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Abstract. Early identification of high-risk disease could
greatly reduce both mortality and morbidity due to oral
cancer. We describe a simple handheld device that facili-
tates the direct visualization of oral-cavity fluorescence for
the detection of high-risk precancerous and early cancer-
ous lesions. Blue excitation light (400 to 460 nm) is em-
ployed to excite green-red fluorescence from fluorophores
in the oral tissues. Tissue fluorescence is viewed directly
along an optical axis collinear with the axis of excitation
to reduce inter- and intraoperator variability. This robust,
field-of-view device enables the direct visualization of
fluorescence in the context of surrounding normal tissue.
Results from a pilot study of 44 patients are presented.
Using histology as the gold standard, the device achieves
a sensitivity of 98% and specificity of 100% when dis-
criminating normal mucosa from severe dysplasia/
carcinoma in situ (CIS) or invasive carcinoma. We envis-
age this device as a suitable adjunct for oral cancer

screening, biopsy guidance, and margin delineation.
© 2006  Society of  Photo-Optical  Instrumentation  Engineers.
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1 Introduction

Oral squamous cell carcinoma (SCC) is believed to progress
from oral premalignant lesions (OPLs)—hyperplasia, increas-
ing degree of dysplasia (mild, moderate, and severe) into car-
cinoma in situ (CIS), and finally to invasive SCC (from stages
I to IV). This disease is a source of substantial morbidity and
mortality with over 275,000 new cases and 127,000 deaths
worldwide' in 2002. In the United States, it is estimated that
there will be? 29,370 new cases of oral cancer and 7320
deaths in 2005. Cancer stage at the time of the diagnosis is
directly related to the disease morbidity: early detection en-
ables minimally invasive treatment procedures. It also is re-
lated to the disease mortality: 5-yr survival rate is 81% for
early stages of oral SCC versus 30% for late-stage disease.”
However the 5-yr survival rate has remained dismal with little
improvement over the last 30 yr (<50% ), mainly due to the
fact that a significant proportion of these cancers are still di-
agnosed late’ (stages 11l and IV).

Ironically OPLs and early SCC have known clinical pre-
sentations, mostly as leukoplakia (white patches) and some-
times as erythroplakia (red patches). These lesions are present
in a site that is readily accessible for visual inspection, possi-
bly as part of an annual dental visit. Additionally there are
known high-risk populations (e.g., elderly heavy smokers)
that should be examined regularly. The main limitation is that
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differential diagnosis of OPLs from the much higher inci-
dence of lesions resulting from nonspecific inflammation and
irritation (that also appear as white or red patches) is challeng-
ing even for experienced specialists. Patients may be reluctant
to submit to an invasive and sometimes painful biopsy when
their dentists’ confidences as to the nature of the lesions is
low. Furthermore, there is increasing awareness that many
OPLs and early SCC are clinically occult and not visible un-
der white-light examination. Together, these difficulties can
result in a failure to biopsy and hence a delay in the diagnosis,
since the actual assignment of risk requires a biopsy to deter-
mine the presence and degree of dysplasia/invasion.* The de-
velopment of adjunct tools to facilitate the noninvasive
screening of high-risk oral lesions in real time has the poten-
tial to significantly improve our ability to reduce the dismal
morbidity and mortality of oral cancer.

While white-light visualization can perceive only a frac-
tion of the spectral characteristics that differentiate diseased
tissue from its normal counterpart, optical methods, particu-
larly those based on fluorescence imaging and spectroscopy,
will likely improve our ability to detect tissue changes, such
as OPLs and early cancer. Recent studies have shown great
promise in the screening and diagnosis of precancers in the
]ung,5 uterine cervix,6 skin,7 and oral cavity.4’8’14

In this paper, we present a simple field-of-view device for
the direct visualization of tissue fluorescence in the oral cav-
ity. Instrumentation for fluorescence imaging requires a light
source, excitation and emission filters, and a means of detec-
tion. The fluorescence can be detected and visualized directly
by a human observer, as intended by the device described in
this paper, or recorded by a camera and visualized indirectly.
Recently, fluorescence imaging studies for the early detection
of oral malignancies have employed indirect visualization—
either photographic film or a sensitive or intensified CCD
camera. De Veld et al. provide a good review of in vivo au-
tofluorescence spectroscopy and imaging for oral oncology.15
The methods of excitation, emission, and detection employed
in several recent studies are briefly summarized here.

