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Abstract. We have developed a novel dual-window approach for
spectroscopic optical coherence tomography �OCT� measurements
and applied it to probe nuclear morphology in tissue samples drawn
from the hamster cheek pouch carcinogenesis model. The dual-
window approach enables high spectral and depth resolution simul-
taneously, allowing detection of spectral oscillations, which we iso-
late to determine the structure of cell nuclei in the basal layer of the
epithelium. The measurements were executed with our parallel fre-
quency domain OCT system, which uses light from a thermal source,
providing high bandwidth and access to the visible portion of the
spectrum. The structural measurements show a highly statistically sig-
nificant difference between untreated �normal� and treated
�hyperplastic/dysplastic� tissues, indicating the potential utility of this
approach as a diagnostic method. © 2009 Society of Photo-Optical Instrumenta-
tion Engineers. �DOI: 10.1117/1.3269680�
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Introduction
ancers typically develop slowly over time, beginning with

ust a few abnormal cells that grow and proliferate. The ma-
ority of malignancies develop through precancerous states
haracterized by varying levels of architectural and cytologic
bnormality.1 Detecting these structural changes in tissues at
he earliest possible stages could provide an increased oppor-
unity for therapeutic intervention and thus, greatly reduce
ates of mortality and morbidity. However, detecting precan-
erous development is a great challenge for available screen-
ng techniques.

The current gold standard for detecting cancer of epithelial
issues is the histopathologic analysis of biopsy samples. Bi-
psy samples are excised from the tissue under examination
nd then fixed, sectioned, stained, and ultimately examined by
pathologist for morphological abnormalities. Although this

rocedure is the standard practice for cancer diagnosis, there

ddress all correspondence to: Adam Wax, Duke University, Department of
iomedical Engineering, 136 Hudson Hall, Durham, North Carolina 27708. Tel:
19-660-5143; Fax: 919-684-4488; E-mail: a.wax@duke.edu
ournal of Biomedical Optics 064030-
are several drawbacks to this approach, including the subjec-
tivity of diagnoses, the inherent invasiveness of biopsies, the
time delay between biopsy and diagnosis, and the poor cov-
erage of at-risk tissue.

It is clear that improved screening and diagnostic technolo-
gies are needed to overcome these limitations. In recent years,
large amounts of research have focused on developing optical
methods for early cancer detection2–4 because such methods
hold great promise to overcome the limitations of the tradi-
tional biopsy listed earlier. One specific technique, elastic
light scattering spectroscopy, is an optical technique that ana-
lyzes scattered light to obtain information about the structures
with which the light interacts. For decades, elastic light scat-
tering has been utilized in a variety of applications where
direct measurement of physical properties is impractical or
impossible. Most recently, advances in biophotonics have en-
abled application of elastic light scattering to biology and
medicine. Using powerful, broadband light sources, elastic
scattering spectroscopy �ESS� has been used by several

1083-3668/2009/14�6�/064030/8/$25.00 © 2009 SPIE
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roups to investigate the cellular morphology of in vivo and
x vivo tissue samples.5–8 Because enlargement of the nuclear
iameter is a key indicator of precancerous growth,1 the mor-
hology of the cell nucleus has become a strategic target for
ight scattering studies.

These advancements have paved the way for a new elastic
ight scattering technique known as Fourier domain low-
oherence interferometry �fLCI�.9,10 The fLCI approach uses
nterferometry to obtain depth-resolved spectroscopic infor-

ation that can then be analyzed to recover structural infor-
ation, such as nuclear morphology, from specific layers in a

ample. For early cancer detection, fLCI may be applied to
etect enlargement of nuclear diameter, which can serve as a
iomarker of precancerous transformation. This biomarker, ei-
her alone or in conjunction with other information derived
rom the light scattering signal, can provide the quantitative
nformation necessary to distinguish between normal and dys-
lastic epithelial tissue with high sensitivity and specificity.

