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Noninvasive Evaluation of Oral
Lesions Using Depth-sensitive
Optical Spectroscopy

Richard A. Schwarz, MS', Wen Gao, PhD', Crystal Redden Weber, BS?, Cristina Kurachi, DDS, PhD3,
J. Jack Lee, PhD?, Adel K. EI-Naggar, MD, PhD®, Rebecca Richards-Kortum, PhD',
and Ann M. Gillenwater, MD®

BACKGROUND: Optical spectroscopy is a noninvasive technique with potential applications for diagnosis
of oral dysplasia and early cancer. In this study, we evaluated the diagnostic performance of a depth-sensi-
tive optical spectroscopy (DSOS) system for distinguishing dysplasia and carcinoma from non-neoplastic
oral mucosa. METHODS: Patients with oral lesions and volunteers without any oral abnormalities were
recruited to participate. Autofluorescence and diffuse reflectance spectra of selected oral sites were mea-
sured using the DSOS system. A total of 424 oral sites in 124 subjects were measured and analyzed, includ-
ing 154 sites in 60 patients with oral lesions and 270 sites in 64 normal volunteers. Measured optical
spectra were used to develop computer-based algorithms to identify the presence of dysplasia or cancer.
Sensitivity and specificity were calculated using a gold standard of histopathology for patient sites and
clinical impression for normal volunteer sites. RESULTS: Differences in oral spectra were observed in:
(1 neoplastic versus nonneoplastic sites, (2) keratinized versus nonkeratinized tissue, and (3) shallow ver-
sus deep depths within oral tissue. Algorithms based on spectra from 310 nonkeratinized anatomic sites
(buccal, tongue, floor of mouth, and lip) yielded an area under the receiver operating characteristic curve
of 0.96 in the training set and 0.93 in the validation set. CONCLUSIONS: The ability to selectively target
epithelial and shallow stromal depth regions appeared to be diagnostically useful. For nonkeratinized oral
sites, the sensitivity and specificity of this objective diagnostic technique were comparable to that of clini-
cal diagnosis by expert observers. Thus, DSOS has potential to augment oral cancer screening efforts in
community settings. Cancer 2009;115:1669-79. © 2009 American Cancer Society.
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Oral cancer ranks as the 11th most common cancer in the world, with 390,000 new cases estimated to
occur annually worldwide." In the US, cancers of the oral cavity and pharynx are predicted to account for
over 35,000 new cases and more than 7500 deaths this year.2 Despite advances in treatment methods, the
5-year survival rate for oral cancer has not increased substantially during the past several decades.” Treat-

ment is more effective in patients with early disease; however, most patients present with advanced tumors
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for which treatment is less successful and may cause severe
deficits in speech, swallowing, facial appearance, and qual-
ity of life.* Detection and diagnosis of early neoplastic
changes may be the best way to improve patient
outcomes.

During carcinogenesis in the oral cavity, structural
and biochemical changes in both the epithelium and
stroma alter the optical properties of dysplastic and can-
cerous tissue. Increased nuclear size and nuclear to cyto-
plasmic ratio, increased microvascularization, degradation
of stromal collagen, and changes in the concentration of
mitochondrial fluorophores such as reduced nicotinamide
adenine dinucleotide (NADH) and flavin adenine dinu-
cleotide (FAD) lead to changes in optical scattering,
absorption, and autofluorescence characteristics within
the tissue.”® Several groups have reported that these alter-
ations can be detected using spectroscopic techniques.” "
Optical spectroscopy may, therefore, be a useful noninva-
sive and objective clinical tool to help improve early detec-
tion and diagnosis of oral neoplasia.

In current practice, oral premalignant lesions and
cancer are diagnosed by visual inspection and palpation,
identification of areas that appear clinically abnormal,
and invasive biopsy and histologic examination of the
removed tissue. However, visual identification of early
lesions can be difficult even for experienced clinicians, '
and many less experienced examiners such as community
dentists, primary care physicians, and health care workers
believe themselves to be insufficiently trained to perform
this important task."” To address the challenge of early
detection and diagnosis of oral cancer, several alternative
diagnostic techniques and visualization aids for examining
the oral cavity have recently become commercially avail-
able. These innovations include the OralCDx BrushTest
(OralCDx Laboratories, Inc., Suffern, NY), an oral brush
cytology test; ViziLite Plus (Zila Pharmaceuticals, Inc.,
Phoenix, Ariz), a direct tissue visualization technique
using acetic acid and a blue light source; and the VEL-
scope (LED Dental, Inc., White Rock, BC, Canada), a
handheld device for direct visualization of tissue
fluorescence.

