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Detection and diagnosis of oral neoplasia
with an optical coherence microscope
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Abstract. The use of high resolution, in vivo optical imaging may
offer a clinically useful adjunct to standard histopathologic tech-
niques. A pilot study was performed to investigate the diagnostic ca-
pabilities of optical coherence microscopy (OCM) to discriminate be-
tween normal and abnormal oral tissue. Our objective is to determine
whether OCM, a technique combining the subcellular resolution of
confocal microscopy with the coherence gating and heterodyne de-
tection of optical coherence tomography, has the same ability as con-
focal microscopy to detect morphological changes present in precan-
cers of the epithelium while providing superior penetration depths.
We report our results using OCM to characterize the features of nor-
mal and neoplastic oral mucosa excised from 13 subjects. Specifi-
cally, we use optical coherence and confocal microscopic images
obtained from human oral biopsy specimens at various depths from
the mucosal surface to examine the optical properties that distinguish
normal and neoplastic oral mucosa. An analysis of penetration depths
achieved by the OCM and its associated confocal arm found that the
OCM consistently imaged more deeply. Extraction of scattering coef-
ficients from reflected nuclear intensity is successful in nonhyperkera-
totic layers and shows differentiation between scattering properties of
normal and dysplastic epithelium and invasive cancer. © 2004 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1805558]

Keywords: optical imaging; optical coherence microscopy; oral dysplasia; amelan-
otic tissue; squamous cell carcinoma.
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1 Introduction
New optical imaging technologies can provide detailed im-
ages of tissue architecture and cellular morphology of living
tissue. Optical coherence microscopy~OCM! is an exciting
technique being developed that combines the subcellular res
lution of high numerical aperture~NA! confocal microscopy
with the increased sensitivity and penetration depth of optica
coherence tomography~OCT! to noninvasively acquire detail
similar to that available in histologic tissue evaluation. OCM
images acquired from biological structures including plant
specimens,1,2 in vitro human colon tissue,3 and human skin,4

achieved a resolution of 2mm5 and a 200- to 500-mm field of
view at a penetration depth of 600mm. This suggests that
OCM has the potential to image epithelial tissues with the
subcellular resolution needed to assess their pathologic stat

OCM imaging builds detailed images of cell morphology
and tissue architecture by using a high NA confocal micro-
scope to collect light backscattered by various tissue compo
nents to provide contrast. The high NA objective focuses ligh
to a 3-D voxel within the tissue, and a pinhole placed at a
conjugate image plane within the confocal microscope allows
light reflected from the focal volume to pass to the detector
while most light generated from out of focus points is
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blocked. Further rejection of out of focus light is achieved
using an interferometric gate to reject those photons that p
through the pinhole, but have not traveled the same opt
pathlength as light generated at the focal volume, which
not undergone any further scattering events before exiting
tissue.5,6 Changes in refractive index provide a source of
flected light at the image point, and the contrast necessar
recognize intracellular detail. Although OCM imaging h
been limited to relatively few biological tissues, a review
results from confocal microscopy and OCT support the pot
tial application of both optical modalities in the assessmen
epithelial tissue.

Both confocal microscopy and OCT have successfully
sualized precancerous and cancerous conditions in hum
High NA confocal microscopy with its subcellular resolutio
enables imaging of cell morphologic and tissue architectu
changes associated with dysplasia and cancer. In skin, w
cytoplasmic melanin provides a strong source of backsca
ing, confocal microscopes have captured morpholo
changes in cytologic structure and visualized microvascu
ture in both basal cell carcinomas and melanomas.7–10 In
amelanotic epithelial tissues, where cell nuclei provide
primary source of reflected light, recent work showed th
reflectance confocal imaging of normal and precancerous
vical tissue can characterize nuclear size, nuclear density,
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Clark et al.
nuclear-to-cytoplasmic ratio without the need for tissue sec
tioning or staining. In these studies, confocal images were
used to discriminate high-grade cervical precancers with
sensitivity of 100% and a specificity of 91% in a study of 25
samples.11 Similarly, nuclear-to-cytoplasmic differences from
images of normal and esophageal cancer cells were used
identify cancer with a diagnostic accuracy of 90%.12 Confocal
imaging of oral mucosa has resolved subcellular detail a
depths of 250 and 500mm in the lip and tongue,
respectively,13 and oral squamous cell carcinoma from mul-
tiple sites.14

