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Abstract

This study sought to establish the feasibility of using in situ depth-resolved nuclear morphology 

measurements for detection of cervical dysplasia. Forty (40) enrolled patients received routine 

cervical colposcopy with angle-resolved low coherence interferometry (a/LCI) measurements of 

nuclear morphology. a/LCI scans from 63 tissue sites were compared to histopathological analysis 

of co-registered biopsy specimens which were classified as benign, low-grade squamous 

intraepithelial lesion (LSIL), or high-grade squamous intraepithelial lesion (HSIL). Results were 

dichotomized as dysplastic (LSIL/HSIL) versus non-dysplastic and HSIL versus LSIL/benign to 

determine both accuracy and potential clinical utility of a/LCI nuclear morphology measurements. 

Analysis of a/LCI data was conducted using both traditional Mie theory based processing and a 

new hybrid algorithm that provides improved processing speed to ascertain the feasibility of real-

time measurements.

Analysis of depth-resolved nuclear morphology data revealed a/LCI was able to detect a 

significant increase in the nuclear diameter at the depth bin containing the basal layer of the 

epithelium for dysplastic versus non-dysplastic and HSIL versus LSIL/Benign biopsy sites (both p 
< 0.001). Both processing techniques resulted in high sensitivity and specificity (> 0.80) in 

identifying dysplastic biopsies and HSIL. The hybrid algorithm demonstrated a threefold decrease 

in processing time at a slight cost in classification accuracy. The results demonstrate the feasibility 

of using a/LCI as an adjunctive clinical tool for detecting cervical dysplasia and guiding the 

identification of optimal biopsy sites. The faster speed from the hybrid algorithm offers a 

promising approach for real-time clinical analysis.
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Introduction

Cervical cancer, caused by persistent human papillomavirus (HPV) infection, is the most 

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

and 276,700 deaths in 2012 (1). Cervical cancer most commonly develops over the course of 

several years, such that early detection and treatment of cervical dysplasia (pre-cancer) is 

critical in preventing the progression to cancer and improving patient outcome. Traditional 

screening programs use cervical cytology as the primary initial screening tool for cervical 

dysplasia and cancer. If abnormal cytology results are found, clinicians will consider patient 

characteristics and formal clinical management algorithms to identify patients who should 

proceed to a colposcopy examination where dysplasia is diagnosed via biopsy of the most 

suspicious areas for histopathological analysis (2). In many Western countries, these 

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

significantly reducing morbidity and mortality (1).

Despite the successes of these screening techniques, they are limited in either their 

sensitivity, (approximately 0.54 for cytology (3) vs. 0.85 for colposcopy (4,5)) or specificity 

(0.69 for colposcopy vs. approximately 0.96 for cytology), with both offering limited 

interobserver reproducibility (κ = 0.46 for cytology (6) and κ = 0.40 for colposcopy (7)). 

Moreover, these techniques are 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. These limitations have inspired the development of 

numerous optical techniques for early detection of cervical cancer that aim to detect 

biochemical and structural changes in the cervical tissue indicative of neoplasia (8,9). 

Design of new technology requires an understanding that the vast majority of cervical 

dysplasia and cancers arise from persistent HPV infection at the squamo-columnar junction 

of the cervix, where HPV is first established among the differentiating layers of squamous 

metaplastic epithelium (10). HPV causes recognizable cellular changes, including increased 

nuclear size and density, increased nuclear to cytoplasmic ratio, and altered chromatin 

texture (11). Persistent HPV infection leads to progressive replacement of the epithelium 

with undifferentiated cells, and histologically diagnosed lesions known as low-grade 

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

(HSIL) (12). Examples of optical techniques used to detect cervical dysplasia include 

autofluorescence microscopy (13–15), fluorescence and reflectance spectroscopy (16–20), 

Raman spectroscopy (21–23), optical coherence tomography (OCT) (24,25), and confocal 

microscopy (26–28). Some more recent advances include atomic force microscopy imaging 

of liquid based cytology (29), development of point-of-care tampon-based digital colposcope 

