra were acquired at each of these positions. Data 

acquisition for a single row, including all three reference arm positions, took 
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approximately 2 seconds. The process for row 1 was repeated for each of the subsequent 

rows, requiring approximately 35 seconds for a complete imaging sequence. 

Custom MATLAB software (Mathworks, Natick, MA) was subsequently used to 

register the mLCI scan points to the digital colposcopic image. Registration features, such 

as the cervical os, were manually labeled from the mLCI white light image and the 

colposcopic image, and the optimum rotation angle, translation vector, and scaling factor 

were computed that would bring the features of both images into alignment. The 

coordinates of the mLCI scanned locations were directly observed in the video image as 

the illumination spots were visible. These scan location coordinates were transformed into 

the colposcope image coordinates to produce an overlay image of mLCI scan locations on 

the clinician-labeled colposcopic image of the cervix (Figure 5.5). 

The collected mLCI interferograms were processed by standard Fourier-domain 

low-coherence interferometry methods (Section 2.2) to generate an A-scan at each 

position.84 The position of each mLCI A-scan relative to the drawn boundaries on the 

colposcopic image was used to categorize each processed mLCI measurement as 

endocervical or ectocervical tissue.    

A quality check of the A-scans was performed to remove scans with a maximum 

intensity below a constant empirical threshold. The threshold was established by 

evaluating the signal level of scans where visual inspection showed poor probe contact 
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with the cervical tissue. For these scans, the signal quality was decreased below acceptable 

levels for analysis and therefore these scans were excluded from analysis. 

 

Figure 5.5: mLCI data processing example. (a) The white light image collected 

through the mLCI bundle is registered using the location of the cervical os (yellow 

circle) to (b) the colposcope photograph. Areas of endocervix (within the red circle), 

and ectocervix (within the blue circle) are delineated by a clinician. 50 repeated A-

scans are taken on 36 points on the cervical epithelium (small blue circles), and are 

displayed as (c) the M-mode image from the 36 mLCI channels. 

An automated classification algorithm was developed using linear discriminant 

analysis (LDA) of the A-scans with sufficient signal (n = 343). Prior to classification, the 

A-scan intensities were normalized to a range from 0 to 1, and the depth corresponding 

to the start of the tissue was identified to align all the scans. To accomplish this, an 

estimate of the starting tissue depth was manually selected, and the maximum intensity 

was identified within a ±10 pixel range (~ ±30 µm) around the input depth. The depth 
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where the A-scan intensity surpasses the half-maximum was designated the tissue start 

depth. 

Twenty classification parameters were extracted from the processed A-scans: the 

average intensities of 16 depth bins (25 µm bins from 0 – 400 µm depth into the tissue), 

the FWHM of the A-scan, and the first through third moment of the A-scan defined as: 

 𝜇𝑛 =  ∑ 𝑧𝑛𝐼(𝑧)𝑧  (1) 

where 𝜇𝑛 is the n-th moment, and I(z) is the A-scan intensity at depth z. Classification of 

the A-scans was performed using LDA and a 10-fold leave one out cross validation.  
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5.4 Results 

The white light probe video and mLCI data from each patient were examined for 

the ability to align with the colposcopic photograph. Fourteen patients were excluded 

for the lack of registration features to align the probe and colposcopy views. The 

majority of these patients were from early portions of the clinical study as the clinicians 

gained skill and familiarity over the course of the study. Of the fourteen excluded 

patients, ten patients were excluded because the mLCI data were not recorded due to a 

technical failure; two were missing a colposcopy image and two were missing a probe 

video. For the remaining 36 patients, the A-scans were evaluated. Of the 1152 evaluated 

A-scans from the 36 patients, a total of 343 A-scans passed the signal threshold, 283 from 

the ectocervix and 60 from the endocervix. In cases where the cervical os was not clearly 

in the probe video, colposcopic registration could not be accurately performed. 

Excluding these instances, nineteen subjects met all conditions for evaluation. A 

summary of the patient characteristics and the mLCI imaging performance is shown in 

table 5.1.  
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Table 5.1: Characteristics of Enrollment and Clinical Imaging Performance 

Patient Demographics   

Mean Age (18-42) 29  

 n % 

Parity   

0 22  

1 14  

>1 14  

Chlamydia Positive 2 4% 

Gonorrhea Positive 0 0% 

Cytology 

Negative 

ASCUS 

LSIL 

HSIL 

Unsatisfactory 

 

41 

2 

4 

1 

2 

 

82% 

4% 

8% 

2% 

4% 

High Risk HPV 

Negative 

Positive 

Not available 

 

27 

3 

20 

 

54% 

6% 

40% 

   

Imaging Performance   

Colposcopy Image 

No image saved 

Adequate T-zone 

Inadequate T-zone 

 

6 

27 

17 

 

Probe Video 

Image Saved 

 

48 

 

96% 

mLCI Reading 

mLCI data saved 

High quality mLCI data 

Classification performed 

Colposcopy/probe overlay generated 

All conditions met 

Average successful A-scans for 

patients with all conditions met 

 

46 

41 

36 

19 

19 

9.58/32 

 

92% 

82% 

72% 

38% 

38% 

30% 
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Figure 5.6 shows the colposcopic photograph overlaid with the mLCI scan points 

from four representative patient cervices.  The mLCI positions are color-coded by 

classification results from the LDA algorithm with endocervix and ectocervix coded blue 

and white, respectively.  Regions lacking sufficient contact and/or mLCI signal to 

perform classification are shown in red.  The boundary of the tissue zones, as classified 

by a gynecologist, is marked in violet.  

 

Figure 5.6: Colposcopic images of four patient cervices illustrating position of 

mLCI measurements (circles). Clinician-identified endocervical is outlined in violet. 

In one patient (top left), in which the metaplastic region was visually judged to be 

significantly larger than the endocervical region, this region was separately defined 

(orange). mLCI positions are color coded by classification.  Blue: Recognized by 

automated algorithm as endocervix. White: Recognized by automated algorithm as 

ectocervix.  Red: not classified due to inadequate contact. 
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Figure 5.7: (A) Average depth reflectivity profiles for physician classified 

endocervical and ectocervical mLCI scan points. *p < 0.05, **p < 0.001. (B) and (C) 

Representative M-scans from ectocervical and endocervical tissue, respectively. 

The average A-scans for all classified endocervical (60 scans) and ectocervical 

(283 scans) mLCI scan points are shown in Figure 5.7 with significant differences in 

average bin intensity determined by Student’s t-test. In addition, representative M-scans 

from three ectocervical and endocervical tissue sites are shown. Since mLCI does not use 

scanning, repeated measurements of the same point are presented as time series of A-

scans, often referred to as M-scans.  The correspondence between the mLCI scans 

classified as ectocervix and the clinician identified ectocervix was 97.2% and the 
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correspondence between the mLCI scans classified endocervix and clinician identified 

endocervix, was 81.7% (Table 5.2). 