While high-resolution OCT imagingin vitro has demon-
strated resolution on the order of 1mm,15 current clinically
applicable OCT systems do not provide images with the sub
cellular resolution characteristic of high NA reflectance con-
focal microscopy. With penetration depth of up to 1 mm, OCT
can resolve architectural differences associated with tissu
from precancerous and cancerous specimens. In a study of t
cervix, an OCT system was used to identify epithelial, base
ment membrane, and stromal changes characteristic of carc
nomain situ and invasive carcinoma.16 In clinical trials, OCT
endoscopes have also successfully imaged a large number
precancerous and invasive malignancies of different organ
including the larynx, esophagus, uterine cervix, colon, urinary
bladder, and esophagus17–23 when compared to normal tissue.
However, the spatial resolution of OCT is not sufficient to
resolve cellular and subcellular morphology such as nuclea
size.

To characterize the features of histologically normal and
neoplastic oral mucosa, we conducted a pilot study using bot
a confocal microscope and an OCM system to image matche
clinically normal and abnormal biopsies obtained from 13 pa-
tients. Our study shows that, like confocal microscopy, OCM
can image and correctly characterize oral mucosal lesion
with resolution comparable to histology without the need for
tissue fixation, sectioning, or staining. In addition to subcel-
lular resolution, the OCM demonstrated consistently deepe
penetration than achieved by the confocal arm of the system
Analysis of epithelial scattering coefficients clearly discerns a
difference between the hyperkeratotic layers and the nonkera
tinized epithelium below, and an increase in scattering asso
ciated with premalignancy.

2 Methods and Materials
2.1 Specimens
Matched clinically normal and abnormal specimens were ac
quired from 13 patients at the Head and Neck Clinic of the
University of Texas M. D. Anderson Cancer Center who were
undergoing surgery for precancerous lesion or oral squamou
cell carcinoma~SCC!. Informed consent was given by all sub-
jects, and the project was reviewed and approved by the Un
versity of Texas M. D. Anderson Cancer Center Office of
Protocol Research and the Institutional Review Board at th
University of Texas at Austin. Tissue biopsies~approximately
3 mm wide by 3 mm long by 2 mm thick! were taken from at
least one clinically normal appearing and clinically suspicious
area and immediately placed in growth medium~DMEM, no
phenol red!. A concerted effort was made to obtain tissue from
early lesions, which are much more difficult to detect and
diagnose clinically. Both optical coherence and reflectance
1272 Journal of Biomedical Optics d November/December 2004 d Vol.
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confocal images were obtained at multiple image plane de
from the biopsies within 12 h of excision. Following imagin
biopsies were fixed in 10% formalin and submitted for routi
histologic examination by an experienced head and neck
thologist. During this examination, a standard diagnosis fo
was used for each biopsy to record the pathologic state of
tissue sample~e.g., normal, dysplastic, or cancerous! and its
differentiation ~e.g., moderate versus well!. The presence of
keratinization and its extent and inflammation~both chronic
and acute! as well as fibrosis, muscle, and salivary gland
was also noted. Additional sections from four of the biops
were stained with monoclonal mouse anti-cytokeratin~Pan!
~MMAC ! concentrate antibody~Zymed Laboratories, Incor-
porated, San Francisco!, a broad spectrum monoclonal ant
body cocktail of clones A1 and A3 that reacts to cytokerat
10, 14/15, 16, and 19 of the acidic and all members of
basic subfamily, to assess correlations between confocal
age features and the presence of keratin in the specimen