(30), photoacoustic imaging for detection of cervical lesions (31), fluorescence lifetime 

imaging of H&E tissue sections (32), and a structured illumination fiber-optic 

microendoscope for studying nuclear morphology in cervical columnar epithelium (33).
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In this paper, we present a clinical study aimed at establishing the feasibility of using angle-

resolved low coherence interferometry (a/LCI) as an optical biopsy technique for the early 

detection of cervical dysplasia. This technique offers unique capabilities by providing depth-

resolved, nuclear morphology profiles of the cervical tissue sample, enabled by low 

coherence interferometry. Briefly, the technique splits light from a broadband source into a 

sample and reference arm. The scattered and reflected light from the sample is interfered 

with light from the reference arm to produce an interferogram which encodes depth 

resolution in the spectral fringe frequencies. The depth of the scatterer can be extracted 

using a Fourier transform which permits the discrimination of the scattering field from sub-

surface tissue layers. This scattering field can be analyzed to extract the nuclear morphology, 

which can serve as a highly useful biomarker of dysplastic change (34,35). Previous studies 

have also used optical imaging techniques to study nuclear atypia through neoplastic 

progression. Quinn et al. and Pierce et al. utilized high resolution microendoscopy in vivo 
and found an increase in nucleus to cytoplasm ratio in neoplastic tissue sites (36,37). Sung et 

al. developed a fiber optic confocal reflectance microscope for studying nuclear morphology 

in cervical epithelium in vivo (38). 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 (39,40). However, the unique capability of a/LCI to obtain 

quantitative nuclear morphology measurements specifically at or near the basal layer of the 

cervical epithelium, enables high sensitivity and specificity, by targeting measurements at 

the tissue site where nuclear atypia and dysplasia usually originates. This capability may 

support more sensitive, earlier detection of cervical dysplasia compared to other optical 

techniques. The diagnostic capability of a/LCI to detect nuclear abnormalities, specifically 

nuclear enlargement at sub-surface layers, has been demonstrated in previous studies of 

epithelial dysplasia including esophageal cancer in vivo (41), and cervical (42) and colonic 

cancer (43) ex vivo.

Nuclear morphology data is extracted computationally from a/LCI data using inverse light 

scattering analysis (ILSA). In this study, we used two ILSA techniques: traditional Mie 

theory based ILSA (44), and a new hybrid algorithm which combines Mie theory based 

ILSA with a continuous wavelet transform (CWT) analysis (42). While Mie theory ILSA 

has been shown to provide accurate nuclear morphology data, its clinical utility is limited 

due to long computational times, on the order of seconds. Ideally, the instrument should 

provide feedback to the clinician within one second for each biopsy site to provide rapid 

analysis and to limit the total time of an imaging session. To address this issue, we 

developed a hybrid algorithm that utilizes a preliminary CWT analysis, to produce a coarse 

estimate of the scatterer (i.e. nucleus) diameter. CWT enables faster determination of the 

scatterer diameter, as shown in previous studies using tissue phantoms and cell nuclei in 
vitro (45) but with some loss of accuracy and precision. The hybrid algorithm improves on 

the stand-alone CWT analysis by performing a fine sizing step with Mie theory ILSA over a 

greatly reduced database search range based on the coarse estimate. Thus, the hybrid 

algorithm offers a substantial improvement in processing speed compared to Mie theory 

ILSA, and shows potential for real-time clinical analysis (42).

This study aimed to assess the feasibility of using a/LCI depth-resolved nuclear morphology 

measurements to evaluate the cervical epithelium for dysplasia. We hypothesize that a/LCI 
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will detect nuclear enlargement in the basal layer of dysplastic cervical epithelium as 

compared to benign tissues. The a/LCI data were analyzed using both Mie theory ILSA and 

the hybrid algorithm to compare accuracy and processing speeds. We hypothesize that the 

hybrid algorithm will provide a significant improvement in processing time compared to 

Mie theory ILSA without significantly decreasing the sensitivity and specificity of the 

system. Proving these hypotheses demonstrates the feasibility of applying a/LCI 

instrumentation to evaluate cervical dysplasia and illustrates the potential real-time clinical 

application as a supplement to traditional cervical diagnostic techniques.

Materials and Methods

Clinical Study Protocol

We enrolled 40 women, including 33 women from the University of California, San 

Francisco (UCSF) Gynecologic Dysplasia Clinic and 7 healthy women from a UCSF HPV 

cohort study that was previously described (46). 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 dysplasia patients were originally 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 3% acetic acid was applied under colposcopy 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 a/LCI probe tip (10 mm diameter) was 

gently placed in contact with the tissue surface at each intended biopsy site and 100 repeated 

optical scans (25 milliseconds each) were recorded (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 is slightly protruded, leaving a tissue indentation showing where the optical 

biopsy was taken. This provides visual guidance to assist the clinician in co-registering the 

cervical biopsies as demonstrated previously (41).

