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Abstract. We present a new method for quantitative visualization of
premalignant oral epithelium called scattering attenuation microscopy
(SAM). Using low-coherence interferometry, SAM projects measure-
ments of epithelial optical attenuation onto an image of the tissue sur-
face as a color map. The measured attenuation is dominated by optical
scattering that provides a metric of the severity of oral epithelial dyspla-
sia (OED). Scattering is sensitive to the changes in size and distribution of
nuclear material that are characteristic of OED, a condition recognized
by the occurrence of basal-cell-like features throughout the epithelial
depth. SAM measures the axial intensity change of light backscattered
from epithelial tissue. Scattering measurements are obtained from se-
quential axial scans of a 3-D tissue volume and displayed as a 2-D
SAM image. A novel segmentation method is used to confine scattering
measurement to epithelial tissue. This is applied to oral biopsy samples
obtained from 19 patients. Our results show that imaging of tissue scat-
tering can be used to discriminate between different dysplastic severities
and furthermore presents a powerful tool for identifying the most rep-
resentative tissue site for biopsy. C©2010 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.3505019]
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1 Introduction
Obtaining an accurate histopathological diagnosis for oral ep-
ithelial dysplasia (OED) is dependent on the selection of the
most representative site to biopsy. Today, identification of these
sites can be a challenging procedure owing to the considerable
variations in the clinical appearances of lesional and nonle-
sional locations. To facilitate improved localization of biopsy
sites, techniques have been introduced for visualizing structural
and metabolic alterations not revealed during clinical examina-
tions. Such techniques include topical application of optical con-
trast agents such as toluidine blue,1 direct visualization of tissue
fluorescence,2 and direct oral microscopy.3 Although these ap-
proaches have reported improved detection of abnormal areas,
they remain limited by their dependence on static and quali-
tative assessment of disease sites.4 To obviate some of these
issues, optical coherence tomography (OCT) should be consid-
ered. OCT is an emerging noninvasive imaging modality capable
of producing quantitative assessment of tissue properties.5 For
in vivo clinical evaluation of tissue it provides promising at-
tributes, such as acquisition speed, imaging depth, micrometer-
scale resolution, and 3-D sampling ability.6, 7 However, it lacks
the resolution to provide the subcellular detail necessary for the
interpretation of conventional histopathology images. Despite
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this, OCT was used in vivo to study oral dysplasia and malig-
nancy in a hamster model,8, 9 revealing a correlation between
gross morphological features in both OCT images and histo-
logical sections. Wilder-Smith et al. more recently extended
this work to a human study involving 50 patients,10 reporting
differentiation of normal, dysplastic, and squamous cell carci-
noma of the oral mucosa. These studies identified the potential
of OCT to provide early detection and regular monitoring of
suspect lesions in the oral cavity. However, the lack of subcel-
lular detail in OCT and the dependence on subjective visual
evaluation limits the absolute diagnostic efficacy. For example,
a double-blinded clinical study of esophageal tissue by Isenberg
et al.11 used endoscopic OCT to identify dysplasia in patients
with Barrett’s esophagus. It was concluded that OCT may be
useful for directing biopsy toward dysplastic regions, but con-
ceded that without further identification of OCT characteristics
for dysplasia, the clinical applicability of OCT is presently lim-
ited. Hence, it is increasingly clear that there is limited clinical
value in traditional B-scan mode visualization of OCT images
for the identification of premalignancy. Accordingly, a multi-
modal imaging strategy was proposed, by combining OCT with
Doppler and nonlinear microscopy techniques.12 While such a
strategy approaches the sensitivity and specificity of conven-
tional methods, the experimental configuration is large, com-
plex, and not presently amenable to routine clinical use. A more
valuable approach is to parameterize the acquired OCT data
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and thereby present an en face microscopy view of the tis-
sue surface, onto which a quantitative marker of tissue health is
mapped. The potential to parameterize OCT data was previously
demonstrated by Levitz et al.,13 who measured the difference in
scattering coefficient of both phantoms and tissue. Other studies
have demonstrated the differentiation of plaque and arterial wall
components using a similar approach.14 Of direct significance to
this work is that of Tsai et al.,15 who proposed an empirical rela-
tionship between oral dysplasia and the rate of OCT signal decay
as a function of depth. A similar analysis was also used to ana-
lyze oral submucous fibrosis with promising results,16 although
it necessarily presents a wide variation in scattering gradients.
This is often addressed by averaging A-scans over the transverse
direction and obtaining a mean attenuation coefficient. However,
subjective selection of a region over which the attenuation is es-
timated leads to further ambiguity in the analysis. A recent study
by McLaughlin et al.17 implicitly addressed the former of these
issues by spatially mapping the attenuation coefficient over a
3-D section of malignant human lymph node. Their results sug-
gest that the wide variation in scattering coefficient derives from
the heterogeneity of tissue. In this work, we develope a sim-
ilar technique of spatially mapping the attenuation coefficient
to image premalignant lesions of the oral mucosa. The method,
termed scattering attenuation microscopy (SAM), defines an au-
tomated scheme for quantitative imaging of tissue attenuation
from data obtained by OCT.