2.2 Optical Coherence System
Images were obtained from each biopsy using an OCM s
tem ~Fig. 1!. Illumination was provided by a broadband s
perluminescent diode SLD 38~Superlum Diodes, Limited,
Moscow! operating at 850 nm with a 25-nm full-width ha
maximum~FWHM! bandwidth and delivered to the confoc
microscope through a 50/50 coupler and a single-mode op
fiber. The illumination light was collimated to a beam diam
eter of 8 mm on exciting the optical fiber, and delivered to
water immersion microscope objective~403, 0.8 NA! via a
raster-scanning system. This scanning system used a res
scanner providing an 85-Hz line scan rate and a slow s
galvanometer to move the focused light in the sample, allo
ing acquisition of images in 3 s. The objective focused light
a 1 mm-diam spot with an average illumination power of 0
mW. Light backscattered from the tissue was recoupled i
the optical fiber, mixed in the 50/50 coupler with light retur
ing from a reference arm, and sent to a low-noise, broadb
detector 1801-FC~New Focus, San Jose, CA!.

If the pathlengths of light returning from the sample a
reference arm matched to within a coherence length of
SLD, interference fringes were produced at the detector.
pathlength of the reference light was small-amplitude~,1
mm! modulated using a technique described in Refs. 24

Fig. 1 Diagram of the OCM system used to image oral cavity speci-
mens.
9 No. 6
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Detection and diagnosis of oral neoplasia . . .
25, where light was reflected from a mirror mounted on a
sinusoidally driven piezo AE0203D04~NEC, Tokyo!. De-
modulation of the first two harmonics of this modulated signal
allowed reduction and even elimination of variation in the
signal caused by thermal drifts in the pathlengths of the ref
erence and sample optical fibers.3 Hoeling et al. demonstrated
that the thermal variation could be eliminated if a modulation
frequency of 122 kHz was used,24 but to raise our image
acquisition rate, we increased our modulation frequency to
resonant frequency at 376.65 kHz. At this higher frequency
the displacement of the mounted piezo per volt was too low to
balance the two harmonics without damage to the piezo, but
driving signal of7.5 Vp-p was used to provide a peak-to-peak
displacement of 315 nm and 65% reduction in phase varia
tions. The resulting signal was amplified by 26 dB and band
pass filtered to isolate the two harmonics and reduce noise.
linear rms detector AD8361~Analog, Norwood, MA! de-
modulated the signal and provided an estimate of signal in
tensity, or the square of the fringe amplitude. A complemen
tary estimate of signal intensity was acquired by blocking the
reference arm illumination and measuring the intensity of the
backscattered light returned from the confocal microscope
This confocal signal returned to the computer through a sepa
rate electrical path, which bandpass filtered the signal to 25
kHz and provided 10 dB of amplification.

The OCM system operated at a dimensionless fiber spo
sizeA26 of 2.81 to optimize optical sectioning. The measured
lateral and axial resolution of the system were 2.3 and 7.8
mm, respectively. The field of view was adjustable from 150
to 250mm by controlling the deflection of the scan mirrors.

2.3 Imaging and Image Processing
Prior to imaging, the biopsies were removed from growth
media, rinsed with phosphate buffered solution~PBS!, and
oriented so the image plane of the microscope was parallel t
the epithelial surface and would approach the epithelial laye
first. A 6% solution of acetic acid was then added to each
sample to increase image contrast.27 OCM and confocal im-
age pairs were acquired at various epithelial depths until tis
sue details were no longer resolvable by either of the imagin
modalities. On acquisition, image voltage data were saved t
a file as floating point numbers and also translated into 8-bit
grayscale format using a full-scale contrast stretch algorithm
to produce individual images. Additional postprocessing was
performed on each of the image frames presented to increa
image quality. Brightness was enhanced by adding a selecte
percentage of full grayscale to each pixel and contrast in
creased by removing another percentage of full grayscal
from the image and expanding the remaining midrange gra
levels.

Images of stained histologic sections were acquired using
color charge-coupled device~CCD! camera coupled to a
brightfield microscope. The small field of view of the OCM
made it difficult to register exactly where in the biopsy images
were acquired; in each case we identified areas in histologi
sections that corresponded to features present in our image

2.4 Scattering Coefficient Analysis
A selection of image depth-of-focus stacks were also pro
cessed to estimate the epithelial tissue scattering coefficie
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-

t

e
d

.

t

using a technique described in Ref. 28. An estimate of
aggregate tissue scattering coefficient can be calculated u
the equation,

I ~z!5I 0 exp~2m tz!R~z!exp~2m tz!