Onizawa et al.'®'” used a custom UV-flash photography
system to record porphyrin-like fluorescence in the oral cav-
ity. Fluorescence was excited by the 360-nm spectral peak of
the flash lamp and fluorescence was recorded on photographic
film using a 480-nm long-pass filter. Lesions were classified
based on the intensity and color of the fluorescence recorded
on the film. The authors reported'® 91% sensitivity and 84%
specificity for discriminating benign from malignant lesions
(and 94% sensitivity and 96% specificity for discriminating
SCC and dysplasia from benign lesions).

Other groups have used commercially available autofluo-
rescence systems and sensitive or intensified CCD cameras to
image oral-cavity fluorescence. Betz et al.”'® and Paczona et
al." used a Storz endoscopy system configured for white-light
and autofluorescence imaging. In autofluorescence mode, illu-
mination from a xenon arc lamp at 375 to 440-nm excited
fluorescence, which was detected by a sensitive color CCD
camera through a 515-nm long-pass filter. Video frame inte-
gration for as long as 2 s was required.9 The authors report a
similar loss of fluorescence intensity at neoplastic lesions. Ku-
lapeditharom and Boonkitticharoen'* used the Xillix laser-
induced autofluorescence endoscopy (LIFE) system in their
study of head and neck cancers. The LIFE system, designed
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for fluorescence bronchoscopy,” employs excitation at
442 nm and dual image-intensified cameras for detection in
the green (480 to 520 nm) and red (>630 nm) emission
channels. Lesions were classified based on the green-to-red
fluorescence ratio displayed as a pseudocolor image. The au-
thors found LIFE to be an effective and reliable tool for de-
tecting head and neck cancers and reported increased sensi-
tivity and specificity compared to white-light imaging.

More recently, Svistun et al. proposed a system for the
direct visualization of oral cavity fluorescence.”’ In their de-
vice, excitation light is provided by a handheld illuminator
and tissue fluorescence is observed along an axis slightly in-
clined from the illumination axis using special glasses. In
their study, tissue fluorescence of freshly resected oral tissue
was observed visually and photographed at specific excitation
wavelengths suggested by previous studies of fluorescence
spectroscopy10 and optimal visual perception.22 Perceived tu-
mor margins, as determined from the fluorescence images and
not observed directly through the viewing glasses, were cor-
related with histopathology. The sensitivity and specificity
were 91 and 86% for the discrimination of normal tissue from
neoplasia at the best excitation wavelength. The sensitivity
and specificity were 75 and 43% for the same task using
white-light images.

In contrast, the device presented in this paper employs co-
axial optical pathways for excitation and emission. By em-
ploying coaxial illumination and imaging we hope to reduce
inter- and intraoperator variability. In addition, we also
present results based on the direct visual impression of oral
cavity fluorescence rather than the indirect visualization from
an image recorded on photographic film or detected by a CCD
camera.

In an earlier version of the direct visualization device pre-
sented in this paper, tissue fluorescence was shown to more
accurately estimate the histological margins of basal cell car-
cinoma (BCC). In a study of patients with BCC, tumor mar-
gins were delineated under white light and then again using
direct florescent visualization.”**** Fluorescence visualization
more accurately estimated the histological margins of the
BCC.

There is clearly a need for a simple cost-effective screen-
ing device for the early detection of oral premalignant lesions.
In this paper, we describe such a device, which aids in the
direct visualization of tissue fluorescence for the early identi-
fication of precancers in the oral cavity. The study objective
was to test this real-time device for its ability to discriminate
high-risk OPLs and invasive SCCs from normal oral mucosa.