Biopsy specimens were formalin fixed and paraffin embedded in the clinical laboratory. 

Standard H&E stained biopsy sections were analyzed by a pathologist blinded to the a/LCI 

optical biopsy results. The biopsies were categorized as benign, LSIL, also known as 

cervical intraepithelial neoplasia-1 (CIN 1), or HSIL, also known as cervical intraepithelial 

neoplasia-2/3 (CIN 2/3) (12). This study was approved by the Institutional Review Boards of 

UCSF and Duke University.

a/LCI Instrumentation

The a/LCI design is based on a Mach-Zehnder interferometer where light from a broadband 

source is split into a sample and reference arm. Light in the sample arm is delivered to the 

tissue, and the angularly backscattered light is collected, mixed with the light in the 
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reference arm, detected, and analyzed to produce depth-resolved angular scattering profiles 

of the tissue (Figure 1).

A detailed description of the a/LCI system design and instrumentation is provided by Zhu et 

al. (47). Briefly, a superluminescent diode (λ = 830 nm, Superlum, Moscow, Russia) is used 

as the light source. The light in the sample arm is P-polarized using a polarization controller 

(Thorlabs, Inc., New Jersey), and propagated in a polarization maintaining fiber (Corning, 

Inc., New York) to the distal end of the probe tip where it is incident onto the tissue. The 

elastically backscattered light from the tissue is collected by a coherent fiber bundle (Schott 

Inc., Southbridge, MA) and mixed with path-length matched light from the reference arm. 

The combined signal is detected using an imaging spectrograph (SP-2150i, Princeton 

Instruments, Acton, MA) with a high sensitivity charge coupled device (CCD) camera 

(PIXIS: 100, Trenton, NJ).

To adapt the instrument for cervical imaging, a handheld wand was manufactured to enable 

the clinician to position the a/LCI probe tip (10 mm diameter) against the cervical 

epithelium (Fig 1B). A stainless steel tube in the center of the wand contains the optical fiber 

probe (1 mm diameter), with a 20° bend 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.

Data Processing

The a/LCI data are processed by segmenting each scan into 50 μm depth bins starting at the 

tissue surface and ranging to 300 μm deep. The depth bin from 200–250 μm is estimated to 

be the basal/parabasal layer of the epithelium, as determined from analysis of histopathology 

slides and features in the a/LCI scans. While the primary target of a/LCI is the basal layer of 

the epithelium, variations in the epithelial thickness necessitates a depth bin larger than the 

single cell 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. The a/LCI scan is summed across scattering angles at each depth to produce a 

plot of signal intensity versus depth (A-scan). A-scans with insufficient signal are excluded. 

Reasons for poor signal quality include patient movement, probe movement, interference 

from cervical mucus, or poor tissue contact with the probe. All remaining scans are analyzed 

to determine depth resolved nuclear morphology measurements which are averaged for each 

biopsy site. For each scan, the angle resolved scattering profile is determined for each depth 

bin and analyzed to produce a nuclear morphology measurement, using the processing 

method discussed by Brown, et al. (44). Briefly, the scan is filtered to remove the scattering 

components from intercellular correlations and subcellular organelles. This isolates the 

scattering profile of the nucleus and obtains a nuclear morphology measurement using Mie 

theory ILSA or the hybrid algorithm. The nuclear morphology data are averaged across all 

scans for each depth bin at each biopsy site. This processing procedure is illustrated in 

supplemental figure 1.

In Mie theory analysis, the nuclear scattering profile is compared to a database of simulated 

Mie theory profiles until a best fit is found using chi-squared (χ2) as a comparative metric. 

Ho et al. Page 5

Int J Cancer. Author manuscript; available in PMC 2018 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This produces a prediction for the nuclear diameter and relative index of refraction of the 

cell nucleus to cytoplasm (termed the nuclear density) at each depth bin. This is repeated for 

all scans of sufficient quality obtained at a given biopsy site and the nuclear morphology 

predictions are averaged to represent the given site (more details provided by Brown, et al. 

(44)).

For the hybrid algorithm, a coarse sizing step using CWT based ILSA is performed prior to 

a fine sizing step using Mie theory ILSA. A detailed discussion of the hybrid algorithm’s 

methodology is discussed in a previous ex vivo cervical tissue study (42). Briefly, peaks are 

observed in the CWT of the a/LCI data which connect the wavelet dilation factor to the 

oscillatory frequency of the angular scattering profile. These dilation factor peaks are used to 

estimate the size of the scatterers. Regression analysis establishes the relationship between 

the dilation factor peak and the size of the scatterer by application to simulated angular 

scattering profiles predicted by Mie theory. Thus, by taking the CWT of the a/LCI data, the 

dilation factor peaks are used to produce a coarse estimate of the nuclear diameter. Mie 

theory ILSA is then performed for a reduced database, with a range of ±1 μm around the 

CWT predicted nuclear diameter.