5I 0 exp~22m tz!R~z!, ~1!

whereI 0 is the irradiance at the depthz, at which the estimate
begins,R(z) is the depth-dependent reflectivity, andm t is the
attenuation coefficient, which is the sum of the absorption a
scattering coefficients. This technique assumes that excita
and reflected light travels parallel to the optical axis and t
the attenuation coefficient does not vary as a function
depth. In the near infrared, where measurements were m
the absorption coefficient is significantly lower than the sc
tering coefficient,29 so the attenuation coefficient was assum
to equal the scattering coefficient.

Binary masks outlining nuclei were hand-segmented
one person using the graphics editing program Paints
~JASC, Eden Prarie, MN!. A mean reflected intensity for thes
nuclei was calculated using the nuclear masks to extract
cific voltage levels from the detector values saved during
aging and plotted as a function of depth for each stack. Th
data were fit to Eq.~1! by assuming thatR was independent of
depth and minimizing the mean square error between the
and the fit with the scattering coefficient as the only varia
parameter.

3 Results
3.1 Imaging
Both OCM and confocal images were successfully obtain
from 28 biopsies with resolution similar to that provided b
brightfield microscopy typically used for standard histopath
logic evaluation. Table 1 shows the number of clinically no
mal and abnormal specimens obtained from each anato
site within the oral cavity. Table 2 lists the histopatholog
diagnoses for each biopsy from each subject. OCM ima
were acquired by scanning focused light in a plane paralle
the epithelial surface. Figure 2~f! shows a histology image
from a biopsy with hyperkeratosis and hyperplasia from
floor of the mouth, flanked by confocal@Figs. 2~a! through
2~e!# and OCM@Figs. 2~g! through 2~k!# images taken from
the same biopsy at the different depths indicated by the li

Table 1 Number of clinically normal and abnormal biopsies from
each site.

Location

Clinical appearance

Normal Abnormal

Tongue (lateral and ventral surfaces) 3 4

Floor of mouth 2 2

Gingiva 4 6

Buccal mucosa 3 2

Soft palate 1 1
medical Optics d November/December 2004 d Vol. 9 No. 6 1273
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Clark et al.
on Fig. 2~f!. Images from the superficial epithelium@Figs.
2~a!, 2~b!, 2~g!, and 2~h!# taken at 50 and 150mm beneath the
epithelial surface show larger cells with extensive keratin pro
viding bright return from the cell periphery regions, while
those acquired from 250mm below the tissue surface@Figs.

Table 2 Histopathologic diagnosis by patient. The ‘‘None’’ diagnoses
mean there was no epithelium in the specimen. The clinically normal
(N) and abnormal (A) biopsies were acquired from different sites in the
oral cavity due to the extent of the lesion.

No. Site

Histopathologic diagnosis

Clinically
normal
biopsy

Clinically
abnormal

biopsy

1 Tongue
(Lat. surface)

Hyperkeratosis,
hyperplasia

Moderate focal
dysplasia

2 Gingiva Hyperkeratosis,
hyperplasia

Hyperkeratosis,
hyperplasia

3 Gingiva Mild focal
dysplasia

Moderate to
severe
focal

dysplasia,
hyperkeratosis

4 Gingiva None Hyperkeratosis,
hyperplasia

5 Soft palate Hyperkeratosis,
hyperplasia

Well
differentiated

SCC

6 Floor of mouth (N)
Gingiva (A)

Hyperkeratosis,
hyperplasia

None

7 Tongue
(Lat. surface)

Hyperkeratosis,
hyperplasia

Mild focal
dysplasia,

hyperkeratosis

8 Floor of mouth Mild dysplasia,
hyperkeratosis

Mild to moderate
dysplasia, severe

hyperkeratosis

9 Tongue
(Lat. surface)

Severe hyperkeratosis,
hyperplasia

Mild dysplasia

10 Buccal mucosa
(N,A1,A2)

Hyperkeratosis,
hyperplasia

Severe hyper-
keratosis (A1)
hyperkeratosis,

hyperplasia (A2)