Clinical studies to evaluate the performance of new
diagnostic aids for oral precancer and cancer have been
reviewed and critiqued elsewhere."®'? Although promis-
ing results have been reported for several diagnostic tech-

nologies including optical spectroscopy, none has been
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definitively proven to improve diagnostic yields over con-
ventional oral examination."® Autofluorescence spectros-
copy has been reported to be accurate for distinguishing
malignant tumors from healthy oral mucosa, but less reli-
able for distinguishing between benign lesions, such as
inflammation, and dysplastic or malignant lesions."’
Indeed, the presence of inflammation may be a complicat-
ing factor in spectroscopic diagnosis of oral lesions;
reduced autofluorescence due to inflammation may be
difficult to distinguish from reduced autofluorescence due
to neoplasia.”® Because inflammation primarily affects the
stroma whereas dysplastic changes occur in the epithe-
lium, depth-sensitive spectral data, particularly that
obtained from more superficial layers, may provide more
useful information for discriminating benign inflamma-
tory lesions from dysplastic or malignant lesions.

We have previously reported the development of a
clinical spectroscopy system with a depth-sensitive, ball
lens coupled fiber-optic probe for noninvasive in vivo
measurement of oral autofluorescence and diffuse reflec-
tance spectra.”’ Here, we describe results obtained using
this depth-sensitive optical spectroscopy (DSOS) system
to measure oral sites in 124 subjects. The goal of this study
was to investigate 3 questions regarding depth-sensitive
optical spectroscopy: 1) whether spectral differences are
observed in the signal collected from different depth
regions; 2) whether the ability to collect signal from differ-
ent depth regions enhances diagnostic performance; and
3) how the diagnostic performance of depth-sensitive
spectroscopy compares to other diagnostic methods.

MATERIALS AND METHODS

Study Population

This study, conducted at the University of Texas M.D.
Anderson Cancer Center (UTMDACC) and Rice Uni-
versity, was approved by the Institutional Review Boards
at both institutions. Patients with lesions of the oral mu-
cosa and normal volunteers aged 18 years were recruited
to participate. Persons with previous squamous cell car-
cinoma of the oral cavity, previous radiation therapy to
the head and neck region, chemotherapy within the previ-
ous 6 months, use of smokeless tobacco, or current oral

cavity lesions were excluded from the normal volunteer

Cancer  April 15, 2009


http:spectra.21
http:neoplasia.20
http:lesions.19
http:examination.18

Noninvasive Evaluation of Oral Lesions/Schwarz et al

FIGURE 1. Spectroscopic probe in contact with a measure-
ment site.

pool. Written informed consent was obtained from all
subjects.

Protocol

Spectroscopic measurements of patients were performed
at UTMDACC in the operating room immediately
before surgery, or in the clinic. Measurements of normal
volunteers were performed at UTMDACC and Rice Uni-
versity. No oral rinse or other prior preparation of the oral
cavity was required. The oral cavity was inspected by con-
ventional visual examination. Several sites in each subject
were selected by the clinician for spectroscopic measure-
ment, including clinically suspicious lesions if present and
at least 1 contralateral site with a normal clinical appear-
ance. The clinical appearance of each measured site was
categorized by a single expert observer as Normal, Abnor-
mal Low Risk, Abnormal High Risk, or Cancer. Seven
expert observers took part in the study, with 2 of the par-
ticipating experts providing >96% of the clinical evalua-
tions. The probe was placed in gentle contact with the
mucosal surface and held in place by the clinician for the
duration of the measurement (Fig. 1). Spectroscopic
measurements were performed in a darkened room to
minimize the effects of ambient light. The measurements
were collected over a period of 21 months with measure-
ments of normal volunteers and patients interspersed
throughout that time period.