Table 5.2: Correspondence between mLCI and clinician-identified ecto- and 

endocervix 

 Clinician-identified 

ectocervix 

Clinician-identified 

endocervix 

Agreement 

mLCI-identified 

ectocervix 

275 11 96.2% 

mLCI-identified 

endocervix 

8 49 86% 

Agreement 97.2% 81.7% 94.5% 

 

5.5 Discussion 

The mLCI clinical study demonstrated that A-scans can be used to differentiate 

the endocervix and the ectocervix with a high concordance to clinical evaluation. The 

LDA algorithm agreed with clinical judgment in 97.2% of ectocervical scanned areas and 

in 81.7% of the endocervical scanned areas. The average A-scans from ectocervical and 

endocervical tissue showed characteristic features indicative of each tissue type, in 

agreement with previous studies of OCT imaging of cervical epithelium. For ectocervical 

A-scans, a more layered structure was observed, often with a secondary peak from the 

strong scattering signal arising from the basal layer.  Endocervical tissue, on the other 

hand exhibited a sharp tissue to air boundary, but lacks the tissue structure found in the 

ectocervical tissue image, and the scattering intensity quickly decayed with depth as the 

light traveled through the underlying connective tissue. This manifested in a lower 
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FWHM for the endocervical tissue compared to ectocervical tissue. While our present 

results were limited to binary classification between endo- and ectocervix, the 

approximate location of the T-zone can be inferred to lie between points identified as 

squamous and columnar epithelia. As more scans of patient cervices are accumulated in 

future studies, we will seek to identify further distinguishing features unique to 

squamous metaplastic transformation to conclusively localize the T zone. 

Importantly, this study was the first use of a cervical probe for contact LCI 

imaging of the cervix. However, this study did have limitations. Several A-scans did not 

reach the signal intensity threshold needed for analysis primarily due to poor contact 

with the cervix. The total number of classified A-scans in this study was 343; within the 

36 patients with analyzable data, 809 other A-scans were discarded. While a high 

percentage (94.5%) of our successful classifications matched the clinician’s judgment, the 

area of the cervix that we can comprehensively map is currently much lower. Tissue 

contact was therefore the most serious limitation of the current study. This is partially 

due to the probe geometry. While a larger diameter probe is desirable for increasing the 

FOV, this results in poor maneuverability of the probe through the speculum resulting 

in worse contact with the cervix. In addition, the mLCI maximum imaging depth is 

approximately 1.5 mm. Thus, poor tissue contact with the lens surface at the tip of the 

probe quickly deteriorates the quality of the A-scan. While the final concave lens surface 

was chosen to match the shape of the cervix, features such as the cervical os makes it 



 

86 

difficult to have sufficient contact through the entire FOV of the probe. Additionally, the 

assessment of proper contact was conducted through the internal fiber-optic imaging 

capability of the probe, and the low number of available pixels (approximately 7000) 

limited visual acuity and probe placement accuracy.   

Technical difficulties with the instrument such as loss of contact with the cervix 

led to at least partial loss of data on 31 patients. Video capture of the probe placement 

was limited for the first 10 patients. Review of the videos and feedback from the clinical 

team provided an opportunity for technical improvements to the video capture after the 

first 10 patients which aided in centering the probe on the T- zone for the remainder of 

the study.   

This study demonstrated the feasibility of using mLCI to map the endocervix 

and ectocervix with a high concordance to clinician identified areas of the cervical 

epithelium. Differentiation of the endocervix from the ectocervix is an essential step to 

identify areas of the cervix that are at risk of dysplasia. Future work will involve 

developing an algorithm for delineating the cervical T-zone given the mLCI map of the 

cervical tissue types. In addition, future device iterations will be fitted ith an integrated, 

scanning a/LCI. While the a/LCI instrument discussed in Chapter 4 is limited in its 

imaging area due to its point probe nature, a multimodal mLCI and a/LCI system will 

enable a/LCI measurements to be targeted to the T-zone where dysplasia is most likely 

to be present. In addition, feedback from the clinical application in this study provides 
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valuable insight into the design considerations for a cervical optical imaging probe 

which will be used in future design iterations. 
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6. Scanning a/LCI Instrument 

While the clinical mLCI study demonstrated the capability of using A-scans for 

discriminating the ectocervical and endocervical tissue on the cervical epithelium, a 

method is required to direct a/LCI optical biopsies to the areas identified as the T-zone. 

While it is possible to use both the mLCI and a/LCI cervical systems sequentially in a 

single patient visit, this approach has several limitations. First, using both instruments in 

a single visit would take a lengthy amount of time. Although the total time required for 

acquiring a full set of mLCI data along with four a/LCI scans can take less than a minute, 

this does not factor in the time required for positioning the mLCI probe, processing the 

mLCI data, followed by co-registration and positioning of the a/LCI probe. When taking 

into account all these aspects, the total procedure time would take several minutes 

which can be prohibitively uncomfortable for the patient. In addition, the clinician 

would be required to analyze the mLCI data during the exam and manually position the 

a/LCI probe to tissue delineated as the T-zone which could result in misplacement in the 

location of the probe tip. Finally, the clinician would need to prepare, operate, and 

disinfect two instruments during each imaging session resulting in a time-consuming 

and cumbersome procedure.  

Incorporation of mLCI and a/LCI into a single multimodal imaging system 

would greatly alleviate these issues. If both modalities could be performed using a 

single probe the complexity and length of the procedure would greatly decrease. In 
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addition, the a/LCI scans can be co-registered to the mLCI map, to automatically direct 

the a/LCI scans to the T-zone of the cervix. 

For such a system to be realized, a scanning system is required which could 

direct a/LCI scans to various locations on the cervix. Compared to scanning systems for 

other optical modalities such as OCT and confocal microscopy, designing a scanning 

system for a/LCI presents several unique challenges. In a conventional telecentric 

scanning system, a scanning mirror is placed in the back focal plane of the objective and 

scans a collimated beam of light across the entrance pupil plane of the objective (Figure 

6.1). The collected light from the sample follows the same path as the excitation beam 

through the scanning optics to return back to the system. However, with a/LCI, a range 

of backscattering angles is collected which passes through a different point in the pupil 

plane of the objective (Figure 6.1). This forms a collection axis of light that has a larger 

aperture requirement to enable scanning under a traditional scanning design. This large 

aperture requirement would require a bulky optical system which would limit the 

clinical applications of a scanning a/LCI system. As seen in the design of the mLCI 

cervical probe, the diameter of the probe and optical components must be minimized to 

improve ease of access to the cervical epithelium. Thus, implementing a traditional 

optical scanning system would greatly limit the scanning range and FOV of the probe. 

Thus, a novel scanning system is required to mitigate the limitations of traditional 

optical scanning designs. In this chapter, the design of a benchtop scanning a/LCI is 
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presented toward the goal of developing an mLCI and a/LCI multimodal cervical 

imaging system.  

 

Figure 6.1: Beam location on the pupil plane and at the objective for a 

conventional optical system and for the proposed multipoint a/LCI system showing 

the incident beam (blue) and collected angular scattered light (red). 