The nuclear morphology measurements from both algorithms were grouped by 

histopathological classification and compared. However, a/LCI measurements were not 

directly compared 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 quantitative nuclear morphology data for comparison 

to in vivo measurements.

Statistical Analysis

The independent variable was the cervical biopsy result determined by histopathology and 

categorized as benign, LSIL, or HSIL. We also dichotomized the histopathology 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 aggressive medical intervention to remove the abnormal tissue, LSIL can 

resolve without treatment and is often monitored closely to ensure it does not develop into 

HSIL to avoid unnecessary surgical intervention. Thus, the clinical course of action for LSIL 

more closely resembles that of benign tissue sites. Consequently, a separate analysis was 

performed with the biopsies dichotomized as HSIL and LSIL/benign. The dependent 

variables were the nuclear diameter and density as measured by the a/LCI scans and 

analyzed by either the Mie theory ILSA or the hybrid algorithm.

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. Potential confounding variables included 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 in the study were negative for Chlamydia and gonorrhea infections; thus these 
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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 (supplemental table 1). A final multiple linear regression model was constructed 

which included all significant confounders, and the adjusted p-values are determined for the 

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

those adjusted for the relevant confounders. Sensitivity and specificity of a/LCI as a tool to 

identify dysplasia (HSIL/LSIL) or HSIL was determined using the optimal point on the 

receiver operating characteristic (ROC) curve. For hybrid analysis, the optimal point on the 

ROC curve was used as the nuclear diameter threshold for classifying the biopsy sites. For 

Mie theory ILSA, two variables (nuclear diameter and nuclear density) were used to classify 

the biopsy sites. Linear discriminant analysis (LDA) was used to find a linear classifier 

based on a linear combination of the two variables, and the optimum value of the linear 

classifier was found using the ROC curve. In addition, the sensitivity and specificity was 

determined using leave-one-out cross-validation to ensure the model does not overfit the 

data. Statistical analyses were performed using MATLAB, R2015a (MathWorks, Inc., 

Natick, MA) and R 3.2.2 (RStudio, Boston, MA).

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 

assessed the ability of a/LCI to distinguish dysplastic (HSIL/LSIL) from non-dysplastic 

biopsy sites (Table 1). Using Mie theory ILSA, the nuclear diameter was determined for all 

depths, and the mean nuclear diameter was observed to be significantly greater for the 

dysplastic biopsy sites compared to the non-dysplastic biopsy sites (11.62 μm versus 8.22 

μm, p < 0.001) at the basal/parabasal epithelial bin (200–250 μm). Lower mean nuclear 

density was similarly detected at 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 basal/parabasal 

epithelial bin nuclear morphology predictions from Mie theory ILSA are shown in Figure 

2A. We observed that the optimal classification line in distinguishing dysplastic from non-

dysplastic tissue sites using both nuclear density and diameter (gray dotted line) offers the 

same high sensitivity and specificity (1.00 and 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 at the dysplastic biopsy sites compared to the non-

dysplastic biopsy sites (10.71 μm versus 9.11 μm, p < 0.001) (Table 1). A scatterplot of the 

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

shown in Figure 2B along with the optimal nuclear diameter classification line (gray dotted 

line). ROC analysis resulted in an area under the curve (AUC) of 0.99 for Mie theory and 

0.948 for hybrid analysis (Figure 3A). The optimal nuclear diameter threshold was 

determined from the ROC curves to be 9.66 μm and 10.15 μm for Mie theory ILSA and the 

hybrid algorithm, respectively. This produced a sensitivity and specificity of 1.0 and 0.97 
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respectively, for Mie theory ILSA, and 0.83 and 0.94, respectively, for the hybrid algorithm. 

A negative predictive value (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 1.

Next, we instead dichotomized the biopsy sites as 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, again 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 1), and both variables are used to classify the 

biopsies (black dotted line, Figure 2A). The ROC for Mie theory ILSA produced an AUC of 

0.914 (Figure 3B), a sensitivity of 1.0, a specificity of 0.82, a NPV of 1.00, and a PPV of 

0.59. Similarly, 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 (black dotted line, Figure 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 1. 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.