In this paper, we present the results of the first study as-
essing the ability of the fLCI technique to distinguish be-
ween normal and dysplastic ex vivo epithelial tissues. In the
tudy, quantitative nuclear morphology measurements are
sed as a biomarker to distinguish between normal and dys-
lastic hamster cheek pouch epithelium.

Materials and Methods
.1 Animal Model
he animal study was completed using the hamster cheek
ouch carcinogenesis model. For the animal study, all experi-
ental protocols were approved by the Institutional Animal
are and Use Committees of Duke University and North
arolina Central University and in accordance with the Na-

ional Institutes of Health �NIH�. Male Syrian golden ham-
ters, six weeks of age, were obtained from Harlan Laborato-
ies �Indianapolis, Indiana� and housed at North Carolina
entral University. The animals were housed four per cage in
room with controlled temperature and humidity and in a

2-h light/dark cycle. Regular cage changes ensured mainte-
ance of hygienic conditions. All animals were given the
IN-93M diet �Research Diets, New Brunswick, New Jer-

ey�. The diet consisted of 14% casein, 0.18% l-cystine,
9.5% corn starch, 12.5% maltodextrim 10, 10% sucrose, 5%
ellulose, 4% soybean oil, 0.0008% t-Butylhydroquinone,
.5% mineral mix, 1% vitamin mix, and 0.25% choline bitar-
rate. Tap water was available ad libitum. After an acclimati-
ation period of one week, the left cheek pouch of each ani-
al was topically treated with 100 �l of 0.5%

,12-dimethylbenz�a�anthracene �DMBA; Sigma Chemical
ompany, St. Louis, Missouri� in mineral oil with a paint-
rush three times per week for six weeks. The right cheek
ouch was left untreated and served as the control group.

.2 Experimental Protocol
t 24 weeks after the initial treatment of DMBA, the ham-

ters were shipped to Duke University for optical spectro-
copic analysis. The hamsters were euthanasia by CO2 as-
hyxiation before being subjected to gross necropsy. The
ntire left and right cheek pouches were excised and cut into
wo pieces. The samples were laid flat between two cover-
lasses, moistened with phosphate buffered saline �PBS�, and
ournal of Biomedical Optics 064030-
immediately scanned by the parallel frequency domain optical
coherence tomography �pfdOCT� system. Following the opti-
cal measurements, scanned areas were marked with India ink
and the tissue samples were fixed in 10% PBS buffered for-
malin. The fixed samples were later embedded in paraffin,
sectioned, and stained with hematoxylin and eosin �H&E� for
histopathological analysis.

The complete animal trial analyzed tissue samples from 21
hamsters. Although one treated and one untreated sample
were extracted from each animal and scanned by the fLCI
system, only 16 of 21 untreated samples were used in the
study. The signal-to-noise ratio of the scans from the remain-
ing five untreated samples was insufficient to provide useful
data. Therefore, these scans were not included in the spectro-
scopic analysis.

2.3 Parallel Frequency Domain Optical Coherence
Tomography

Ex vivo tissue samples were examined using the pfdOCT sys-
tem first described by Graf et al.11 The pfdOCT system,
shown in Fig. 1, is based on a modified Michelson interfer-
ometer geometry and utilizes a 4f interferometer first demon-
strated by Wax et al.12 The system utilizes a Xenon arc-lamp
source �150 W, Newport Oriel, Stratford, Connecticut� for il-
lumination, and the 4f interferometer uses two 4f imaging
systems to spatially resolve light from the source to the de-
tector. The detection plane of the imaging system coincides
with the entrance slit of an imaging spectrometer �Shamrock
303i, Andor Technology, South Windsor, Connecticut�, which
spatially resolves 255 detection channels, each 25 �m in
width. The imaging spectrometer optics, along with the com-
bination of the 600 lines /mm grating and the 1024-pixel
CCD array, limits the detected spectrum to the
500- to 625-nm range. Data from the spectrometer is down-
loaded in real time to a laptop PC via the USB 2.0 interface,
and spectrometer control and data acquisition is achieved us-