6.1 System Design 

The aperture requirement for a scanning a/LCI system can be overcome by 

realizing the a/LCI system only collects and analyzes angularly scattered light along a 

line, termed the collection axis, in the pupil of the objective, which maps back to a single 

array of fibers in the collection bundle.  Scanning parallel to the collection axis is greatly 

constrained by the aperture as either the excitation beam or the high scattering angles 

are blocked at high scanning ranges. However, if scanning was performed orthogonal to 

the collection axis, the aperture can be more fully utilized to maximize the scanning 

range. To achieve 2D scanning, an image rotator can be utilized to rotate the collection 
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axis while a 2D beam steering element can maintain an orthogonal scanning axis 

orientation, creating a radial scan pattern on the sample plane. Such radial scan patterns 

have also been used previously in OCT, but without the use of an image rotator.121-123 

6.1.1 Scanning System Components 

To achieve this scanning scheme, two optical components were incorporated into 

the a/LCI optical system: an image rotator for rotating the collection axis, and a two axis 

beam steering component. For the image rotator, we designed a system of three mirrors 

which rotate as a single group about the optical axis. We termed this component the 

reflection-only three-optic rotator (ROTOR) prism.124 Similar in principle to a Dove 

prism, rotation of the ROTOR prism for a given angle results in a rotation of the image at 

twice that angle (Figure 6.2). While a Dove prism can be more compact than a ROTOR, 

the propagation through a large piece of glass is undesirable due to the large amount of 

chromatic dispersion which can be problematic for the broad bandwidth light source 

used in LCI; thus using a ROTOR prism is more desirable in coherence imaging 

applications such as a/LCI. 

 
Figure 6.2: Image rotation using a ROTOR prism. The ray paths model the 

output angles from a GRIN tip of an a/LCI probe. 

ROTOR
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Multiple options were considered for achieving two dimensional beam steering 

for the scanning system (Figure 6.3). One of the main considerations when choosing the 

scanning element was the size and weight of the component as the scanner will be 

incorporated in a handheld probe. While a 2D galvanometer scanner is often used in 

traditional optical scanning systems, a large-area scanner would be required to 

maximize the system FOV which would require a bulky and heavy system that is not 

suitable for a handheld probe. A pair of Risley prisms can also be used for beam steering 

and offers the advantage of scanning the beam without creating a bend in the optical 

axis as would a fold mirror.125-127 However, such a scanning system must incorporate 

mechanical mounts to rotate the prisms which would be difficult to incorporate under 

the size constraints of a cervical probe. Thus, the final benchtop system incorporated a 

manually tilted 2D scanning mirror which has a smaller form factor than a galvanometer 

system and does not require a sophisticated mount to accomplish beam steering. 

 
Figure 6.3: Two scanning mechanisms for a scanning a/LCI system: (A) 2D 

scanning galvanometer and (B, C) beam steering with Risley Prisms  

A B

C
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6.1.2 Benchtop System 

The scanning a/LCI system was constructed using the clinical a/LCI engine and 

probe (Section 2.3). To incorporate the scanning components into the a/LCI system, the 

original sample plane of the a/LCI probe was extended using two pairs of 4f lens relays 

(f1 = f4 = 30 mm, f2 = f3 = 100 mm). A 30 mm cage mount system was constructed for the 

benchtop system. The a/LCI probe was mounted within a custom 3D-printed adapter 

mount that attached to a 30 mm cage XY translator to center the probe within the 

system.  The ROTOR prism was incorporated between lenses L2 and L3 using a custom 

3D-printed mount. The mount positioned the three ROTOR mirrors (two elliptical 

mirrors oriented at 55° relative to the optical axis and a 1” mirror) in place, while the two 

ends of the mount were designed attached to 30 mm cage rotation mounts to allow for 

manual rotation of the entire ROTOR assembly. A gimbal-mounted two-axis scanning 

mirror was incorporated in the back focal plane of the final focusing lens (Figure 6.4A, 

L4) to scan the illumination beam orthogonal to the collection axis.  

With this configuration, the ROTOR position sets the rotation angle of the 

collection axis while tilting the scanning mirror produced a line scan on the sample 

plane perpendicular to the collection axis. By repeating this scan over multiple rotation 

angles, an asterisk-shaped scan can be produced on the sample plane capable of imaging 

any point within a circular FOV. 
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Figure 6.4: (A) Multipoint a/LCI system schematic. The excitation beam exiting 

the GRIN lens of the a/LCI system is shown in red, and the beams from two collection 

angles are shown in green and blue. Scans were taken with the image rotator rotated 

to (B) 0 degrees, (C) 22.5 degrees, and (D) 45 degrees, resulting in the rotation of the 

collection axis in the pupil plane of (E) 0 degrees, (F) 45 degrees, and (G) 90 degrees, 

respectively. (H-J) The respective scanning direction of the excitation beam on the 

sample.124 
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6.2 Benchtop Scanning a/LCI Validation Study 

6.2.1 Phantom Microsphere Size Determination 

Validation of the benchtop scanning a/LCI system was performed using a PDMS 

phantom with polystyrene microspheres of varying sizes. Nine PDMS blocks (5 mm x 5 

mm) with either 6, 10, or 15 µm microspheres were arranged in a 3 x 3 array (10 µm at 

the corners, 6 µm at the edges, and 15 µm in the center) and imaged using the benchtop 

system. To determine the scanning range and off-axis performance of the system, a/LCI 

measurements were taken in 1 mm increments over a linear scan for a set collection axis 

orientation. In total, 14 measurements were collected and processed using traditional 

a/LCI data processing (Section 2.3.2), and sized using Mie theory analysis. Mie theory 

analysis was conducted with a search library of angular scattering profiles generated for 

polystyrene microspheres in PDMS (nsphere = 1.58, nsurrounding = 1.41, λ = 0.83 μm) from 5 to 

18 µm scatterer diameter with a 0.1 µm interval. Sub-wavelength sizing accuracy was 

achieved within a 12 mm scan range (Figure 6.5). Outside of this scan range, sizing 

began to deteriorate. This is due in part to off-axis aberration which introduced defocus 

at the sample plane, leading to a distortion in the angle to pixel mapping. In addition, 

the usable aperture decreased at the edge of the scanning range which reduced the range 

of scattering angles measured which could lead to a deterioration in sizing performance.  
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Figure 6.5: Demonstration of line-scanning capability of the multipoint 

scanning a/LCI system.  Linear scanning was achieved by rotation of the distal 

scanning mirror in a direction perpendicular to the collection axis.  Sub-wavelength 

sphere sizing (dotted black line) was achieved across a scan range of 12 mm.124 

Two-dimensional scanning was then verified using the same 3 x 3 microsphere 

phantom (Figure 6.6). An a/LCI scan was taken for each block within the 12 mm scan 

range of the system and compared to the expected value. Three sample were taken along 

a scan line at -5 mm, 0 mm, and 5 mm from the optical axis for four ROTOR prism 

orientation of 0°, 22.5°, 45°, and 67.5° corresponding to the collection axis rotation of 0°, 

45°, 90°, and 135°. Highly accurate size determination of was achieved over the entire 

phantom with an average absolute error of 0.23 µm in diameter prediction. 
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Figure 6.6: Validation of two-dimensional scanning ability of the multipoint 

system across a 3x3 array of scattering phantoms.  Each phantom is correctly identified 

with sub-wavelength precision, a mean error of ~2.9%, and a maximum error of 6.7% 