11 Buccal mucosa (N)
Floor of mouth

(A1)
Gingiva (A2)

Hyperkeratosis,
hyperplasia

Moderate
dysplasia,

hyperkeratosis
(A1)

hyperkeratosis,
hyperplasia, (A2)

12 Gingiva Hyperkeratosis,
hyperplasia

Moderately
differentiated

SCC

13 Buccal mucosa (N)
Tongue

(Lat. surface) (A)

Hyperkeratosis,
hyperplasia

None
1274 Journal of Biomedical Optics d November/December 2004 d Vol.
2~c! and 2~i!# capture the more uniform, smaller cells asso
ated with the intermediate layer. The images from the ba
epithelium at 300mm below the tissue surface@Figs. 2~d! and
2~j!# show a distinct increase in cell density and nuclear-
cytoplasmic ratio, but contrast in the confocal image@Fig.
2~d!# is significantly reduced. At this depth, the OCM is st
able to resolve cell membranes~arrow! @Fig. 2~j!#, and at 350
mm below the tissue surface@Fig. 2~k!#, basal cells are still
visible in one portion of the image~arrow!, while areas of low
return represent where part of the image plane has trave
the basement membrane into stroma~double arrows!. Confo-
cal and OCM image features compare well with the cor
sponding transverse histologic section@Fig. 2~f!#. This pattern
of confocal and OCM images was typical of those record
from normal biopsies in this study.

Detection of oral dysplasia requires subcellular resolut
to capture changes in nuclear shape and area characteris
the pathologic changes in the squamous epithelium du
malignant progression. Figure 3 shows both histologic a
OCM images from a hyperplastic and hyperkeratotic muco
specimen from gingiva@Figs. 3~a! and 3~c!# and invasive,
well differentiated squamous cell carcinoma from the soft p
ate @Figs. 3~b! and 3~d!#. The nuclei in Figs. 3~a! and 3~c!
manifest the regular and consistent features and spacing c
acteristic of healthy tissue. In sharp contrast, the tigh
packed tumor cells imaged in Figs. 3~b! and 3~d! exhibit ex-
tensive variations in nuclear size and nuclear morpholo
Epithelial nuclei~single arrows! appear as bright areas on th
OCM image, whereas areas of stroma with inflammat
~double arrows! appear dark in the OCM image.

3.2 Penetration Depth and Scattering Coefficient
Analysis
An important performance measure for optical imaging in t
sue is the maximum depth at which images can be obtain
or the penetration depth. Imaging performance for both m
dalities was analyzed for the 23 biopsies in which consist
features were resolved throughout imaging. For this analy
penetration depth was defined as the maximum depth at w
imaging captured individual nuclei. The results of this ana
sis are shown in Fig. 4. The OCM consistently imaged m
deeply than the confocal microscope, imaging 100mm deeper
or more than confocal microscopy in 3 cases, 50mm or more
in 7 cases, and less than 50mm deeper in 13 cases. Overa
the penetration depth of the OCM exceeded the penetra
depth of the confocal by an average of 33%. The widely
vergent penetration depths for the study~93 to 338mm for the
OCM! illustrate the challenge presented by the diversity
tissue types and pathologic states found in the oral cavity

An analysis of epithelial scattering coefficients for the
samples was also performed to investigate the clinical di
nostic potential of optical property changes associated w
malignant progression. 29 depth-of-focus stacks, represen
16 biopsies, were selected. Stacks were chosen based on
ity of nuclei over at least five image depths and a maximum
two stacks per biopsy were used. In 23 of 29 stacks, an ex
nential curve could be fit to only a portion of the reflecte
nuclear intensity curve, because a region existed at the be
ning of the data~most superficial layer! that did not fit the
model. Reflectivities in these regions varied greatly with s
9 No. 6