L1 L2

L3

Sample

L4

M

L5

Imaging
Spectrometer

Source

BS

Incoming
Light

Spectrometer
Slit

Fig. 1 Schematic of the pfdOCT system. Light source—250-W Xe arc-
lamp. L1 through L5—lenses. BS—beamsplitter. M—reference mirror.
Inset: Incoming light incident on the spectrometer slit. Slit allows only
a small slice of incoming light to enter the imaging spectrometer.
Adapted from Ref. 11.
November/December 2009 � Vol. 14�6�2
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ng custom LabVIEW �National Instruments, Austin, Texas�
oftware.

The fLCI method seeks to recover structural information
bout scatterers by examining the wavelength dependence of
he intensity of elastically scattered light. The technique de-
ermines scatterer sizes by analyzing the Fourier transform of
he spectra originating from specific subsurface layers of a
ample. Depth resolution is obtained by employing the coher-
nce gating methods commonly used in frequency domain
CT. By exploiting the low temporal coherence length of a
roadband light source in an interferometry scheme, fLCI can
electively analyze spectral information from the most diag-
ostically relevant layers in probed samples.

In order to perform depth-resolved spectroscopy, fLCI data
ust be processed to simultaneously obtain depth resolution

nd spectral resolution, from data acquired in a single do-
ain. To implement this processing, fLCI and spectroscopic
CT �SOCT� have typically employed a short-time Fourier

ransform �STFT� in which a Gaussian window is applied to
he interference signal before taking a Fourier transform,
ielding a depth scan centered about a particular center wave
umber. By shifting the center of the Gaussian window and
epeating the process, a data set with both depth and spectral
esolution can be generated. It should be noted, however, that
ith this approach, any attempt to increase spectral resolution

esults in degradation of depth resolution and vice versa. Most
ecently, Robles et al. introduced the dual window �DW�
ethod for processing SOCT signals, which can be incorpo-

ated into the fLCI analysis.13 The DW method is based on
erforming two separate STFTs and combining the results to
chieve simultaneously high depth and spectral resolution.

From the depth-resolved spectroscopic information, fLCI
eeks to determine structural information by analyzing oscil-
ations in the spectrum of light returned from a specific depth
f interest. More specifically, fLCI seeks to distinguish be-
ween normal and dysplastic epithelial tissue by detecting the
uclear enlargement that occurs at the earliest stages of pre-
ancerous development. Figure 2�a� shows an illustration rep-
esenting two nuclei as well as the scattering events that take
lace at both the front and back surfaces of each nucleus
here an index of refraction change is present. Depending on

Wavenumber

I

Wavenumber

I

(a)

(b)

ig. 2 �a� Cell nuclei with incident and scattered fields indicated. �b�
nterference spectra with wave number–dependent oscillations
aused by interference between front and back surface reflections.
ournal of Biomedical Optics 064030-
the coherence of the field induced by the sample,14 the reflec-
tions from the front and back surfaces of the nuclei will in-
terfere with one another, producing constructive or destructive
interference, as shown in Fig. 2�b�. The frequency of this
oscillation is directly dependent on the diameter and refractive
index of the scatterer, with larger particles resulting in a
higher frequency of oscillation and smaller particles resulting
in a lower frequency of oscillation. The fLCI method seeks to
detect and analyze these spectral oscillations to measure
nuclear diameter.

2.4 Data Processing

The raw data acquired by the pfdOCT system consisted of
120 spectra, each of which originates from adjacent
25-�m-diam spatial points on the experimental sample. The
raw data, along with the plots of three such spectra, are shown
in Fig. 3�a�. The diameter of the signal beam was shaped to
illuminate only 120 of the 255 spectral channels of the imag-
ing spectrometer to preserve the signal-to-noise ratio of the
measurements.