The spectroscopic instrumentation used in this
study, including the depth-sensitive fiber-optic probe,
methods used for calibration and data processing, and
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examples of measured spectra from individual sites have
been described previously.”' Briefly, autofluorescence
spectra at 12 excitation wavelengths ranging from 300-
470 nanometers (nm) and a diffuse reflectance spectrum
under white light illumination were collected through
cach of 4 probe channels with different depth responses,
for a total of 52 spectra collected in each 90-second mea-
surement. The shallow channel has a depth response
weighted toward the epithelial tissue layer; the medium
channel interrogates both epithelium and shallow stroma;
and the 2 deep channels collect signal primarily from the
stroma.’’ Wavelength calibration, power calibration, and
standards measurements were performed daily before or
after patient measurements. The probe was disinfected
before and after each patient with Cidex OPA (Advanced
Sterilization Products, Johnson & Johnson Gateway,
LLO).

Upon completion of the optical measurements, tis-
sue specimens were collected from the measured sites for
histopathologic evaluation. Usually, 4-mm punch biop-
sies were performed immediately after spectroscopy; how-
ever, in some cases, measured sites within a region of
tissue to be resected were marked and later identified on
the resected tissue. Specimens were placed in fixative and
analyzed by the study pathologist. The study pathologist’s
diagnoses were categorized as Normal/Benign, Mild Dys-
plasia, Moderate to Severe Dysplasia, or Cancer. For his-
tologic diagnosis, Normal/Benign was defined as normal,
hyperkeratosis, hyperplasia, and/or inflammation without
dysplasia or with only focal mild dysplasia. There were no
benign tumors in the study. In normal volunteers biopsies
were not performed but the clinical appearance of meas-

ured sites was noted.

Data Analysis

A quality control check was performed for each spectro-
scopic measurement before analyzing the data. Measure-
ments for which 1 or more spectra were missing or
otherwise unsatisfactory due to instrument malfunction
or flawed measurement conditions (such as excessive am-
bient light) were excluded from the analysis. Each mea-
surement site was assigned either a “hard” or “soft” gold
standard diagnosis following the terminology used by Lin-
gen et al.'® For patient sites, the diagnosis assigned by the
study pathologist was used as the “hard” gold standard.
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Table 1. Oral Tissue Measurements In Vivo of the Study Populations

Patients Normal Total
Volunteers

Performed Subjects 73 66 139
Sites 232 283 515
Measurements 411 284 695
Passed quality control check Subjects 73 64 137
Sites 231 270 501
Measurements 405 271 676

Passed quality control check, with Subjects 60 0* 60
valid histopathology diagnosis Sites 154 0 154
Measurements 281 0* 281
Final data set for analysis Subjects 60 64 124
Sites 154 270 424
Measurements 281 271 552

Subset: Nonkeratinized tissue, training set Subjects representedt 31 38 69
Sites 70 121 191
Measurements 131 122 253

Subset: Nonkeratinized tissue, validation set Subjects representedt 21 25 46
Sites 45 74 119
Measurements 81 74 155

Subset: Keratinized tissue Subjects representedf 17 47 64
Sites 39 75 114
Measurements 69 75 144

*No biopsies were taken in normal volunteers.

 Some subjects are represented in both the keratinized subset and a nonkeratinized subset.

For normal volunteer sites, a “soft” gold standard of Nor-
mal/Benign was used based on expert clinical impression.
All measurements that passed the quality control check
and had a corresponding gold standard diagnosis were
included in the data set.