Detection and diagnosis of oral neoplasia . . .
Fig. 2 Transverse histologic image (f) with en face confocal (a) through (e) and OCM (g) through (k) images obtained at different depths beneath the
epithelial surface of a hyperkeratotic and hyperplastic floor of the mouth biopsy. Both imaging modalities captured an increase in nuclear density
as the depth of the focal plane increased from (a) and (g) 50 mm to (b) and (h) 150 mm to (c) and (i) 250 mm below the tissue surface. At (d) 300
mm below the tissue surface, confocal image quality started to degrade and by (e), 350 mm below the tissue surface, features were barely
resolvable. In the corresponding OCM images, cell membranes (arrow) are still resolvable at (j) 300 mm below the tissue surface. At (k) 350 mm
below the tissue surface, cells are captured (arrow) and part of the focal plane has traversed through the basement membrane into stroma (double
arrows). Scale bars=20 mm.
-
c

ples
ity
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al
nal commonly increasing in the most superficial 20 to 50mm
before either remaining relatively constant or dropping off
significantly. In 14 of the 23 stacks, the signal began to at
tenuate exponentially at a specific depth. The histopathologi
Journal of Bio
evaluation of these cases showed that all 23 of these sam
with the superficial zone characterized by variable reflectiv
showed a hyperkeratotic epithelium. In contrast, five of t
remaining six stacks were obtained from tissue with minim
medical Optics d November/December 2004 d Vol. 9 No. 6 1275
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Fig. 3 Histologic and en face OCM images of normal and cancerous
tissue. The consistent nuclear area and spacing in images from a hy-
perplastic and hyperkeratotic biopsy from gingiva (a) and (c) contrast
sharply with the tightly packed tumor cells (arrow) containing irregu-
lar nuclei visualized in a well differentiated SCC from the soft palate
(b) and (d). A portion of stroma with inflammation (double arrows) is
also captured in both images (b) and (d) of the SCC. Scale bars=20
mm.
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or no hyperkeratotic layer. Figure 5 shows the reflected
nuclear intensity versus depth in two examples; the hyper
keratotic layers are clearly distinguishable in both the histol-
ogy and the normalized nuclear reflectance plots. Figure 5~a!
shows a histologic image from a keratin antibody~MMAC !
stained section from a hyperkeratotic and hyperplastic gingiv
biopsy, with a plot of normalized reflected nuclear intensity
taken from the same biopsy shown in Fig. 5~b!. The top 10 to
20 mm of the biopsy are heavily keratinized, followed by a 40
to 90 mm layer of keratinized cells. This layer is recorded in
the plot by a brief period of increasing reflected nuclear in-
tensity before the signal becomes relatively constant until 70
mm below the tissue surface. At this depth, the intensity be
gins to drop. When the data from 70 to 150mm is fitted to an
exponential curve, the fit constant is 54~with an R2 value of
0.91!, implying a scattering coefficient of 27 cm21. The his-
tologic image in Fig. 5~c! from a keratin antibody~MMAC !
stained section from a hyperkeratotic, mildly dysplastic gin-
ol-
d
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cell
na-
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hic
on
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giva biopsy with focal moderate to severe dysplasia has a
to 40 mm heavily keratinized superficial layer above a 30
100mm layer of keratinized cells. These keratinized layers
reflected in the plot in Fig. 5~d! by a brief period of increasing
reflected nuclear intensity before the signal varies sign
cantly until 120mm below the tissue surface. At this dept
the intensity begins to drop. When the data from 120 to 1
mm is fitted to an exponential curve, the fit constant is
~with a R2 value of 0.89!, implying a scattering coefficient o
34 cm21.