2 Material and Methods
2.1 Device

The device for direct fluorescence visualization (direct FV),
illustrated schematically in Fig. 1, consists of a bench-top
light source coupled to a handheld unit for visualization. The
light source (X-Cite 120, EXFO) used a 120-W metal-halide
arc lamp with integral elliptical reflector optimized for near-
UV/blue reflection. The power coupled into the light guide
was adjustable in steps by rotating a variable-pinhole wheel.
Light was coupled from the light source to the handheld unit
by a 0.59—numerical aperture (NA), 3-mm-diam liquid light
guide (Lumatec, Germany). The handheld unit projected ex-
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Handheld Unit

MH |

LLG

Fig. 1 Schematic diagram of device for direct FV of oral mucosa:
metal-halide light source (MH), liquid light guide (LLG), collimator
lens (L1), excitation filter (EX), dichroic mirror (DM), oral mucosa
(OM), emission filter (EM), and notch filter (NF).

citation light onto the oral mucosa and provided a viewing
port coaxial with illumination for fluorescence visualization.
A two-element lens system (f=25 mm) collected light from
the light guide and projected it onto the tissue through a low-
fluorescence excitation filter (EX). Light exiting the lens sys-
tem was nearly collimated. A dichroic mirror (DM) was em-
ployed to provide coaxial excitation and emission pathways.
The emission filter (EM) passed the green-red fluorescent
light and rejected the blue excitation light while the notch
filter (NF) divided the fluorescent light spectrum into red and
green components. Photographs of the light source and hand-
held unit are shown in Fig. 2.

The excitation and emission wavelengths were selected
based on spectroscopic data and empirical measurements
from previous unpublished studies. The excitation filter was a
60-nm bandpass filter centered at 425 nm (Chroma
D425/60X) and provided an excitation spectrum composed
primarily of the 405- and 436-nm peaks of the metal-halide
lamp. The emission filter was a 475-nm long-pass (Schott
GG475-3), while the center wavelength and bandwidth of the
notch filter were chosen empirically to maximize the per-
ceived color difference between normal and abnormal mu-

(@ (®)

Fig. 2 Direct FV instrumentation: (a) metal-halide light source with
handheld unit in cradle and (b) handheld unit.
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cosa. The upper end of the emission passband was determined
by the sensitivity of the human visual system.

Photographs of tissue fluorescence were acquired for docu-
mentation only and were not used for the classification of
lesions. Photographs were acquired using illumination from
the direct FV system and a digital SLR (single lens reflex;
Fuji FinePix S2 Pro) equipped with a long-pass filter (Schott
GG475-3). The SLR was equipped with a 105-mm f/2.8
macro lens (Nikkor Micro) and a ring flash (Nikon Macro
Speedlight SB-29s) for white-light images.

2.2 Patients and Direct FV

Consenting patients with a history of biopsy-confirmed oral
dysplasia or SCC were recruited from the Oral Health Study,
an ongoing longitudinal study of oral leukoplakia at the Brit-
ish Columbia Cancer Agency (BCCA). The study was ap-
proved by the Institutional Review Board of the BCCA. These
patients were referred primarily by community dentists to the
Oral Dysplasia Clinic and the Head and Neck Oncology
group at the BCCA for assessment and care.

Each follow-up visit for these patients involved an assess-
ment, under white light, of the oral mucosa to identify new
clinical lesions or alterations to previously identified clinical
lesions. Particular attention was paid to sites of previous le-
sions (i.e., sites of prior oral SCC). After turning off the room
light, the oral cavity was viewed with direct FV. The clini-
cians would then decide whether the oral lesions required bi-
opsy based on standard clinical features (patient history, clini-
cal appearance, and toluidine blue staining results”) and not
based on the direct FV examination. For the biopsied lesions,
histopathological reviews were conducted by oral pathologists
in the Provincial Oral Biopsy Service at the Vancouver Hos-
pital and Health Sciences Center (CP and LZ) and a histologi-
cal diagnosis was assigned to each lesion. Since the objective
here was to verify the effectiveness of the direct FV device in
differentiating high-risk OPLs and invasive SCC from normal
oral mucosa, we assessed the association with direct FV
changes in the oral mucosa of biopsy-confirmed sites of nor-
mal and severe dysplasia, CIS, and invasive SCC. Fifty oral
biopsies from 44 patients were included in this study.