Data were separated into training and validation
sets, with all spectroscopic measurements from a single
patient randomly assigned to either the training set or the
validation set. The training set was used to define a set of
spectral features; to reduce the data to a diagnostically rel-
evant subset of the spectral features; and to develop a diag-
nostic classification algorithm to classify tissue sites based
on the identified subset of spectral features. The algorithm
was developed using linear discriminant analysis with
automated forward stepwise feature selection. For all cal-
culations of sensitivity and specificity, a binary diagnosis
of Normal to Mild Dysplasia (negative) versus Moderate
Dysplasia to Cancer (positive) was used. Equal prior prob-
abilities were assigned for positive and negative diagnosis
categories. The algorithm was used to calculate the poste-
rior probability of disease for each measurement. In cases
for which a tissue site was measured more than once, the
highest posterior probability from the measurements at
that site was used. Diagnostic predictions were made as
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the threshold was varied from 0 to 1 to generate a receiver
operating characteristic (ROC) curve. The classification
algorithm was chosen to maximize the area under the
ROC curve in the training set. For the final algorithm, an
arbitrary limit of 6 spectral features was imposed to reduce
the risk of overtraining. This limit was chosen in part
because it is unlikely that >6 endogenous biologic fluoro-
phores and chromophores make major contributions to
the measured signal.”™® An operating point on the ROC
curve, corresponding to a specific threshold, was estab-
lished using the training set data. The algorithm and
threshold were then applied to the validation set to evalu-
ate the diagnostic performance of spectroscopy with
respect to the gold standard.

RESULTS

Table 1 summarizes the numbers of subjects, oral sites,
and spectroscopic measurements involved in the study. A
total of 695 in vivo measurements of oral tissue were col-
lected from 515 sites in 139 subjects. Of the 695 measure-
ments performed, 676 (97%) passed the quality control
check. There were 405 measurements of sites in patients
that passed the quality control check; of these, 281 (69%)
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Table 2. Histopathology Versus Clinical Diagnosis of Measured Oral Sites in Patients

Data Set Histopathology

Diagnosis

All sites in patients Normal/benign

Mild dysplasia

Moderate or severe dysplasia
Cancer

Total

Normal/benign

Mild dysplasia

Moderate or severe dysplasia
Cancer

Total

Normal/benign

Mild dysplasia

Moderate or severe dysplasia
Cancer

Total

Normal/benign

Mild dysplasia

Moderate or severe dysplasia
Cancer

Total

Nonkeratinized tissue,
training set,
sites in patients

Nonkeratinized tissue,
validation set,
sites in patients

Keratinized tissue,
sites in patients

Expert Clinical Impression Total
Normal Abnormal Abnormal Cancer
Low Risk High Risk

53 4 6 3 66
9 1 8 7 25
4 0 11 4 19
0 0 4 40 44
66 5 29 54 154
20 1 3 0 24
7 0 3 4 14
1 0 5 4 10
0 0 2 20 22
28 1 13 28 70
17 2 2 1 22
1 1 2 2 6
1 0 3 0 4
0 0 0 13 13
19 3 7 45
16 1 1 2 20
1 0 3 1 5
2 0 3 0 5
0 0 2 9
19 1 9 10 39

had a corresponding biopsy available from the same tissue
site that produced a valid histopathology diagnosis (a
“hard” gold standard). There were 271 measurements of
sites in normal volunteers that passed the quality control
check. Of these, all were considered to have a “soft” gold
standard of Normal/Benign based on expert clinical
impression, including 4 sites at which inflammation was
noted. The final data set consisted of 552 measurements
from 424 sites in 124 subjects.

Table 2 shows a comparison between the conven-
tional pathologic and expert clinical diagnosis for sites in
patients. The clinical impression category Abnormal Low
Risk includes sites described clinically as inflammation,
lichen planus, or scar tissue. The clinical impression cate-
gory Abnormal High Risk includes sites described clini-
cally as leukoplakia, erythroplasia, pre-cancer, dysplasia,
or verrucous lesion. In Table 2, with clinical impression
categories grouped as Normal to Abnormal Low Risk ver-
sus Abnormal High Risk to Cancer, and histopathologic
categories grouped as Normal to Mild Dysplasia versus
Moderate Dysplasia to Cancer, expert clinical diagnosis of
all patient sites correlated with pathologic diagnosis with a
sensitivity of 94% and a specificity of 74%.