2 Theory
2.1 OCT
OCT is an optical imaging technique that employs low-
coherence interferometry (LCI) to noninvasively form cross-
sectional images (B-scans) of highly scattering samples. It has
been widely reported in the literature for imaging biological
specimens.18 B-scan images are comprised of a lateral series of
sequential LCI axial scans (A-scans), each of which provides
a measure of the incident light intensity scattered from mor-
phological features within the sample back into the detection
optics. A typical OCT instrument is composed of a broad-
band light source, a Michelson interferometer, and scanning
optics by which images of the sample are obtained. For 3-
D acquisition, frequency domain detection offers the required
frame rates, using either spectrometer or swept laser source sys-
tems. A number of detailed reviews of OCT were previously
published.19, 20

2.2 OED
The normal oral mucosa is made up of two structurally dis-
tinct layers: an overlying epithelium and its underlying con-
nective tissue, the lamina propria. In between these layers is
the basement membrane, characterized by cells with increased
nuclear size, and characterized in histology by high staining
intensity (hyperchromatism). By contrast, mild, moderate, and
severe dysplasias display basal-cell-like features in the bottom,
middle, and upper third of the epithelium respectively. This re-
distribution of cell nuclei is of particular relevance to OCT,
which relies on the scattering of light to form cross-sectional B-
scan images. The cell nuclei are a significant contributor to the

light-scattering process. Therefore, any change in their spatial
distribution or size will consequently affect the detected optical
scattering profile in OCT. In human epithelial tissue, scattering
dominates over optical absorption at a typical OCT imaging
wavelength21 of 1300 nm. It follows that variations in the size
and location of nuclear material in the epithelium will be ex-
hibited as changes in the rate of axial intensity decay in OCT
images.

2.3 Scattering Attenuation Microscopy
The OCT A-scan signal I(z) from a homogeneous scattering
medium, was previously described22 as a function of depth z, as
shown by Eq. (1). This is valid in the limit of single scattering.

I (z) = I0 Kμb A(z) exp (−2μT z). (1)

The signal decreases exponentially with depth at a rate deter-
mined by the total attenuation coefficient μT .

μT = μa + μs . (2)

This combines the effects of both scattering μs and absorp-
tion μa . The function A(z) describes the depth dependency of
the backscattered signal amplitude. This arises from two pri-
mary sources, namely, the light capture efficiency of the optical
system that varies throughout the focused probe beam and de-
tection sensitivity. The depth dependency of the sensitivity in a
frequency domain detection system is due to the finite sampling
and width of a discretely sampled source spectrum. The constant
amplitude coefficients I0, μb, and K represent, respectively, the
optical intensity at the surface, the backscattering coefficient,
and a scale factor accounting for distribution of the detected
intensity over the source coherence length.