3 Results
3.1 Device

The cone of blue excitation light emitted from the handheld
unit produced a spot 44 mm in diameter on the tissue at a
distance of 100 mm. At maximum power the peak irradiance
at the tissue was 100 mW cm™2.

3.2 Direct FV and Pathology

Under direct FV, the normal oral mucosa emits various shades
of pale green autofluorescence [Fig. 3(b)]. Clinical lesions
that retained the normal green autofluorescence under direct
FV were classified as lesions with FV retention (FVR). Tissue
that showed a distinct reduction in the normal pale green and
appeared as dark green to black was classified as FV loss
(FVL) [Figs. 3(d) and 3(f)]. This assessment involved a com-
parison of the lesion site with both adjacent tissue and, as an
anatomical control, with tissue on the contra lateral side.
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Fig. 3 Photographs of three cases. White-light images are presented on the left and fluorescence images on the right. The top row illustrates normal
mucosa of the ventral tongue—this healthy tissue has a pale-green fluorescence. The middle row shows the ventral tongue of a patient with an OPL,
which when biopsied was confirmed to be a severe dysplasia. Arrow in panel (d) indicates region of biopsy and FVL. Bottom row shows a clinically
occult lesion under white light, panel (e), and a corresponding dark patch (indicated with arrow) with FVL under direct FV.
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Table 1 Correlation of direct FV results with lesion histopathology.

Severe Dysplasia and

Normal CIs Invasive SCC P value®
Number of lesions 6 11 33
FVR 6 (100%) 1 (9%) 0 (0%) <0.0001
FVL 0 (%) 10 (91%) 33 (100%)

92 % 2 chi squared of normal versus abnormal pathology (severe dysplasia, CIS, and SCC) and direct FV status.

As shown in Table 1, of the 50 biopsy samples, 7 samples
were FVR, and 43 samples were FVL. None of the 6 samples
with a histological diagnosis of normal showed loss of FV,
whereas 91% of high-grade preinvasive lesions (severe dys-
plasia and CIS) and 100% of invasive SCC showed loss of FV
(P <0.0001, Fig. 3). Using histology as the gold standard, the
device achieved a sensitivity of 98% and specificity of 100%
when discriminating normal lesions from high-risk OPLs and
invasive SCC.

4 Discussion

These biopsy-confirmed preliminary results suggest that this
direct FV device has potential as a simple, cost-effective
screening device for the early detection of oral premalignant
lesions. As in other sites, oral tissue autofluorescence charac-
teristics seem to include information associated with the his-
topathological organization of the epithelial tissue.

Significant progress has been made in understanding the
mechanisms responsible for endogenous fluorescence from
epithelial tissues and how this fluorescence changes with dys-
plastic progression.”**’ Fluorescence detected at the tissue
surface is a function of tissue morphology and biochemistry.
The intrinsic fluorescence, due to naturally occurring fluoro-
phores in the epithelium and stroma, is modified by local
tissue morphology through absorption and scattering, first
during excitation, and then during emission. In general, the
absorption and scattering modify the intensity and spectral
distribution of the detected fluorescence.

The fluorophores of interest here are those that excite in
the blue and have properties that have been spectroscopically
correlated with dysplastic progression. The reduced form of
nicotinamide adenine dinucleotide (NADH) and the oxidized
from of flavin adenine dinucleotide (FAD) are important fluo-
rophores that are good indicators of cellular metabolism. It
has been shown that fluorescence intensity due to NADH in-
creases with dysplastic progression and that of FAD
decreases.””” Maximum NADH fluorescence occurs at
340-nm excitation and 450-nm emission (but NADH is not
interrogated by the device described here), while that of FAD
occurs at 450-nm excitation and 515-nm emission®® and is
interrogated by this device. Another source of autofluores-
cence originates in the submucosa from collagen cross-links
and has been shown to decrease in the immediate vicinity of
dysplasia.27 This loss of fluorescence is generally attributed to
changes in collagen biochemistry, possibly due to the break-
down of the extracellular matrix by dysplastic cells. One hy-
pothesis is that matrix metalloproteinases (MMP) expression
in host stromal cells and the consequent remodeling of the
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extracellular matrix is induced by altered signaling from dys-
plastic epithelial cells.***! The excitation and emission bands
of collagen cross-links are much broader than those of
NADH/FAD, probably due to the contribution of several dif-
ferent fluorophores to the overall spectrum. Collagen yields
maximum fluorescence at 340-nm excitation (420-nm emis-
sion) and has significant fluorescence when excited between
410 and 470 nm. In this region, the emission maximum con-
tinuously shifts to the red from 475 nm at 410-nm excitation
to ~540 nm at 470-nm excitation.”> Collagen-generated sig-
nals likely make up a significant fraction of the autofluores-
cent light detected by this device.