Anatomic sites measured include buccal mucosa,

tongue (predominantly lateral tongue), floor of mouth,
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lip, gingiva, and palate (predominantly hard palate). The
spectra of normal gingiva and palate sites were observed to
differ from the spectra of other normal anatomic sites in
both intensity and variability. Based on these observa-
tions, and on the results of a separate recent study in
which fluorescence microscopy indicated differences in
gingiva and palate compared with other oral sites,”” the
424 sites were divided into 2 groups for analysis: nonkera-
tinized tissues, including buccal, tongue, floor of mouth,
and lip (310 sites); and keratinized tissues, including gin-
giva and palate (114 sites). The 2 groups were analyzed
separately and a different classification algorithm was
developed for each group.

Figure 2 shows average spectra collected at 350-nm
excitation from nonkeratinized tissues for each diagnostic
category. The figure illustrates the progressive reduction
in blue-green fluorescence intensity that is observed in
dysplastic and cancerous oral tissue compared with nor-
mal tissue. This loss of fluorescence has been reported by
many investigators and serves as the basis for the operation
of the VELscope.® The reduced fluorescence associated
with neoplasia was observed across a wide range of excita-
tion wavelengths from 330 nm to 470 nm in this study.

As Figure 2 indicates, spectral differences were
observed in the signal collected from different depth
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FIGURE 2. Average spectra of nonkeratinized tissue by diagnosis, illustrating differences in data obtained at different depths.
Left column: Fluorescence spectra at 350-nanometer (nm) excitation; arrows indicate absorption of fluorescent light by hemoglo-
bin. Right column: Reflectance spectra with white light illumination. Top, middle, and bottom: Shallow, medium, and deep probe
channels, respectively. An asterisk (*) next to a diagnostic category indicates that differences in the mean intensities of normal
tissue and that diagnostic category were statistically significant (2-tailed Student ¢ test, P < .05/6, correcting for 6 comparisons
per panel). Peak fluorescence intensity in the 390- to 650-nm region and reflectance intensity ratio at 420 nm were used in the

statistical comparisons.

regions through the separate probe channels. The greatest
depth-dependent differences occurred in fluorescence
measurements at 330- to 350-nm excitation and in diffuse
reflectance measurements. At 350-nm excitation at shal-
low depths, the average fluorescence spectra from normal
and dysplastic sites have smooth, rounded peaks, whereas
in cancer sites, the peak emission wavelength is shifted to
the right (red shifted) and a valley begins to appear in the
420-nm region. At medium depths, the 420-nm valley is
evident in the spectra from moderate/severe dysplasia sites
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as well. Finally, in the deep channel measurements the
420-nm valley appears prominently in all the spectra
regardless of diagnosis.

Depth-dependent differences in spectral shape are
also evident in the reflectance data shown in Figure 2. The
slope of the reflectance spectrum in the 500- to 650-nm
region is relatively flat in the shallow and medium depth
data, but increases in measurements from deeper regions.
Greater differences in intensity between the diagnostic
categories of Normal to Mild Dysplasia and Moderate
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Dysplasia to Cancer are observed in shallow and medium
depth reflectance measurements than in deep reflectance
measurements. Note, however, that the general trend of
decreasing fluorescence intensity and reflectance intensity
with disease progression is observed in all measured depth
regions.

A total of 160 distinct spectral features of interest
were defined from the measured spectra, including such
quantities as peak emission intensity and peak emission
wavelength at each excitation wavelength and depth chan-
nel. A subset of diagnostically useful features was identi-
fied in 2 steps. In the first step, the 160 features were
examined and reduced to an intermediate subset of fea-
tures. The diagnostic performance of each individual fea-
ture was first evaluated independently using data from the
training set and features were ranked accordingly. Spectra
and classification results associated with high-performing
individual features were inspected. Features that were
derived from spectra that appeared qualitatively similar
and that produced similar classification results (similar
sensitivity and specificity, and misclassified mostly the
same sites) were considered to be correlated. For corre-
lated features, a representative feature with optimal indi-
vidual performance was included and the other correlated
features were excluded. For nonkeratinized tissues, the
data were reduced to an intermediate subset of 16 features
associated with fluorescence at 380-nm excitation, fluo-
rescence at 470-nm excitation, and reflectance, all using
the shallow and medium channels. For keratinized tissues,
the data were reduced to an intermediate subset of 36 fea-
tures including fluorescence at 300- to 330-nm excitation,
fluorescence at 470-nm excitation, and reflectance, using
the shallow, medium, and deep channels. In the second
step, the intermediate set of features was used as input for
algorithm development. An algorithm was developed
using linear discriminant analysis with automated forward
stepwise feature selection, resulting in a final set of 6 fea-
tures chosen to maximize the area under the ROC curve.