To analyze spectra from specific tissue layers, the spectrum
detected by each channel of the imaging spectrometer was
processed using the DW processing method.13 Briefly, the
DW method uses the product of two STFTs to reconstruct the
time-frequency distribution �TFD� of the interferometric sig-
nal: one STFT with a narrow window for high spectral reso-
lution and another with a wide window for high spatial reso-
lution. Equation �1� gives a mathematical description of the
distribution obtained with the DW method from a single spa-
tial line:

DW�k,z� =� 2�ES�cos��1 · �OPL�exp�−
��1 − k�2

2a2 	
�exp�− i�1z�d�1 �� 
2�Es�cos��2 · �OPL�

�exp�−
��2 − k�2

2b2 	exp�− i�2z��d�2, �1�

with a and b given as the standard deviations of the windows.
In this particular arrangement, the spectral resolution is lim-
ited by the actual resolution of the spectrometer used, while
the depth resolution is limited by the coherence length of the
detected light.

Robles et al. have shown that the distribution obtained
from the DW method can be related to Cohen’s class of bilin-
ear functions,13 even though it is constructed using two linear
operations. In one limit, where a2 /b2�1, the DW distribution
gives a measurement of the Wigner time-frequency distribu-
tion �TFD� with spectral and depth resolution set indepen-
dently by the width of the two orthogonal windows, a and b.
Significantly, the use of the two orthogonal windows elimi-
nates many common artifacts in other TFDs, such as the
cross-term artifacts from the Wigner TFD and the reflections
in time artifacts from the Margenau and Hill TFD.13 Further,
the DW contains local oscillations in the spectral dimension
that reveal morphological information about the sample—
specifically, the distance between scattering surfaces in the
vicinity of the point of analysis.
November/December 2009 � Vol. 14�6�3
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The DW method was implemented using a custom MAT-
AB program to process the data with both a narrow spectral
indow of 0.0405 �m−1 FWHM and a wide spectral window
f 0.665 �m−1 FWHM. The depth-resolved spectra generated
y each window were multiplied together to produce a plot
ith simultaneously high spectral and depth resolution. The

esulting 120 depth-resolved spectroscopic plots were
ummed together to improve the signal-to-noise ratio, produc-
ng a single depth-resolved spectroscopic plot for each tissue
ample, as shown in Fig. 3�b�.

In neoplastic transformation, nuclear morphology changes
re first observed in the basal layer of the epithelial tissue. In
amster buccal pouch tissue, the basal layer lies approxi-
ately 30 to 50 �m beneath the surface for normal tissue,

nd approximately 50 to 150 �m beneath the surface for dys-
lastic tissue. Because examination of the basal layer offers
he earliest opportunity for detecting developing dysplasia, it
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ig. 3 �a� Raw data from the complete animal trial with spectra fr
pectroscopic plots produced by DW processing the spectra in �a�. Su
ournal of Biomedical Optics 064030-
is the target tissue layer for the fLCI technique and for this
study.

In order to target the basal layer of the epithelium, the raw
experimental data were first processed to yield a pfdOCT im-
age by a line-by-line Fourier transform. These B-mode images
were summed across the transverse axis to generate single
depth plots �A-scan� like those presented in Fig. 4. Several
important histological features can be identified in the depth
scans and co-registered with the corresponding histopathology
images. Figure 4 indicates the location of a keratinized layer
�green arrow�, the basal layer of the epithelium �red arrow�,
and the underlying lamina propria �blue arrow� in the micro-
graphs of fixed and stained histological sections from un-
treated and treated tissue samples. Scattering peaks corre-
sponding to the same tissue layers were identified in each
depth scan. To correlate the distances in the histology images
with distances in the depth scans, the index of refraction of

200 300 400
Depth (mm)

2

ee spectrometer channels shown. �b� Three typical depth-resolved
g the plots from all 120 channels produces the final TFD, as shown.
00

0.01

(a)