Tissue morphology affects fluorescence via absorption and
scattering of the excitation and emission signals. The morpho-
logical changes that accompany dysplastic progression also
affect the absorption and scattering properties of the tissue,
which in turn modifies the fluorescence. It has been shown
that nuclear changes observed during dysplastic progression
increase nuclear scattering in cultured cells® and cells from
cervical biopsies measured ex vivo.>* The increased microvas-
cularization that accompanies carcinogenesis leads to in-
creased light absorption at 420 nm due to a higher hemoglo-
bin concentration.

Based on the present knowledge of the origins of fluores-
cence and its change with dysplastic progression, we believe
that the loss of fluorescence associated with dysplastic pro-
gression in the current device, which employs excitation from
400 to 460 nm and emission >475 nm, is primarily due to
breakdown of the collagen matrix and increased hemoglobin
absorption. Secondary to these effects is increased scattering
in the epithelium, epithelial thickening, and a decrease in FAD
concentration.

Fortuitously, studies by other researchers have identified
excitation and emission wavelengths very similar to those em-
ployed by the present device for the optimal discrimination of
normal and abnormal tissue. In a fluorescence spectroscopy
study of 343 oral sites from 76 patients, Heintzelman et al,,'”
determined that the optimal excitation wavelengths for detect-
ing neoplasia were 350, 380, and 400 nm. In a subsequent
paper, Utzinger et al. point out that the response of the human
eye should be considered when choosing the excitation and
emission bands.? Using the Heintzelman et al. data, the au-
thors show that abnormal tissue is optimally perceived with
excitation between 420 and 440 nm. They also suggest ob-
serving fluorescence emission in a 50-nm band centered at
515 nm to increase the perceivable contrast between normal
and abnormal tissue. Svistun et al.”' extended the previous
work by photographing freshly respected oral tissue using the
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excitation wavelengths supported by the previous two studies
(350, 380, 400, and 440 nm) and an emission band between
500 and 560 nm. The best sensitivity and specificity were
achieved at 400- and 440-nm (our device uses 440- to 460
-nm) excitation and the least favorable results were obtained
at 340 nm.

Note that previously, the complex devices that record tis-
sue fluorescence required very sensitive cameras or special
tripods to reduce motion artifacts during long exposures.
CCD-based instruments often incorporated postprocessing
hardware to pseudocolor the final image for display. While
this improves the contrast between normal and abnormal tis-
sue it increases the cost and complexity of the instrument,
making it unacceptable for large-scale deployment for a
screening application. Note that all of the devices with similar
performance discussed in the De Veld review employed only
indirect visualization for the classification of lesions. In con-
trast, our simple, robust device facilitates the visualization of
oral cavity fluorescence directly by a human observer. In ad-
dition to its application in precancer screening, this simple
device could also be employed for biopsy guidance and mar-
gin delineation during surgical resection.

5 Summary

A simple field-of-view device for the direct visualization of
tissue fluorescence was presented. The handheld unit was de-
signed for the detection of high-risk oral premalignant lesions
and SCC; however, the same instrument is easily translated to
other organ sites. The design employs coaxial excitation and
emission to reduce inter- and intraobserver variability.

Using histology as the gold standard for 50 sites, the de-
vice achieved a sensitivity of 98% and specificity of 100%
when discriminating normal from high-risk OPLs and inva-
sive SCC. It is envisioned that such a device would be used as
an adjunct to conventional white-light screening to increase
the sensitivity of white-light screen alone but not reduce the
specificity.
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