(lower middle, 6 m spheres were identified as 5.6 m).   Maximum absolute error 

was 0.8 m, though this was on a large sphere size (15 m) resulting in a percentage 

error of only 5.3%.124 

6.2.2 System Design Trade-off 

In practice, the sizing accuracy of a/LCI is dependent on the angular collection 

range of the instrument.128 In general, reduction in the angular range results in worse 

sizing performance for Mie theory based analysis of the angular scattering profile, thus 

reducing the diagnostic performance of the system. The angular collection range (Δθ) of 

the system is defined by the numerical aperture (NA) of the system. In the original 

clinical a/LCI system, the NA is set by the GRIN lens at the tip of the probe (NA = 0.55, 

Δθ = 33.36°). However in the scanning a/LCI system, the addition of the ROTOR prism 

and scanning element necessitates a lower NA (0.30) for the two 4f relays. For a given 
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system NA, there exists a trade-off between the angular collection range and the 

scanning range of the system. For a given a usable aperture diameter d, defined by the 

clear aperture subtracted by the collimated beam diameter of the excitation 

beam, NA, and focal length of the objective f, the trade‐off between the scanning 

range, s and angular collection range, Δθ can be derived by: 

                   𝑠2 + 𝑏2 = 𝑑2               (6.1) 

           𝑁𝐴 = sin [arctan (
𝑑

2𝑓
)]   (6.2) 

        𝑓 =
d

2tan[arcsin(𝑁𝐴)]
   (6.3) 

                         b = 𝑓𝛥𝜃    (6.4) 

𝑠2 + [
𝑑𝛥𝜃

2tan[arcsin(𝑁𝐴)]
]

2
= 𝑑2  (6.5) 

𝑠2 +
𝑑2𝛥𝜃2

4tan[arcsin(𝑁𝐴)]2
= 𝑑2  (6.6) 

 

A figure displaying the variable definitions is shown in Figure 6.7. 
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Figure 6.7: Pictorial displaying the objective lens of a scanning a/LCI system. 

For a given useable aperture d and focal length f, a relationship between the angular 

scattering collection range θ r and the scanning range s may be computed.128 

To experimentally characterize this tradeoff, the scanning a/LCI benchtop system 

was used. The system was modified with two additional 4f relays and smaller diameter 

optics towards the development of a clinical scanning a/LCI probe. The design of this 

probe is discussed in greater detail in Chapter 7. By varying the lens spacing in this 

system, three configurations with varying angular collection and scanning ranges were 

characterized and compared with those predicted by Eq. 6.7.  

Experimental measurements were taken from a polystyrene bead phantom 

embedded with 12 μm diameter polystyrene microspheres, and the angular scattering 

profile was found by summing the angular scattering intensity across the 0 to 500 μm 

depth bin (Figure 6.8). Fitting accuracy for each case was determined using Mie theory 

ILSA, and the best-fit angular scattering profile is displayed in the same figure. For the 

https://wol-prod-cdn.literatumonline.com/cms/attachment/93414bef-5174-48ed-aa89-3473ceaaeb2f/jbio201800258-fig-0003-m.jpg
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high, medium and low angular collection configurations, the predicted scatterer 

diameter for a 12 μm sphere was 11.8 ± 0.4, 11.6 ± 0.5 and 12.5 ± 0.8 μm, respectively, with 

the uncertainty in the nuclear diameter prediction defined by the nearest theoretical 

scattering distribution where the chi‐squared value has doubled from the minimum.102 

 

Figure 6.8: Depth‐resolved angular scattering profiles (top row) taken from a 

benchtop scanning a/LCI system of a 12 μm polystyrene bead phantom for a high, 

medium and low angular range lens configuration. The corresponding angular 

scattering profile is shown below along with the best‐fit theoretical profile and 

scatterer diameter prediction determined from Mie theory analysis.128 

The scanning range was determined by measuring the maximum range on the 

sample plane over which the illumination beam could be translated before the 

illumination beam was blocked by the probe aperture. The three configurations had 

angular ranges of 27.5°, 23° and 19.5°, with corresponding scan ranges of 8.55, 11.22 and 

14.17 mm, respectively. These three points were compared to the theoretical curve for 
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the benchtop system (NA = 0.30, 18 mm clear aperture, 400 μm beam diameter) in Figure 

6.9. 

 

Figure 6.9: Experimentally measured angular collection and scanning ranges 

for the three lens configurations, along with the theoretical curve describing an ideal 

system. A best‐fit line is also shown, corresponding to a slight reduction in NA 

compared with the theoretical case 

6.3 Discussion 

The benchtop system developed in this chapter demonstrated a potential 

implementation of a scanning a/LCI system which may be used to direct a/LCI scans to 

at-risk sites on the cervical epithelium. However, the benchtop system only provides 

proof of concept, and an extensive effort is discussed in Chapter 7 to convert the 

benchtop system into a clinically viable system. The majority of this work involves 

designing a miniaturized lens system that is capable of delivering the illumination beam 
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onto the cervical epithelium, and developing an automated system for controlling the 

scanning mirror and ROTOR prism position. 

The tradeoff between angular and scanning range will have a significant impact 

on the design of a cervical system. As expected, fitting accuracy decreased and 

uncertainty increased with the decrease of the detectable angular range. While 

subwavelength fitting accuracy was achieved for all three lens configurations, clinical 

imaging has many more confounding factors and variability compared to benchtop 

phantom imaging that can influence the sizing accuracy of a/LCI scans. Thus, further 

analysis is needed to determine what is the required angular range to achieve 

diagnostically useful results for clinical a/LCI. The a/LCI scanning range is also 

paramount in a cervical scanning system. The cervical epithelium is approximately 25 

mm in diameter which is larger than the design constraints for the diameter of a cervical 

imaging probe, as discussed in the development of the mLCI cervical probe in Chapter 

5. Thus, scanning the a/LCI beam to all locations on the cervix is not possible using a 

telecentric scanning design without clipping the angular collection range. However, the 

T-zone is typically closer to the cervical os such that the scanning range of system can be 

reduced and still achieve sufficient coverage to at-risk sites. The tradeoff between 

scanning and angular collection range needs to be explored in greater detail using a 

clinical data set to determine the optimal parameters for a scanning a/LCI cervical probe. 
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7. Development of a Multimodal Imaging Instrument for 
Comprehensive Analysis of Cervical Health 

Two clinical studies have been presented to demonstrate the capabilities of using 

LCI technologies for studying cervical tissue health. The cervical a/LCI study discussed 

in Chapter 4 used a/LCI nuclear morphology measurements for high sensitivity and 

specificity detection of HSIL and dysplastic tissue sites.117 The mLCI instrument 

discussed in Chapter 5 used A-scans for delineating cervical tissue types which can be 

used to map the location of the cervical T-zone. Incorporation of the two technologies 

into a single LCI platform offers the potential for comprehensive screening of cervical 

tissue health using mLCI measurements to direct a/LCI optical biopsies to the T-zone 

where tissue dysplasia most commonly develops. In addition, incorporation of the 

scanning a/LCI system developed in Chapter 6 will enable automatic positioning of the 

a/LCI scan to the T-zone without manual repositioning of the cervical probe by the 

clinician. This chapter discusses the design and development of a cervical scanning 

a/LCI clinical instrument which combines the innovations from these previous studies 

into a multimodal imaging system.  