From multiple group comparison across all 3 groups (HSIL, LSIL, benign), 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). HSIL showed a similar 

trend for 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 formal significance.

For calculation of 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 algorithm required 73.2 ms per 

profile (Table 1). Traditionally, a minimum of 10 repeated optical biopsies are taken for 

clinical data to sufficiently analyze each biopsy site using a/LCI (41). 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.

Discussion

The clinical a/LCI instrument was able to detect 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 in good agreement with our previous clinical a/LCI study on 

Barrett’s esophagus which found an enlargement in nuclear diameter at the basal/parabasal 

layer depth bin of 200–300 μm to be most predictive of dysplasia (41). In addition, the high 

Ho et al. Page 8

Int J Cancer. Author manuscript; available in PMC 2018 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sensitivity and specificity determined in this study are consistent with a previous a/LCI study 

conducted on ex vivo cervical tissue (42). Given the high sensitivity and specificity of both 

Mie theory and hybrid analysis, this pilot study demonstrates the promising clinical utility of 

a/LCI as an optical biopsy tool to augment traditional biopsy procedures. 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 

to supplement current biopsy techniques may help clinicians to avoid acquiring biopsies 

from benign tissue sites, and to better locate dysplastic tissue sites.

While previous optical techniques such as high resolution microendoscopy and confocal 

microscopy detect changes in nuclear morphology in dysplastic cells at the superficial layers 

(typically less than 200 μm deep) of the epithelium, they often lack the sensitivity to detect 

changes in nuclear morphology in mild grade dysplasia (36–38). In this study, a/LCI was 

able to detect a significantly greater nuclear diameter at the basal/parabasal epithelial bin for 

both HSIL versus LSIL/benign, and HSIL/LSIL versus benign, using either Mie theory 

ILSA or the hybrid algorithm. This initial study demonstrates the ability of a/LCI to detect 

dysplastic tissue sites by targeting the nuclear backscattering signal from the basal/parabasal 

layer of the epithelium, independent of the scattering from more superficial layers. This 

critical targeting capability of a/LCI is not offered by other optical screening techniques; 

thus a/LCI is uniquely suited for clinical application to the cervical epithelium and has the 

potential to enhance clinical efforts towards earlier detection of cervical dysplasia.

The a/LCI approach offers advantages over other optical modalities such as fluorescence and 

reflectance spectroscopy which detect dysplasia by observing transformation in tissue 

architecture or biochemical composition, and over Raman spectroscopy which detects 

changes in tissue on the molecular scale. These techniques, however, do not provide 

information at 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 nucleus. In addition, many of these modalities 

require an expert technician to interpret the images to make a diagnosis. The a/LCI approach 

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.

A novel aspect of this study is the first evaluation of the hybrid algorithm on a clinical data 

set. For 10 repeated optical scans per biopsy site, the hybrid algorithm takes less than one 

second for analysis. Additionally, the hybrid algorithm offers over a threefold improvement 

in processing time compared to Mie theory ILSA which 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%. This decrease in performance is largely due to the limitations of the 

CWT analysis, including a reduction in sizing resolution for larger scatterers and added error 

due to the relative refractive index assumption (45). In conjunction with the reduced Mie 

search range, this results in a constrained sizing range that has the tendency of moving 

towards a more central size prediction, resulting in poorer separation between the biopsy 
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groups. However, the faster speed could open the possibility of compensating by taking 

more scans at a given tissue site to improve diagnostic performance. In this study, the error 

of the hybrid algorithm diameter prediction compared to the Mie theory prediction 

decreased by an average of 1.6% for every additional scan taken. In addition, the future 

feasibility of real-time clinical analysis by a/LCI will rely on reasonably quick processing 

time to allow immediate 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 at-risk sites or to increase surveillance coverage of at-risk tissues.

Although neither analysis technique determined a significant difference in nuclear 

characteristic between LSIL and HSIL, 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 (41,43). Other factors may contribute to changes in the optical 

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.