Table 3 summarizes the set of optimal spectral
features selected for diagnostic classification of nonkerati-
nized tissues. The 380 nm/472 nm fluorescence excitation/
emission combination using the medium depth channel
proved to be the most diagnostically useful single feature
for nonkeratinized tissues. This finding is consistent with
results reported by Heintzelman et al.>* The 6 features in

the set selected for nonkeratinized tissues were all associ-
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Table 3. Feature Set for Diagnostic Classification of
Nonkeratinized Sites of the Oral Cavity

No. Spectral Feature Depth
Channel

1 Fluorescence: 380-nm excitation, Medium
472-nm emission

2 Reflectance: 650-nm/500-nm Medium
intensity ratio

3 Reflectance: 500-nm/420-nm Medium
intensity ratio

4 Reflectance: 500-nm intensity Medium

5 Fluorescence: 380-nm excitation, Medium
478-nm/458-nm emission intensity ratio

6 Reflectance: 420-nm intensity Shallow

nm indicates nanometer.

ated with fluorescence at 380 nm excitation or diffuse re-
flectance; 5 were obtained using the medium depth
channel and 1 was obtained using the shallow channel.
For keratinized tissues, diffuse reflectance spectra obtained
using the medium and deep channels were optimal for
diagnostic classification; fluorescence spectra at 300-330
and 470-nm excitation, obtained using the shallow, me-
dium, and deep channels, were of secondary importance.

Figure 3 shows the diagnostic performance of
depth-sensitive spectroscopy for nonkeratinized tissues. In
the posterior probability plots, the data value on the verti-
cal axis represents the posterior probability of disease at
each site according to spectroscopy, and the horizontal
lines indicate thresholds established for a positive result.
The area under the ROC curve was 0.96 in the training
set and 0.93 in the validation set. Using the training set
data, Threshold 1 was selected as the operating point.
Using Threshold 1, the sensitivity and specificity, respec-
tively, were 94% and 90% in the training set (191 sites in
69 subjects), and 82% and 87% in the validation set
(119 sites in 46 subjects). For comparison, Threshold 2 is
also shown as an alternate operating point. Using Thresh-
old 2, the sensitivity and specificity, respectively, were
100% and 77% in the training set, and 100% and 73% in
the validation set.

Figure 3a and 3c also show the diagnostic perform-
ance of clinical impression as judged by an expert ob-
server. Note that the data set for clinical impression is a
smaller subset of the data set for spectroscopy; only sites in
patients were included in calculations of sensitivity and
specificity of clinical impression, because in normal vol-

unteers the gold standard itself is based on clinical
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FIGURE 3. Diagnostic classification results. Left column: Nonkeratinized training set (191 sites in 69 subjects). Right column: Non-
keratinized validation set (119 sites in 46 subjects). Top row: receiver operating characteristic (ROC) curves for depth-sensitive
spectroscopy; sensitivity and specificity values for clinical impression; and sensitivity and specificity values reported in the litera-
ture. Bottom row: Posterior probability values corresponding to the plotted ROC curves. Sensitivity and specificity of spectros-
copy in the keratinized set (114 sites in 64 subjects) are also shown in (a). n, number of subjects; AUC, area under ROC curve.

impression. For clinical impression, a binary grouping of
Normal to Abnormal Low Risk (negative) versus Ab-
normal High Risk to Cancer (positive) was used. For non-
keratinized sites in patients, expert clinical impression had
a sensitivity of 97% and a specificity of 74% within the
training set (70 sites in 31 patients), and a sensitivity of
94% and a specificity of 75% within the validation set (45
sites in 21 patients).