7.1 Optical Design 

To convert the benchtop scanning a/LCI system into a clinical instrument for 

cervical imaging, several modifications were made. First, the optics within the system 

were reduced to fit within a handheld probe. This involved designing a miniaturized 

ROTOR prism and optical lens relays to fall within the constraints of a cervical probe. 
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Secondly, the sample plane was extended from the 2D scanning mirror. Due to the large 

physical dimensions of a scanning mirror, this component must be positioned outside of 

the body. Because the cervix is typically located 10 cm beyond the vaginal opening, an 

optical relay system was incorporated after the beam steering component to form a 

probe for contact imaging on the cervix. 

The optical system was designed using Zemax. In optimizing the system, an 

optical field was designated for each element within the a/LCI fiber collection bundle 

which corresponds to a collection angle or the excitation beam on the sample plane. The 

references to the optical fields in this chapter refers to these ray paths. 

7.1.1 First Design Iteration 

To reduce the size of the benchtop system, the ROTOR was redesigned with two 

1/2” elliptical mirrors and a 1/2" circular mirror (Figure 7.1). Designing a miniaturized 

ROTOR prism presents a few design challenges. First, the GRIN lens from the a/LCI 

probe has a high NA (0.5) creating collimated rays for each field but high angular 

divergence between fields. Thus, a second, identical GRIN lens was butt coupled to the 

a/LCI GRIN to collimate the fields relative to each other. However, when the fields are 

collimated, the rays associated with each field are divergent. Thus, regardless of the 

position in the optical system, either the fields will be diverging or the rays of each field 

will be diverging. Thus, an additional 4f lens relay (L1 = L2, Thorlabs, AC080-016-B) was 
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incorporated into the ROTOR prism to reduce both field and beam divergence and 

enable the use of lower diameter optical elements.  

Finally, a GRIN lens (LGI830-4, Newport Optics) was incorporated at the end of 

the ROTOR to re-collimate the rays of each field before it is propagated through the 

remainder of the probe. The final GRIN lens has a larger diameter and lower NA (0.46) 

compared to that of the GRIN lens attached to the a/LCI probe to reduce the angular 

divergence of the fields and enable propagation of the fields through the remaining 

optical elements.   

 

Figure 7.1: Optical design for a miniaturized ROTOR prism. A GRIN lens is 

butt coupled to the a/LCI probe lens and 3 mirrors M1-M3 form the reflective surfaces 

of the ROTOR. Two lenses, L1 and L2, confine the beams within the diameter of the 

mirrors and a final GRIN lens is used to collimate the fields. 

To enable optical beam steering, a 2D voice coil mirror (MR-15-30, Optotune) 

was incorporated into the optical design (Figure 7.2). The voice coil mirror has several 

desirable features for a scanning a/LCI system including a small form factor, high 

mechanical tilt angle (±25°), and near gimbal rotation. This is particularly advantageous 
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compared to scanning micro-electro-mechanical system (MEMS) mirrors which are 

limited in the mirror diameter and mechanical tilt range. Following the ROTOR prism, 

two lenses (L3/L4, f = 30 mm and f = 40 mm, respectively) were used to propagate the 

fields onto the scanning mirror. In a telecentric scanning configuration, a tradeoff exists 

between the scanning range and scanning angle (Section 6.2.2). In an attempt to improve 

the scanning range while maintaining a high angular collection range, a non-telecentric 

scanning configuration was used where the scanning mirror would focus the fields onto 

a curved sample plane. This plane was then propagated using two lens relays (L5/L6 

and L7/L8, all f = 25 mm) to create an elongated probe for cervical imaging. Similar to 

the mLCI probe (Section 5.1.2), a meniscus lens was used as a final optical element to 

enable contact imaging with the cervix. The curvature of the meniscus lens was chosen 

to closely match the curved scanning plane.  

 

Figure 7.2: First optical design iteration for the scanning a/LCI cervical probe  

While the optical design achieved good angular collection and scan range (19.5° 

and 10.5 mm, respectively), a benchtop system using this design failed to collect high 
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quality a/LCI scans from polystyrene microsphere phantoms. From aberration analysis, 

it was revealed that the system suffered from high amounts of spherical aberration such 

that the axial focus between the paraxial and off-axis fields varied by several 

millimeters. While the initial optical design iteration was not successful, it highlighted 

one of the main challenges in designing a scanning a/LCI cervical probe. To permit a 

larger angular collection range, a high radius of the lens aperture must be utilized, 

increasing the amount of spherical aberration.   

To reduce the degree of spherical aberration, the lenses within the system should 

not be oriented relative to the illumination beam, but rather, the collection paths such 

that the sample is positioned in an image plane of the optical system. Previous benchtop 

a/LCI systems were similarly designed.111 However, the cervical probe design 

necessitates the use of several lens pairs to incorporate the ROTOR and scanning mirror 

and to form a probe for contacting the cervix. The addition of several optical elements as 

well as the non-telecentric scanning design exacerbates the aberrations within the 

system. Thus, further optimization steps are required in addition to the lens orientation 

to compensate for the aberration within the system.  

7.1.2 Second Design Iteration 

To address the aberration issues of the first design iteration, the subsequent 

design utilized a telecentric scanning system. A simple solution to further reduce the 

aberration would be to demagnify the optical fields so a smaller portion of the lens 
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aperture is used when propagating the fields through the system. Then, the fields can be 

magnified prior to the final focusing lens to maintain a high angular collection range. 

However, this magnification system would equivalently demagnify the scan range, 

greatly reducing the utility of a clinical system. Thus, the optical system was designed so 

that near unity magnification was maintained following the scanning mirror. This leaves 

optimization of the optical elements as the remaining solution for reducing optical 

aberration.  

 

Figure 7.3: Final optical design iteration for the scanning a/LCI cervical probe  

A diagram of the final optical schematic is shown in Figure 7.3. References to lens 

numbers in the following section refer to the lens label in this schematic. Spherical 

aberration in the system can be eliminated by replacing the achromatic doublets in the 

first design with aspheric lenses (Figure 7.4A). However, because the lenses within the 

system are oriented to reduce spherical aberration, the lens orientation is not optimized 

for uniform scanning (Figure 7.4B) or field collimation (Figure 7.4C). Thus, incorporating 
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aspheric lenses would reduce the scan range and the angular resolution of the a/LCI 

system. To minimize these detrimental effects, an aspheric lens (L1, f = 20 mm) was 

added to the system prior to the scanning mirror. Thus, the aspheric lens does not affect 

the scanning quality of the system and field collimation can be corrected with the optical 

elements downstream in the probe. Aspheric lenses are also typically designed with 

higher NA than achromatic doublets, resulting in a larger angular collection range. In 

the optical design, the high NA of the aspheric lens (NA = 0.50) enable collimation of the 

fields directly out of the final ROTOR GRIN, with a sufficiently low focal length (f = 20 

mm) to confine the ray paths within the diameter of a fold mirror (M1) and the 2D 

scanning voice coil mirror. 

 

Figure 7.4: Aspheric lens effects in a scanning a/LCI system. (A) Minimization 

of spherical aberration results in a sharp focus in the focal plane of the lens. (B) 

Representation of a/LCI scanning from the focal plane of the aspheric lens where each 

ray represent a scan angle of the mirror. The orientation of the lens results in poor 

scanning at the edge of the lens. (C) Field collimation using an aspheric lens. Each 

color represents the beam path of a field with the lens spacing optimized for 

collimating the center field (blue). 
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Figure 7.5: Off-axis performance of a Hastings triplet results in better field 

collimation compared to the aspheric lens with lower spherical aberration than a 

doublet lens. 