Figure 6 shows more examples of normalized nuclear
flectance plots from different sites in the oral cavity represe
ing multiple pathologic states. Variations in reflected nucle
intensities in the superficial layer of the measurements
also captured in Figs. 6~b! and 6~c!. Figure 6 illustrates an
increasing trend in scattering coefficients with increasing
verity of neoplastic progression from normal to invasive SC
a hyperkeratotic and hyperplastic biopsy@Fig. 6~a!#, a hyper-
keratotic, mildly dysplastic biopsy@Fig. 6~b!#, a severely hy-
perkeratotic, moderately dysplastic biopsy@Fig. 6~c!#, and an
invasive, well-differentiated SCC@Fig. 6~d!# have estimated
scattering coefficients of 16, 34, 48, and 70 cm21, respec-
tively. This trend of increasing scattering coefficients is de
onstrated in a scatter plot in Fig. 7~a! for the 20 samples tha
either did not have a hyperkeratotic region or had a sec
layer that exhibited an exponential attenuation of reflec
nuclear intensity. Figure 7~b! shows the mean scattering coe
ficients for these stacks by pathologic diagnosis. The m
scattering coefficient for samples from normal biopsies w
27611 cm21, with a minimum and maximum value of 13 an
42 cm21, respectively. The mean scattering coefficient f
samples from dysplastic biopsies was 3966 cm21, with a
minimum and maximum value of 34 and 48 cm21, respec-
tively. Finally, the mean scattering coefficient for sampl
from SCC biopsies was 6069 cm21, with a minimum and
maximum value of 54 and 70 cm21, respectively. Thus, there
is an increase in the average scattering coefficient as the ti
progresses from normal to dysplasia to cancer(p,.05,using
a one-sided student’s t-test!, although further evaluation o
this trend is needed due to the small number of samples w
SCC.

4 Discussion
Our results illustrate the ability of OCM to image oral muco
without tissue preparation and staining, with resolution co
parable to histologic evaluation. Development of this techn
ogy for clinical evaluation of oral lesions in physicians an
dental offices has potential to significantly enhance clini
management. In normal tissue, depth-related changes in
diameter and nuclear density were observed at multiple a
tomic sites within the oral cavity. The penetration depth of t
OCM was greater than that which could be achieved w
confocal microscopy. In SCCs, densely packed, pleomorp
tumor nuclei could be visualized, while areas of inflammati
appeared dark. Our images correlate well with histology a
are similar to previously reported optical imaging results
the oral cavity.13,14

Our oral epithelial scattering coefficient findings unde
score the role that hyperkeratosis plays in optical imaging
the oral cavity. We postulate that the low levels of reflect
Fig. 4 Penetration depth of confocal microscopy versus OCM system.
9 No. 6



Detection and diagnosis of oral neoplasia . . .
Fig. 5 Comparison of histology to normalized reflected nuclear intensity as a function of depth. (a) Histologic image from a keratin antibody
(MMAC) stained section from a hyperkeratotic and hyperplastic gingiva biopsy. (b) Plot of normalized reflected nuclear intensity taken from the
same biopsy in (a) showing characteristic decay within the hyperkeratotic region and exponential attenuation starting at 70 mm with a scattering
coefficient of 27 cm−1. (c) Histologic image from a keratin antibody (MMAC) stained section from a hyperkeratotic gingiva biopsy with mild
dysplasia and focal moderate to severe dysplasia. (d) Plot of normalized reflected nuclear intensity taken from the same biopsy in (c) showing
characteristic decay of the hyperkeratotic region and exponential attenuation starting at 120 mm with a scattering coefficient of 34 cm−1.
Journal of Biomedical Optics d November/December 2004 d Vol. 9 No. 6 1277



Clark et al.
Fig. 6 Examples of normalized nuclear intensity plots from different sites and pathologic states. (a) Plot from a hyperkeratotic and hyperplastic
biopsy from the floor of the mouth with an estimated scattering coefficient of 16 cm−1 (mean R2 value of 0.92). (b) Plot from a hyperkeratotic,
mildly dysplastic biopsy from the lateral surface of a tongue with an estimated scattering coefficient of 34 cm−1 (mean R2 value of 0.96). (c) Plot
from a severely hyperkeratotic, moderately dysplastic biopsy from the floor of the mouth with an estimated scattering coefficient of 48 cm−1 (mean
R2 value of 0.96). (d) Plot from an invasive, well-differentiated SCC from the soft palate with an estimated scattering coefficient of 70 cm−1 (mean
R2 value of 0.98).
ro-
ng

he
intensity at the superficial portion of the hyperkeratotic layer
and the characteristic depth-dependent reflectivities observe
in the rest of the hyperkeratotic layer are a result of pyknotic
nuclei. Previous studies have shown that chromatin materia
1278 Journal of Biomedical Optics d November/December 2004 d Vol.
d