OCT images are typically formed on a logarithmic intensity
scale Ilog(z) = 20 log [I(z)], expressed in decibels (dB). For
visualization, the logarithmic intensity is mapped to an 8-bit
gray scale,

I8bit(z) = 255
Ilog(z) − Imin

Imax − Imin
, (3)

where

Ilog(z) =
⎧⎨
⎩

Ilog(z) Imin ≤ Ilog(z) ≤ Imax

Imin, Imin > Ilog(z)
Imax, Ilog(z) > Imax

. (4)

Substituting from Eq. (1) into Eq. (3), the OCT image intensity is

I8bit(z) = ln [I0 Kμb A(z)] − μT z − 255
Imin

Imax − Imin
, (5)

with the coefficient ε defined as

ε = 255

Imax − Imin

20

ln (10)
. (6)

From Eq. (5) it is evident that the effects of A(z), I0, K, and μb

can be subtracted from the image, leaving an expression for a
straight line with a gradient

d

dz
I8bit(z) = −εμT . (7)

Therefore, absolute measurement of μT depends on cali-
bration of A(z) and knowledge of Imax and Imin, or access
to the raw data. However, without this information it is
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Fig. 1 Example OCT image of normal oral epithelium. Left and right bounds of the region of interest are marked by red and green lines, respectively.
The estimated epithelial segmentation is marked in yellow. (Color online only.)

still possible to make relative measurements directly from
OCT images.

2.4 Epithelial Segmentation
At tissue depths greater than μ−1

s , multiple scattering be-
gins to dominate, and Eq. (1) is no longer a valid model.
For human oral epithelium, μ−1

s is typically23 of the order
0.5 mm, which is greater than its predicted thickness. The anal-
ysis should be focused within the epithelial tissues where the
changes of interest are located. While automated segmenta-
tion of healthy epithelium is feasible with OCT images,24 the
high attenuation associated with increasing severity of dysplasia
prevents demarcation of the basement layer. Therefore, an alter-
native objective selection method was used, based on the per-
centage of backscattered light in the logarithmic domain. The in-
tegrated backscattered intensity from the surface to a depth zb is
given by

Ib(zb) =
∫ zb

0
Ilog(z) dz. (8)

The integral from the sample surface over the whole depth
was assumed to represent 100% of the backscattered light
component IT detected by the OCT instrument along a sin-
gle A-scan. This ignores both light scattered outside of the
OCT system numerical aperture and absorption of light within
the tissue.

IT = Ib(∞). (9)

From OCT images of normal oral epithelial tissue, it was ob-
served that when zb corresponds with the basement membrane,
the integrated backscatter was equal to approximately 50% of
IT. Hence, a threshold intensity Ith = IT was chosen that repre-
sented the typical percentage drop α in the integrated backscat-
ter within normal oral epithelial tissue with respect to IT . The
depth zbottom at which Ib(zbottom) = Ith was used as an esti-
mate of the base of the epithelium, with α = 50% kept con-
stant for the A-scans of all samples. Therefore, zbottom varied
between A-scans, providing an estimate of the actual basement
membrane position in the OCT images. This is indicated by
a yellow line in the OCT image of normal epithelial tissue
(Fig. 1). The top surface of the tissue ztop was approximately
located in the OCT image by applying a 15-pixel median filter
to each A-scan and identifying the first pixel of a sequence of at

least 3 above a given intensity threshold. The region of interest
(ROI) for each A-scan was selected between ztop and zbottom.
A typical ROI is identified in Fig. 2, including a linear least-
squares fit of the form I = μz + c to the data. From Eq. (7), the
fitted gradient is μ = εμT . A SAM image comprises values of
μ(x, y) mapped to orthogonal lateral coordinates x and y.