 Following the 2D scanning mirror, a Hastings triplet (L2, f = 25.4) was 

incorporated to refocus the fields. The triplet has reduced spherical aberrations 

compared to doublet lenses and better off-axis collimation performance compared to 

aspheric lenses (Figure 7.5). Two doublet lenses (L3, f = 40 mm and L4, f = 60 mm) were 

used to relay the fields through the optical probe. Using this lens combination, a 

sufficient axial focus was achieved (~200 µm in axial focus shift between paraxial and 

off-axis rays) at the sample. Three final lenses were incorporated at the end of the probe: 

L5 doublet lens, L6 double-concave lens, and L7 plano-convex lens. These lenses are 

used in combination and spaced to scan onto the curved surface of L7 while optimizing 

field collimation and minimizing spherical aberration. Finally, similar to the mLCI 

probe, two wedge prisms (P1 and P2) were incorporated into the optical system to create 

an 8° bend in the probe to improve the anatomical conformation to the vaginal canal. 

The final probe has a magnification of M = 1.5, resulting in an excitation beam diameter 

of 250 µm at the tip of the probe. 
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7.2 Probe Mechanical Design 

The main body and handle of the scanning a/LCI cervical were 3D printed using 

a Stratasys PolyJet printer (Connex3 Objet350) using a standard, rigid photopolymer 

(VeroWhitePlus, Stratasys) while a detachable probe tip was 3D printed using a medical 

grade photopolymer (MED610, Stratasys). The removable probe tip greatly improves the 

ease of disinfecting the instrument, as the tip can be removed and disinfected at the 

Trophon without having to transport the entire instrument (Figure 7.6).  

 

Figure 7.6: Photograph of the scanning a/LCI probe. (B) Schematic of the 

internal components within the probe handle. 
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The tip of the a/LCI probe was mounted within the main probe body on an X/Y 

translation mount for alignment. A custom mount was printed for the optical 

components within the ROTOR prism (Figure 7.7). The first and third mirrors (M1 and 

M3 in Figure 7.7) within the PRISM were mounted on a tip/tilt and rotation stage as a 

single unit for aligning the ROTOR prism. Two bearings were attached to the edges of 

the ROTOR mount and held in place within the probe body to allow for free rotation of 

the ROTOR prism. The entire ROTOR prism assembly had an approximate dimension of 

78 mm x 83 mm x 30 mm. A pulley was also incorporated into the design of the ROTOR 

mount, and a timing belt connected the ROTOR pulley to a separate pulley connected to 

the shaft of a stepper motor. The stepper motor was used to control the ROTOR position 

during scanning. In addition, a limit switch was mounted onto the main body to provide 

a homing mechanism for the ROTOR prior to the start of the imaging sequence.  

Similar to the mLCI probe, white light imaging capabilities through the tip of the 

probe were incorporated to aid the physician in positioning the probe tip in contact with 

the cervical epithelium. To improve upon the imaging quality of the previous system, 

the fiber imaging bundle was replaced with a miniature USB color camera (MD-B1001, 

Misumi). The miniature camera has a 400 x 400 pixel detector, which offers a significant 

improvement in image resolution compared to the 7000 core fiber imaging bundle used 

in the mLCI probe. Finally, cavities were included in the main body to hold the aspheric 

lens (L1), voice coil mirror, and triplet lens (L2). The wiring for the electrical components 
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(stepper motor, limit switch, voice coil mirror, and camera) were routed out of the back 

of the probe to the system engine. 

  

Figure 7.7: (A) Mount for a miniaturized ROTOR prism. A pulley system is 

used to rotate the ROTOR and a rotation and tip/tilt mount is used for alignment. (B) 

Pulley system used to orient the ROTOR prism in the probe 

The probe tip was designed in two halves with a cavity for each lens in the 

optical design. Similar to the mLCI probe construction (Section 5.1.2) each optical 

component was dropped into its cavity and the two halves are sealed with a medical 

grade silicone. Because the white light camera wire runs from the handle through the 

bottom of the probe, the probe tip cannot be fully detached without cutting this wire. 

Thus, the wire was cut and the two ends were connectorized to circular 6-pin electrical 

connectors (Nano360, Omnetics Connector Corporation). A threaded twist lock was 

used to attach the probe tip to the main handle body, and a registration feature is used 

to ensure the two ends of the electrical connectors are well aligned. A custom 
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attachment was designed to attach to and hang up the probe tip in the Trophon while 

capping and sealing the probe during disinfection. Two silicone O-rings are used to 

ensure a tight seal for the optical path and electronic connector to prevent damaging the 

probe during disinfection. 

7.3 System Engine 

The scanning a/LCI system was designed to couple to the existing clinical a/LCI 

system (2.1.1). One possible implementation to incorporate mLCI imaging capabilities is 

to enable collection of A-scans via the PM delivery fiber in the a/LCI probe to collect 

reflected and straight backscattered light from the sample. Traditionally, this fiber is 

only used as a light delivery fiber, but by incorporating a fiber optic circulator in the 

sample arm, the straight backscattered light can be collected and interfered with a 

reference arm before detection by a line spectrometer (Figure 7.8). Using the scanning 

instrumentation in the probe, OCT B-scans can be produced for each linear scan of the 

voice coil mirror and volumetric imaging can be performed using the same radial scan 

pattern used in scanning a/LCI. However, this iteration of the a/LCI probe was not 

optimized for collecting backscattered light through the PM delivery fiber, and high 

amounts of back reflection within the probe prohibited this implementation in this initial 

prototype.   
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Figure 7.8: Implementation of A-scan imaging in an a/LCI system. By 

incorporating an optical circulator, second reference arm, and a line spectrometer 

(blue shaded area), the straight backscattered light can be collected from the PM 

delivery fiber, interfered, and detected to produce A-scans. 

In the final system design, as an alternative method for collecting A-scans, a/LCI 

scans were summed across all scattering angles to produce a depth-resolved tissue 

scattering profile (Section 2.3.2). While this is a slower implementation, only a single 

a/LCI scan was required to produce a depth scan instead of the 7-8 scans typically 

acquired for nuclear fitting using ILSA. Using this approach, 36 depth scans were 

acquired in approximately 30 seconds during each imaging sequence. The acquisition 

time is predominantly limited by the ROTOR positioning and settling time. 

An Arduino (Arduino Uno Rev3, Arduino) was incorporated into the system 

engine to control the stepper motor and limit switch within probe handle. A LabView 

clinical software interface was implemented to capture and display the white light 

camera image, control the ROTOR rotation and 2D scanning mirror position, and 

acquire the a/LCI data. In addition, the software output serial port commands for 
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controlling the a/LCI system hardware. A complete list of the serial port commands are 

given in Appendix A.  