Figure 3b and 3d compares the performance of
depth-sensitive spectroscopy and expert clinical impres-
sion at individual sites. In the training set, spectroscopy
(using Threshold 1) misclassified 2 of 32 positive sites and
clinical impression misclassified 1 of 32 positive sites,
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with 1 site misclassified by both; and spectroscopy mis-
classified 16 of 159 negative sites and clinical impression
misclassified 10 of 38 negative sites, with 8 sites misclassi-
fied by both. In the validation set, spectroscopy misclassi-
fied 3 of 17 positive sites and clinical impression
misclassified 1 of 17 positive sites, with 1 site misclassified
by both; and spectroscopy misclassified 13 of 102 negative
sites and clinical impression misclassified 7 of 28 negative
sites, with 5 sites misclassified by both. Also shown in Fig-
ure 3a and 3c are sensitivity and specificity values reported
in the literature®®**?® for spectroscopy and imaging
studies based on measurements of blue-green autofluores-
cence and/or diffuse reflectance. Values reported from a
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single data set or from a training set are shown in Figure
3a. Values reported from an independent validation set
are shown in Figure 3c.

For keratinized tissue, there were insufficient sites
for analysis using separate training and validation sets.
Five-fold cross-validation was used instead to evaluate the
diagnostic performance of depth-resolved spectroscopy.
In the cross-validation set of 114 keratinized sites, the area
under the ROC curve was 0.76; at a selected operating
point the sensitivity was 79% and the specificity was 80%,
as shown in Figure 3a.

DISCUSSION

Our results demonstrate the diagnostic potential of opti-
cal spectroscopy for objectively and noninvasively distin-
guishing dysplastic and cancerous oral sites from benign
lesions and normal mucosa. Furthermore, these findings
support the use of a depth-sensitive spectroscopy system
to enhance diagnostic performance of optical spectroscopy.

The first question addressed by this study is whether
spectral differences are observed in the signal collected
from different depths in oral tissue. As shown in Figure 2,
spectra collected using the shallow, medium, and deep
channels of the depth-sensitive probe have distinctive
characteristics. Fluorescence spectra collected from deeper
in the tissue display a different spectral shape than spectra
collected from superficial tissue, including a more pro-
nounced valley in the 420-nm wavelength region. This
depth-dependent variation in fluorescence spectral shape
is attributed partly to hemoglobin, which is present within
vascular spaces in the stromal layer and absorbs a portion
of the emitted fluorescence; this finding is particularly no-
ticeable at 330- to 350-nm excitation, where the peak flu-
orescence emission lies near the hemoglobin peak
absorption wavelength of 420 nm. The depth-dependent
distribution of fluorophores in the tissue also plays a role,
with epithelial fluorophores such as NADH contributing
primarily to the signal measured from shallow depths, and
stromal fluorophores such as collagen contributing pri-
marily to the signal measured from deeper regions.
Depth-dependent variations are also observed in the re-
flectance spectra. Whereas the characteristic hemoglobin
absorption spectrum is evident in the reflectance spectra
from all depth channels, the reflectance spectra from shal-

low and medium depths show greater intensity differences
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among diagnostic categories than those from deeper in
the tissue. This finding suggests that the shallow and me-
dium channels may be more sensitive than the deep chan-
nels to alterations in the optical scattering properties of
the epithelium, where early changes in nuclear size and
nuclear to cytoplasmic ratio occur.

The second question is whether signal collection
from different depth regions enhances diagnostic per-
formance. In this study, the ability to collect and analyze
data from specific depth channels did prove to be diagnos-
tically useful. For nonkeratinized tissue, optimum diag-
nostic performance was achieved using only spectra from
shallow and medium depths. It is interesting that the me-
dium depth channel, which interrogates epithelial and
shallow stromal regions, provided the best diagnostic per-
formance of any channel alone. It provided slightly better
discrimination between normal and abnormal sites than
the shallow channel, which is strongly weighted toward
the epithelial layer and minimizes the effects of hemoglo-
bin absorption. The medium channel also outperformed
the deep channels, which primarily interrogate stromal
regions and are strongly affected by hemoglobin absorp-
tion. Thus, it appears that the most diagnostically signifi-
cant tissue alterations detected by optical spectroscopy
occur in the deeper portion of the epithelium and in the
shallow region of the stroma. These diagnostically impor-
tant alterations are likely to include changes in nuclear size
and nuclear to cytoplasmic ratio in the epithelium, and
increased hemoglobin absorption and breakdown of colla-
gen crosslinks in the shallow stroma.””® This region is also
critically important for identification of dysplasia and
invasive carcinoma using standard histopathologic evalua-
tion. Indeed, pathologic grading of dysplasia is also
imperfect and subject to interobserver variability.*”