3 Materials and Methods
Approval for this study was obtained from the ethics commit-
tee of Barts & the London Hospital, United Kingdom. Biopsy
samples were obtained from 19 patients as part of the routine
diagnostic procedure for suspected oral lesions. Biopsies were
measured using OCT within 12 h of excision, after which they
were sent to histopathology to be fixed, sectioned, stained and
examined using standard histological procedures. OCT mea-
surements were made using a commercial OCT microscope
(EX1301, Michelson Diagnostics Ltd., United Kingdom) op-
erating at a center wavelength of 1310 nm over a full width
at half maximum (FWHM) spectral bandwidth of 75 nm. The
axial and lateral FWHM resolution of this instrument were
previously measured25 and found to be 10.9 ± 0.2 and
8.9 ± 0.2 μm, respectively. This instrument is composed of
four interferometer channels, each focused with sequential axial
offsets of 250 μm. Consequently, the depth-varying amplitude
function A(z) in Eq. (1) is periodic between imaging depths of 0.0
to 0.7 mm, as shown in Fig. 3. To mitigate against the influence
of this on the quantitative results, only the deepest focal channel
was used. This was achieved by focusing the lower channel on
the tissue surface. Therefore, the instrument was found to have a
sensitivity drop of 25 dB over the selected portion of the OCT im-
age depth that extended from 0.7 to 1.5 mm, as marked in Fig. 3
to the right of the dotted line. The peak channel sensitivity was
measured to be 94 ± 1 dB with an optical channel power of
approximately 3 mW incident on the tissue surface.

Three-dimensional volumetric OCT data sets were obtained
from sequences of B-scan images. Sequential images were ac-
quired with a spacing of 5 μm using a computer-controlled
linear translation stage (Z625B, Thorlabs Inc., United States).
For each sample, the biopsy was orientated such that that the
epithelial surface was presented to the OCT probe beam. Each
A-scan in the 3-D volume was subjected to the segmentation
and gradient assessment to determine a gradient value μ(x, y)
at each orthogonal transverse position [x,y] over the volume
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Fig. 2 Typical A-scan, including the region of interest (red solid line), to which a straight line is fitted to estimate the scattering gradient μ.
(Color online only.)

surface. Hence, an en face view of the tissue attenuation param-
eter was obtained. For each sample, this was augmented by a
histogram representing the statistical distribution of μ over the
biopsy area. The units of μ are inverse pixels (pix− 1), where
the axial pixel spacing is 5.89 μm.

4 Results
Samples were collated into two groups representing patho-
logical assessments of normal/mild (15 biopsy specimens)
and moderate/severe (4 biopsy specimens) dysplastic lesions.
Analysis of each specimen comprised measurements of more
than 100,000 A-Scans.

4.1 Normal/Mild Dysplasia
Figure 4 shows results obtained from a fibroepithelial polyp used
as a normal control in this study. The OCT image in Fig. 4(a)
shows two distinct layers of signal intensity, representing
epithelium (E) and superficial lamina propria (SLP). These
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Fig. 3 Sensitivity calibration curve for Michelson Diagnostics EX1301
OCT instrument used in this study. The dotted line coincides with the
focus of the deepest channel.

closely match the anatomical layers in the corresponding
histology [Fig. 4(b)].

4.2 Moderate/Severe Dysplasia
Figure 5 shows results obtained from a moderately dysplastic
oral mucosal biopsy sample. By contrast to Fig. 4(a), in Fig. 5(a)
it is not possible to demarcate the tissue layers identified in
Fig. 5(b). Therefore, Figs. 5(a) and 5(b) display poor morpho-
logic correlation of the tissue layers in this sample.

4.3 Quantitative Analysis
The histograms displayed in Figs. 4(c) and 5(c) represent sta-
tistical distributions of the gradient values for representative
biopsy samples from each group. Contributing gradients were
obtained from each transverse location [x,y] in the 3-D OCT data.
Figure 4(c) shows a typical scattering gradient histogram for a
single specimen from the normal/mild sample group. Likewise,
Fig. 5(c) shows a scattering gradient histogram for a speci-
men from the moderate/severe group that exhibits a modal shift
of −1.000 pix−1 (increased scattering) compared to the nor-
mal/mild group.

Figure 6 shows scattering gradient histograms composed
of every A-scan utilized for SAM imaging from all 19 biop-
sies. These represent 2 approximately normal distributions with
distinct peaks at −0.4 and −1.3 pix− 1 for normal/mild and
moderate/severe, respectively, representing a similar scattering
gradient change of 0.9 pix− 1 to the individual samples.