A greater difference was expected in nuclear morphology closer to the surface of the 

epithelium (depths <200 μm) between HSIL and LSIL, but the predicted nuclear 

characteristics were not diagnostically significant (Supplemental figure 2). While it may be 

possible to use measurements from multiple layers in combination to produce a more 

accurate classifier, this was avoided to prevent overfitting the classification algorithm due to 

the limited sample size in this feasibility study. The lack of diagnostic significance may be 

due to 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. These findings are similar to those 

found in the clinical a/LCI esophageal study where nuclear size data collected above 200 μm 

were not diagnostically useful. Moreover, HPV replication occurs in the middle layers of the 

cervical epithelium (100–200 μm) which causes nuclear changes beginning in LSIL, making 

it even more difficult to distinguish differences in the nuclear characteristic of LSIL and 

HSIL in this layer. These factors may be contributors to the LSIL false positives, resulting in 

the lower PPV observed in the HSIL vs. LSIL/benign dichotomization. While the 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 the Mie 

theory ILSA and hybrid algorithms were able to distinguish HSIL from LSIL/benign biopsy 

sites with high sensitivity, specificity and NPV.

While the conclusions drawn from this study are limited by our sample size, we 

demonstrated the promising clinical utility of a/LCI. This initial study shows the feasibility 

of applying the a/LCI probe to the cervical epithelium and collecting a/LCI optical biopsy 

scans during a single pelvic examination in combination with traditional diagnostic 
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techniques. In addition, a strong relationship was found between nuclear enlargement at the 

basal/parabasal epithelial bin, as measured by a/LCI using Mie theory and hybrid analysis, 

and the presence of dysplasia in histological analysis. The data collected from this feasibility 

study will serve as a training set to establish the decision lines for grading biopsy sites for 

future prospective studies. Further advancement of the hybrid algorithm could lead to real-

time processing and analysis of a/LCI scans during a patient’s clinical examination. The 

a/LCI nuclear morphology measurements would aid the clinician in identifying dysplastic 

tissue sites in vivo. This could assist in earlier detection of tissue dysplasia, resulting in 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, 

future technical advances will seek to enable multiple a/LCI measurements across the cervix 

without repositioning the probe. The main challenge of this advance is to implement an 

optical scanning mechanism within the probe with sufficient range to redirect the a/LCI 

illumination and collection point across the entire cervical epithelium to enable 

comprehensive screening.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

a/LCI Angle-Resolved Low Coherence Interferometry

LSIL Low-Grade Squamous Intraepithelial Lesion

HSIL High-Grade Squamous Intraepithelial Lesion

HPV Human Papillomavirus

OCT Optical Coherence Tomography

ILSA Inverse Light Scattering Analysis

CWT Continuous Wavelet Transform

CIN 1 Cervical Intraepithelial Neoplasia-1

CIN 2/3 Cervical Intraepithelial Neoplasia-2/3

Ho et al. Page 11

Int J Cancer. Author manuscript; available in PMC 2018 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ROC Receiver Operating Characteristic

LDA Linear Discriminant Analysis

NPV Negative Predictive Value

PPV Positive Predictive Value

AUC Area Under the Curve

CI Confidence Interval
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Novelty and Impact

The first clinical feasibility study of angle-resolved low coherence interferometry (a/LCI) 

for cervical dysplasia detection is presented. The strength of a/LCI is its depth resolution, 

enabling detection of increased nuclear diameter at sub-surface layers of the epithelium, 

yielding high sensitivity, specificity, and 100% NPV for detecting cervical dysplasia. 

Demonstrating feasibility of instrumentation and analysis algorithms helps justify further 

development of a/LCI as a real-time optical biopsy system to supplement traditional 

cervical cancer diagnostic techniques.
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Figure 1. 
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Figure 2. 
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Figure 3. 

Ho et al. Page 18

Int J Cancer. Author manuscript; available in PMC 2018 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
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Table 1

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) 11.62 ± 0.92 10.71 ± 0.72

 Non-dysplastic (n = 33) 8.22 ± 0.83 9.11 ± 0.85

 Unadjusted p value p ≪ 0.001 p ≪ 0.001

 Adjusted p value p ≪ 0.001a p ≪ 0.001b

Nuclear Density (mean ± SD)

 Dysplastic 1.042 ± 0.004 –

 Non-dysplastic 1.053 ± 0.005 –

 p value 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) 12.04 ± 0.92 10.94 ± 0.79

 Low Risk (n = 50) 9.27 ± 0.83 9.60 ± 1.04

 Unadjusted p value p ≪ 0.001 p ≪ 0.001

 Adjusted p value p ≪ 0.001a p ≪ 0.001b

Nuclear Density (mean ± SD)

 HSIL 1.041 ± 0.003 –

 LSIL/Benign 1.050 ± 0.006 –

 p value 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
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c
Sensitivity and specificity based on optimal decision line from ROC analysis
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