7.4  Phantom Validation Study 

A PDMS phantom embedded with polystyrene microspheres of varying sizes 

was used to validate the instrument. The PDMS was cured in a mold to create a curved 

surface that matched that of the final lens surface of the probe (Figure 7.9A). The 

phantom was created with four quadrants separated by supports in the phantom holder 

which was 3D printed using acrylonitrile butadiene styrene (ABS). Two PDMS 

quadrants were embedded with 8 μm microspheres while the two remaining quadrants 

were embedded with 15 μm microspheres. A 36 point scan pattern was used to collect 

A-scans across the phantom over a 10 mm diameter circular FOV (Figure 7.9B).  
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Figure 7.9: (A) A four quadrant PDMS microsphere phantom with 8 micron or 

15 micron polystyrene microspheres was used to validate the probe. (B) A-scan 

pattern on the imaging plane. 36 points are captured in a radial pattern covering a 10 

mm diameter circle on the sample plane. The gray area shows the position of the 

phantom supports during phantom imaging. (C) White light photograph of the 

phantom through the tip of the cervical probe. The red-dotted line shows the a/LCI 

scan range. (D) Volumetric image (10 mm diameter circle x 1 mm depth) created from 

interpolating the 36 depth scans on the phantom.  

The white light camera image of the phantom through the tip of the probe is 

shown Figure 7.9C. To produce a volumetric image from the 36 processed a/LCI A-

scans, the A-scans were aligned to form a polar plot for each depth. Each depth is then 

converted to Cartesian coordinates and interpolated into a 50 x 50 pixel image stack to 

produce a volumetric image (Figure 7.9D). The support features within the phantom 
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mold can clearly be visualized in the volumetric image along with the four PDMS 

quadrants. 

Twenty repeated a/LCI scans were also taken from each quadrant in the 

phantom and analyzed using traditional a/LCI processing methods and Mie theory 

based ILSA (Section 2.3.2). The angular scattering profile collected from the probe along 

with the best fit Mie scattering distribution is shown in Figure 7.10. The scanning a/LCI 

system was able to size the microspheres in each quadrant with sub-wavelength 

accuracy (0.25 μm average error), and the system achieved an angular collection range 

of 20.8 degrees.  

 

Figure 7.10: Averaged a/LCI scan for each quadrant of the phantom along with 

the corresponding a/LCI angular scattering profile and best fit scattering profile 

predicted from Mie theory ILSA. 
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7.5 Clinical Pilot Study  

A clinical pilot study was conducted with the scanning a/LCI instrument at the 

Duke Perinatal Clinic. Following voluntary informed consent, the patient was confirmed 

to be non-pregnant by urine testing. The clinical interface was then initialized which 

homed the ROTOR prism and provided a live video feed through the tip of the probe to 

the clinician. Using the video guidance, the clinician inserted the probe without the use 

of a speculum until it was in contact with the cervix and centered on the external os. The 

scanning a/LCI imaging sequence was then initialized in the software interface. First, A-

scans were acquired using 36 a/LCI scans during a single ROTOR sweep to form a radial 

scan pattern covering an 8 mm diameter FOV. Next, the ROTOR was homed before 

a/LCI imaging was performed on pre-selected location in each of four quadrants on the 

cervix with twenty repeated a/LCI optical biopsies acquired at each position. The white 

light video was saved during the imaging sequence to evaluate contact when reviewing 

the acquired data. In addition, the a/LCI scan coordinates on the white light image were 

predetermined by capturing a video of the scan points on an infrared viewing card 

during an imaging sequence. This enabled registration of the a/LCI scan points onto the 

white light image of the cervix. The entire imaging sequence required approximately 2 

minutes to complete. Approximately 90 seconds was used for acquiring the depth scans 

and 30 seconds for acquiring the a/LCI optical biopsies. While less scans are acquired for 

collecting the 36 depth scans, this took a significantly longer amount time due to the 
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added ROTOR positions and dwell time required to image the 36 points (12 ROTOR 

positions for depth scans, 2 ROTOR position for a/LCI scans).  

The white light image of the cervix captured through the probe camera is shown 

in figure 7.11A. The image quality is a significant improvement over the white light 

image acquired through the mLCI probe. Volumetric rendering of the depth scans 

shows clear correlation to the features on the cervical epithelium, particular the location 

of the external os where contact with the probe is lost. 

 

Figure 7.11: (A) and (C) White light image of the cervix captured through the 

tip of the probe from two patients. The blue circle show the FOV of the scanning 

a/LCI probe. (B) and (D) The corresponding volumetric rendering of the cervix from 

interpolation of the 36 A-scans. The white circles show the location of the a/LCI scans 

along with the Mie theory ILSA nuclear diameter and density prediction 
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a/LCI optical biopsies were acquired from four points on the cervical epithelium 

at the 3, 6, 9, and 12 o’clock positions (7.11B). For the first patient (Figure 7.11 (A) and 

(C)) The optical biopsy acquired at the 6 o’clock position lacked sufficient signal due to 

loss of tissue contact from the cervical os. The remaining three optical biopsy sites were 

analyzed using traditional processing techniques and Mie theory ILSA (Section 2.3.2) for 

the basal epithelial depth bin (200 – 250 µm). The three optical biopsies had a nuclear 

diameter prediction of 8.89 µm, 9.075 µm, and 8.33 µm, with a nuclear density 

prediction of 1.048, 1.051, and 1.053, respectively. For the second patient (Figure 7.11 (B) 

and (D)), a/LCI optical biopsies were acquired in each of the four locations with a 

nuclear diameter prediction of 9.25 µm, 8.82 µm, 8.49 µm, and 8.94 µm, with a nuclear 

density prediction of 1.064, 1.058, 1.063, and 1.052, respectively.  Applying the decision 

lines developed in the a/LCI cervical dysplasia study (Section 4.5) all seven tissue sites 

were characterized as healthy tissue using their respective nuclear morphology 

predictions.  

7.5  Discussion  

This chapter describes the development of a clinical scanning a/LCI system that 

has the capability of wide-field volumetric imaging and quantitative nuclear 

morphology measurements. A validation study was performed on a polystyrene 

microsphere phantom where the instrument demonstrated the capability of volumetric 

imaging and high accuracy scatterer diameter prediction from multiple points on the 
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sample. Similar results were found in the clinical pilot study. The volumetric image 

closely matched the anatomical features found in the white light probe image and 

nuclear morphology predictions from the basal layer of the epithelium all indicated a 

healthy cervical epithelium. Significantly, the white light imaging performance of the 

probe is drastically improved compared to that of the mLCI system which should aid 

the clinician in probe placement and result in higher quality data. In addition, the 

clinician was able to position the probe without the use of a speculum which greatly 

improves patient comfort during the procedure.  

The design of the optical system revealed some of the challenges in 

implementing a scanning a/LCI cervical system. Due to the off-axis nature of a/LCI 

imaging and the requirement for multiple lens relays, special consideration must be 

taken when selecting optical components to reduce off-axis aberration for sufficient 

imaging quality at the sample. In this design iteration, aberration was reduced through 

the use of an aspheric and triplet lens. Further optimization can be performed using 

custom designed optical elements such as spherical aberration compensation plates or 

custom designed lens surfaces. However, this would greatly increase the cost of the 

probe compared to using off-the-shelf optical components. 

Due to the limited clinical data set from the initial pilot study, a thorough 

analysis of the cervical data from the instrument cannot be performed. However, a 

larger clinical study will be conducted to determine the capability of the instrument for 
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screening cervical health. Using a similar method developed for the mLCI data set 

(Section 5.3), an automated algorithm will be developed to characterize a/LCI depth 

scans as endocervical or ectocervical tissue to map the location of the cervical T-zone. In 

addition, the four quadrant optical biopsy will be used to determine the capability of 

using the scanning a/LCI nuclear morphology measurements for detecting cervical 

dysplasia.  