In Fig. 7, each B-scan is represented by its mode-scattering
gradient, and these values are pooled into a histogram of all
B-scans from all specimens. The mode rather than mean scat-
tering gradient was chosen because the distribution of values
within individual B-scans were found to be asymmetric. This
may be due to the presence of multiple dysplastic severities
present within a tissue section.
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Fig. 4 Normal control fibroepithelial polyp: (a) single OCT B-scan image, (b) corresponding histological section, (c) each point μ(x, y) contributes
to the statistical distribution, and (d) multiple sequential OCT images contribute to an en face view of the sample, where the color map represents
the spatial distribution of the scattering gradient μ(x, y).

4.4 SAM Colour Maps
In Figs. 4(d) and 5(d), the gradient values are projected onto the
biopsy sample surface, giving an en face view of the gradient
heterogeneity. Gradient values between − 3.0 and 0.0 pix− 1

were encoded by a color map, representing 90% of acquired
A-scan values. An upper value of 0.0 pix− 1 was chosen because
positive scattering gradients represented 23% of all normal/mild
A-scans, compared with only 4% of all moderate/severe A-scans.
Less than 0.1% of normal/mild A-scans exhibited scattering
gradients below the lower bound of − 3.0 pix− 1. Therefore,
the color map was configured such that a high degree of color
homogeneity was observed in the normal/mild group [Fig. 4(d)]
and the moderate/severe group [Fig. 4(d)] displayed significant
color variation.

5 Discussion
The poor morphologic correlation of tissue layers in Figs. 5(a)
and 5(b) is due to increased optical scattering from dysplas-
tic cells.26 The consequent morphological differences between
Figs. 4(a) and 5(a) demonstrate the feasibility of qualitative dif-
ferentiation using OCT. These OCT B-scans and corresponding
histology [Figs. 4(b) and 5(b)] are orientated along the x dimen-
sion of the corresponding SAM images [Figs. 4(d) and 5(d)] and
are taken from sample centre in y.

Quantification of the visual difference through the scatter-
ing gradient has enabled investigation of OCT sensitivity to
dysplastic changes. This is highlighted in Figs. 4(c) and 5(c),
where the modal gradient value shows an inverse relationship
with the severity of dysplasia. For example, the normal/mild
group showed values of μ(x, y) clustered around a gradi-
ent value of 0.5 pix−1 for an individual specimen [Fig. 4(c)],
−0.3 pix−1 for all A-scans (Fig. 6), and −0.5 pix−1 for the
B-scan modes (Fig. 7). However, in the case of moderate/severe
dysplasia, the scattering gradient distribution is shifted to the
left, as seen in Figs. 5(c), 6, and 7 as peak scattering gradients
of −0.5, −1.3, and −1.5 pix−1 respectively. Therefore, the
typical change in scattering gradient between the normal/mild
and moderate/severe dysplastic groups in this study was approx-
imately −1.0 pix−1.

A comparison of the individual specimen and pooled his-
tograms, Figs. 4(c), 5(c), and 6, demonstrates the intersample
variation in results. For example, 95% of all A-scan scatter-
ing gradients from the normal/mild and moderate/severe groups
(Fig. 6) exist with a range extending ±1.3 and ±1.7 pix−1

of the distribution mode, respectively. This compares with
± 0.6 and ± 0.7 pix−1 for the respective individual samples in
Figs. 4(c) and 5(c). It is presently unknown to what degree this
is due to experimental repeatability and tissue variability. How-
ever, the pooled results in Fig. 6 show that interpatient results fit
within a finite normal distribution.
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Fig. 5 Typical example of moderate dysplasia. (a), (b), (c), and (d) are described for the normal control in Fig. 2.

The ability of the scattering gradient to classify between the
two dysplastic groups can be assessed in terms of sensitivity (true
positives) and specificity (1 – false positives), where a positive
result is defined as a classification of moderate/severe dysplasia.
These values are determined by integration from the left over
each normalized distribution to a defined scattering gradient
threshold value. Sensitivity is obtained by integrating over the
moderate/severe group, with specificity obtained by subtracting
the integral over the normal/mild distribution from one. The
threshold scattering gradient value provides a classifier between
normal/mild and moderate/severe. In this study, it was found

Fig. 6 Histograms of A-scan scattering gradients obtained from 3-D
OCT data of all biopsy samples.

that a scattering gradient threshold of −1.0 pix−1 yielded both
sensitivity and specificity of 74% when applied to all A-scans
(Fig. 6). For the modal B-scan data in Fig. 7, a classification
threshold of −1.2 pix−1 provided a sensitivity and specificity
of 90%.