l

in the nucleus is responsible for the index mismatch that p
vides a significant amount of the contrast in optical imagi
of amelanotic tissue.30 Nuclei present in a hyperkeratotic~or
parakeratotic! layer are pyknotic due to the cell death and t
Fig. 7 (a) Scatter plot of scattering coefficients for nonhyperkeratotic tissue. (b) Bar chart comparing mean scattering coefficients for nonhyperk-
eratotic tissue by pathologic diagnosis.
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consequent condensed and irregular chromatin.31 Cellular
pleomorphism and varying chromatin patterns will lead to
fluctuation of reflectivity and scattering function.

The average scattering coefficients reported here show a
increase from 27 cm21 in normal tissue to 39 cm21 in dys-
plastic tissue to 60 cm21 in SCCs. We believe that the in-
creased scattering in abnormal tissue is due to changes
nuclear morphology. Quantitative measures of normal ora
epithelium and oral SCC find almost a doubling in DNA con-
tent in SCC when compared to normal tissue.32 Our results are
similar to the 22 and 69 cm21 for normal and dysplastic epi-
thelium, respectively, extracted from cervical tissue confoca
images28 and the 13 and 142 cm21 for normal and dysplastic
epithelium predicted by our finite difference time domain
~FDTD! algorithm, which estimated the volume fraction of
nuclei and average nuclear size from cervical confoca
images.33 We also observed higher scattering in normal oral
mucosa than was found in cervical epithelium, which we at-
tribute to higher levels of keratin in the oral cytoplasm.

The accuracy of the average scattering coefficients derive
through this study is limited by certain assumptions made
during data fitting to allow extraction of the average scattering
coefficient as a single variable. First of all, it was assumed
that the reflectance of nuclei is constant as a function of dept
within the epithelium. FDTD models of the scattering cross
section of superficial and basal epithelial cells have shown
that this may not be the case, since increased nuclear optic
density and increased refractive index heterogeneities withi
the nuclei cause increased backscattering from the bas
cells.33 In addition, the technique assumes that excitation and
reflected light travels parallel to the optical axis, ignoring
multiple scattering effects that begin to dominate signal return
as the image plane traverses more deeply within the highl
scattering tissue. Finally, we assume that the absorption coe
ficient is negligible compared to the scattering coefficient a
810 nm. This is likely reasonable, as the absorption coefficien
of amelanotic epithelial tissues, including the cervix, has bee
reported with measurements below 1 cm21.34

Recently, a number of studies have suggested that optic
spectroscopy and imaging can probe changes in both the ep
thelium and stroma of both oral and cervical tissue,35–41but to
provide optimal diagnostic information, these methods mus
be based on accurate models of the optical properties of th
target tissue. Our previous study of cervical epithelial scatter
ing suggested, based on its results for epithelial scatterin
coefficients, that single layer models that assume tissue
homogeneous are not well suited to describe light propagatio
in vivo because of the large difference in scattering betwee
epithelium and stroma.28 Results reported here further empha-
size this point by identifying separate layers within the epi-
thelium with significantly different scattering properties.
Therefore, techniques that attempt to accurately model mi
croanatomical and biochemical features of epithelium and
their effect on scattering33,39,40,42will play a vital role in sup-
porting optical spectroscopy as a tool for noninvasive diagno
sis in the oral cavity.

5 Conclusion
In this study, we demonstrate the power of optical coherenc
microscopy to visualize, at the subcellular level, features o
Journal of Bio
n

n

l

l

-

l
i-

both normal and neoplastic human oral mucosa. Penetra
depths for the OCM are consistently greater than accompa
ing confocal imaging. Extraction of scattering coefficien
from reflected nuclear intensity is successful in nonhyperke
totic layers and shows differentiation between scattering pr
erties of normal and dysplastic epithelium and SCCs. O
results suggest that OCM may enhance the ability of cli
cians to noninvasively diagnose early oral lesions, and t
improve the management of persons at risk to develop
cancer.
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