While this initial study demonstrates the capabilities of a scanning a/LCI cervical 

probe, many future directions can be taken to improve functionality of the instrument. 

First, the software and instrumentation should allow the clinician to manually decide on 

the location of a/LCI optical biopsy. The software interface could provide the clinician 

with both a high quality white light image through the tip of the probe and a volumetric 

image taken from wide-field depth scans, marked with areas delineated as the T-zone 

from the automated tissue characterization algorithm. These supporting images will 

provide the clinician with more information to place the a/LCI optical biopsies at tissue 

sites most susceptible of harboring tissue dysplasia.   

In addition, significant work can also be done to improve and miniaturize the 

design of the probe. Due to the large size of the ROTOR prism, mount, and motor/pulley 

system, the probe handle is quite bulky and heavy, making it more difficult for the 

clinician to handle and maneuver the probe. Further efforts to minimize the ROTOR 

prism design can greatly reduce the size of the probe handle.   
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Finally, to preserve a sufficient angular collection range for sizing cell nuclei, a 

FOV of approximately 1 cm diameter was achieved which is not large enough to cover 

the entire cervical epithelium. Future iterations can employ non-telecentric scanning 

designs to achieve larger scanning area, but this will require a more sophisticated optical 

design to compensate for the added aberrations using this scanning geometry. However, 

using a non-telecentric scanning design could also enable the use of a smaller form 

factor beam steering element, such as a large diameter micro-electro-mechanical system 

(MEMS) mirror. If this component can be incorporated closer to the distal tip of the 

probe, the amount of aberration induced from non-telecentric scanning could be greatly 

reduced.  

While a considerable amount of work needs to be done to produce a fully 

functional and optimized scanning a/LCI cervical probe, this study demonstrated the 

potential of adapting the scanning a/LCI technology for detecting cervical dysplasia. 

This study leveraged the results obtained from the previous a/LCI and mLCI clinical 

studies to produce a multimodal coherence imaging system for assessing cervical 

epithelial health. Future development of this device offers the potential of providing an 

adjunct system for assisting clinician in diagnosing tissue dysplasia. 
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8. Conclusion 

The work presented in this dissertation describes the development of a 

multimodal coherence imaging platform for detecting cervical dysplasia. This included 

the development of two cervical imaging modalities: a/LCI for measuring nuclear 

morphology at the basal epithelial layer and mLCI for mapping the cervical tissue types 

for delineating the cervical T-zone.  

The initial effort focused on the development of a novel CWT based analysis 

technique for fast analysis of a/LCI in Chapter 3. The final hybrid algorithm 

demonstrated a 3.3 fold improvement in processing time compared to traditional Mie 

theory based analysis. In addition, this study demonstrated the capability of applying 

a/LCI optical biopsy measurements to ex vivo cervical tissue and motivated the 

development of a clinical a/LCI device for detecting cervical dysplasia in Chapter 4. This 

device demonstrated high sensitivity and specificity detection of HSIL and dysplastic 

tissue sites in a clinical study on 50 patients, and the hybrid algorithm developed in 

Chapter 3 was further validated in this data set.  

While the a/LCI clinical study demonstrated the feasibility of employing a/LCI 

measurements for detecting cervical dysplasia, as a point probe, the a/LCI system lacks 

the capability of comprehensive screening of cervical tissue health. This motivated the 

development of the mLCI cervical probe and scanning a/LCI benchtop system in 

Chapter 5 and Chapter 6, respectively. The mLCI probe was capable of acquiring wide 
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field A-scans using a contact probe on the cervix in vivo. In addition, a LDA algorithm 

characterized mLCI A-scans as ectocervical or endocervical tissue with high 

concordance to colposcopic analysis. This study demonstrated the utility of using LCI 

depth measurements for mapping the cervical epithelial tissue types to delineate the 

location of the T-zone for guiding a/LCI optical biopsies to tissue sites most likely to 

harbor dysplasia.  

Towards this goal, a scanning benchtop a/LCI system was developed to provide 

a mechanism for steering a/LCI optical biopsies to different locations on the cervical 

epithelium. The scanning a/LCI system incorporated a ROTOR prism and a 2D scanning 

mirror to perform radial scans on the sample to overcome the limitations of traditional 

optical scanning mechanisms. The benchtop system performance was determine on a 

polystyrene microsphere phantom of varying size microspheres. Fitting accuracy, 

angular collection range, and scanning range were characterized on the benchtop 

system.  

Finally, in Chapter 7, a multimodal imaging system was designed and developed 

using the technological advancements from the previous devices. Using the clinical 

a/LCI system engine, the final device utilized the probe design from mLCI study and the 

beam steering mechanism of the scanning a/LCI system to acquire 36 depth 

measurements and a four quadrant optical biopsy on the cervical epithelium. The device 

was validated on a polystyrene microsphere phantom and on the cervix in vivo. In these 
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validation studies, volumetric imaging and high accuracy scatterer diameter prediction 

was demonstrated. A future clinical feasibility study will be conducted on a larger 

patient population to validate the performance of the instrument. Further refinement 

and optimization of this system has the potential for a fully automated coherence 

imaging platform for detecting cervical dysplasia.   
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Appendix A 

This appendix gives a complete list of the serial commands used for controlling 

the a/LCI clinical system hardware including the SLD, shutters, and reference arm 

position. The commands are output at a baud rate of 115200 bps. Each serial command 

begins with the hexadecimal output ‘A5’, followed by a code for the hardware 

component, followed by the code for the hardware state, and lastly followed by an 8-bit 

cyclic redundancy check (CRC-8) of the output following the ‘A5’ start command. For 

the SLD and shutter control, the hardware state controls whether each component is in 

the ‘on’ or ‘off’ state. For the reference motor control, the hardware state controls the 

number of steps the motor moves. An example is shown below for moving the motor 1 

step along with a full table of the serial commands. 

 

Figure A1. Serial code output example for moving the reference motor 1 step 

 

 

 

A5          05 04          00 00 00 00 05

Serial 
output 
start

Motor 
component 

code

32-bit step 
size

CRC-8 for 
output 

command 
(red text)
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Table A1. List of serial port commands for controlling a/LCI hardware 

Command Start 

Hardware 

Code 

Hardware 

State CRC-8 Full Code 

SLD control   On/Off   

SLD On A5  02 08  01  79 A5 02 08 01 79 

SLD Off A5  02 08  00  7E A5 02 08 00 7E 

Shutter Control   Ref.     Samp.          

Total A5  03 05  01        01  E8 A5 03 05 01 01 E8 

Background A5  03 05  00        00  FA A5 03 05 00 00 FA 

Reference A5  03 05  01        00  EF A5 03 05 01 00 EF 

Sample A5  03 05  00        01  FD A5 03 05 00 01 FD 

Reference Motor 

Control 

   

32-bit step size 

  

Move +1 Step A5 05 04 00 00 00 01 05 A5 05 04 00 00 00 01 05 

Move -1 Step A5 05 04 FF FF FF FF DC A5 05 04 FF FF FF FF DC 
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