Based on these quantitative differences, the potential for se-
lection of the most representative biopsy site is demonstrated
by the en face color map gradient representation of 3-D OCT
data sets, Figs. 4(d) and 5(d). Careful examination of the mod-
erate/severe biopsy samples [Fig. 5(d)] revealed regions of μ
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similar to that of the normal/mild control [Fig. 4(d)]. The ori-
gin of this is thought to reflect the range of dysplastic sever-
ity and normal tissue present within a single biopsy sample.
This is expected, as histopathology characterises only the most
severely affected area.27 Therefore, a sample diagnosed as se-
vere may present regions of normal, mild, and moderate dys-
plasia. This is reflected by the broader range of gradient values
present in the moderate/severe histograms compared with those
for the mild/normal group. For example, in Fig. 6, 95% of nor-
mal/mild A-scan scattering gradient values are found to lie be-
tween −1.6 and 0.9 pix−1 centered about the mode, compared
with a range of −2.9 to 0.4 pix−1 for moderate/severe. This is
amplified in Fig. 7, where the respective ranges containing 95%
of modal B-scan scattering gradients are −1.0 to 0.0 and −3.0 to
0.0 pix−1.

Therefore, scattering gradient distributions associated with
the normal/mild and moderate/severe categories were consis-
tent between multiple samples and patients, within the normal
distributions in Fig. 6. Consistency between samples and the
smooth variation of μ(x, y) observed in the en face scattering
gradient maps [Figs. 4(d) and 5(d) further indicate that the
observed distribution of μ is dominated by tissue heterogeneity
rather than measurement noise. The SAM images themselves
represent only a subset of the OCT data in the x direction.
This is a consequence of resolution and sensitivity constraints
of the OCT instrument when used over a wide field of view.28

Furthermore, the ex vivo biopsy samples were observed to
curl at the edges. Away from the central region of the biopsy,
the strong surface signal was reflected away from the OCT
detection optics. The consequent lack of well-defined tissue
surface in the OCT images prevented the reliable surface de-
tection that is required for segmentation. Therefore, the extent
of the SAM image in x was truncated to a region over which
the surface was reliably detected. Hence, data were selected for
processing only from the central 1.5 mm of the OCT images
to minimize instrument-induced bias across the SAM images.
An example of this is shown in Fig. 1, where the left and right
bounds of the SAM image are marked by a red and green line,
respectively. (Color online only.)

The approach to epithelial segmentation developed here de-
fines a lower boundary for the ROI from which the scatter-
ing coefficient is determined. When tissue scattering is high,
the ROI depth is small compared with that for low scattering.
Hence, the ROI thickness per se may provide a metric of dys-
plastic severity, rather than actual epithelial thickness. However,
a further study is required to evaluate this as an alternative or
complimentary parameter. A scattering coefficient has the ad-
vantage that it represents a well-established parameter in the
context of general tissue optics and has previously been identi-
fied as an indicator of bulk tissue disease.13

6 Conclusion
In this paper we presented a quantitative assessment of OED
using a new OCT visualization methodology, SAM. The
analysis was based on an understanding of the pathophysiology
and how this can affect physical interaction of light with tissue.
SAM quantifies qualitative differences in the OCT images of
dysplastic tissue by measuring the spatial distribution of tissue
scattering gradients. From the statistical gradient distributions

it is evident that SAM can objectively differentiate between
normal/mild and moderate/severe dysplasia groups. Our results
demonstrate the potential to present pathological information
to the clinician in a concise color map. This approach may be
particularly useful for selecting the most representative biopsy
site. SAM quantitatively conveys greater context and clinically
significant information than the conventional OCT B-scan
mode. The advent of new high-speed approaches to OCT, such
as using Fourier domain mode-locked lasers, may facilitate
this method being incorporated into real-time, in vivo clinical
tools.
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