The third question addressed by this study is how
the performance of depth-sensitive optical spectroscopy
compares to that published for other diagnostic methods
for distinguishing neoplastic from non-neoplastic oral
mucosa. A wide range of sensitivity and specificity values
for various oral cancer detection techniques has been
reported in the literature using a variety of study designs
and subject populations. The OralCDx test has been
reported to perform as well as 100% sensitivity and 93%
specificity,” and as poorly as 71% sensitivity and 32%
specificity.”’ Two studies have reported that the ViziLite
system has a high sensitivity (100%) but extremely low
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specificity (0%-14%).°>* A single pilot study of the
VELscope reported a sensitivity of 98% and a specificity
0f100%.°

In this study of DSOS, we report a sensitivity of
94% and a specificity of 90% in the training set and a sen-
sitivity of 82% and a specificity of 87% in the validation
set. As Figure 3a indicates, the results obtained for the
training set are comparable to results reported in the liter-
ature for other spectroscopy and imaging studies using ei-
ther a training set or a single data set. Spectroscopy and
imaging studies that include an independent validation
set are infrequent. Heintzelman reported a sensitivity of
100% and a specificity of 98% in an independent valida-
tion set of 281 sites in 56 subjects, but only 4 of the sites
were abnormal.”* Majumder et al. reported a sensitivity of
95% and a specificity of 96% in a validation set derived
from measurements of 29 subject523; however, as noted
by De Veld et al.,"” the analysis included a preprocessing
step that introduced information regarding lesion type.
Here, we report a sensitivity of 82% and a specificity of
87% in a validation set of 119 sites, 17 of which are
abnormal, in 46 subjects.

The diagnostic performance of DSOS in nonkerati-
nized sites approaches that of expert clinical diagnosis (Fig.
3), and the 2 methods tend to err on many of the same sites.
This finding suggests that this objective technique may
improve the ability of clinicians to diagnose early oral neo-
plasia, regardless of their experience, especially given that
this particular study population was quite a difficult one; it
included many patients with extensive field cancerization as
well as individuals who had received previous surgery and/
or radiation treatment. The diagnostic performance of
DSOS in keratinized sites (gingiva and hard palate) is lower
than in nonkeratinized sites, and different algorithms appear
to be needed to obtain optimal performance in keratinized
tissue. Although the majority of cancers in the oral cavity
arise in nonkeratinized tissue (>80%),” this is an important
consideration for future study.

The context of this study should be considered when
interpreting its results. A large fraction of the study popula-
tion consisted of patients with oral cancer or a history of
oral cancer. The diagnostic performance of expert clinical
impression in this study is likely to have been inflated
because participating patients had all been referred to a terti-
ary care cancer center, many with previous biopsies indicat-

ing dysplasia or invasive carcinoma. Further work is needed
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to characterize the performance of DSOS in a community
setting with a more general population, in which most
patients have no disease or inflammatory disease.

Overall, the results of this study indicate that DSOS
can be a useful technique for noninvasive evaluation of
oral lesions, especially in situations in which the oral
screening examination is performed by a community
dentist or health care worker rather than an expert clinical
observer. In practice, it is anticipated that the depth-
sensitive point probe system would be paired with a wide-
field imaging device®; the imaging device would identify
regions of interest, and the depth-sensitive point probe
would be used for noninvasive evaluation of those
sites. The identification of diagnostic algorithms based
on a limited number of excitation wavelengths and
depth channels should enable fabrication of simplified
DSOS devices that are portable and comparatively
inexpensive. This advance should facilitate transition of
these noninvasive and objective techniques from the
laboratory to community and low-resource settings, for
which they are needed most to aid diagnosis of oral dys-

plasia and cancer.
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