(b)

om thr
mmin
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he tissue was taken into account. An average refractive index
or the tissue of n=1.38 was used to convert depth scan dis-
ances to optical path lengths.15,16 Variation of the refractive
ndex within the tissue is a potential limitation of the current

ethod and is discussed further in the following.
For each sample, a 15-�m-depth segment corresponding

o the location of the basal layer was selected from the depth
can and used to guide analysis of the depth-resolved spectro-
copic plot, as shown in Fig. 5�a�. The spectra from the depth
dentified with the basal layer in each A-scan were averaged
o generate a single spectrum for light scattered by the basal
ayer. As shown in Fig. 5�b�, a power law curve of the form
=b ·x� was initially fit to each spectrum, modeling the spec-

ral dependence resulting from the fractal structure of cellular
rganelles,17–19 including heterogeneity of the substructure of
he nucleus. The residual of each spectrum was calculated by
ubtracting the power-law curve from the experimental spec-

Treated (diseas

Untreated (norm

ig. 4 Histopathology image and corresponding depth plot for �a� unt
asal layer �red�, and lamina propria �blue�. �Color online only.�
ournal of Biomedical Optics 064030-
trum to produce a normalized spectrum that isolates the oscil-
latory features, as shown in Fig. 5�c�.

The normalized spectra showed clear oscillations resulting
from interference produced by scattering from the front and
back surfaces of basal cell nuclei. Each normalized spectrum
was Fourier transformed to generate a correlation plot similar
to that shown in Fig. 5�d�, which shows a clear peak corre-
sponding to the dominant frequency in the normalized spec-
trum. Peak detection was carried out by an automated, custom
MATLAB program �Mathworks, Natick, Massachusetts�. The
script first high-pass filtered the spectrum with a cutoff of four
cycles in order to remove any low-frequency content not re-
moved by the power-law fit. The location of the peak in the
correlation plot was then automatically detected by the MAT-
LAB script and related to scatterer diameter with the simple
equation d=correlation distance / �2·n�, where n is the re-
fractive index, and d is the diameter of the cell nuclei. An
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uclear index of refraction of n=1.395 was assumed.9

Results
he results of the complete animal trial are summarized in
able 1 and presented graphically in Fig. 6. The 16 untreated

issue samples had a mean basal layer nuclear diameter of
.28 �m with a standard deviation of 0.69 �m. The 21
reated tissue samples had a mean basal layer nuclear diam-
ter of 9.50 �m with a standard deviation of 2.08 �m. A
tatistical t-test revealed a p-value of less than 0.0001, indi-
ating a highly statistically significant difference between the
asal layer nuclear diameters of the two populations. Histo-
ogical analysis revealed that untreated samples appeared as
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ig. 5 �a� Depth-resolved spectroscopic plot with basal layer indic
ower-law fit. �c� Residual spectrum from basal tissue layer. �d� Correla
istance can be related directly to scatterer size. �Color online only.�

able 1 Summary of nuclear diameter measurements from the com-
lete animal trial.

Untreated Treated

16 21

ean ��m� 4.28 9.50

td. dev 0.69 2.08

p-value �0.0001**
ournal of Biomedical Optics 064030-
unaltered epithelium, while the treated samples all showed a
diseased tissue state ranging from inflammation and hyperpla-
sia to dysplasia.

Figure 6 plots each treated �blue square� and untreated �red
x� tissue sample as a function of its measured basal layer
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Fig. 6 Nuclear diameter measurements for each sample of the com-
plete animal trial. The decision line results in 100% sensitivity and
100% specificity.
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uclear diameter. The presented decision line results in excel-
ent separation between the normal and diseased samples. Us-
ng the indicated decision line, the study results correctly cat-
gorize 21 of 21 treated samples, providing 100% sensitivity,
nd correctly categorize 16 of 16 untreated samples, provid-
ng 100% specificity.

Discussion
he experimental results of the complete animal trial show

hat fLCI has great potential as a technique for distinguishing
etween normal and dysplastic epithelial tissues. Experimen-
al measurements showed an excellent ability to precisely and
ccurately distinguish between treated and untreated animal
issue using in situ measurements of nuclear diameter as a
iomarker. The measured diameters correspond nicely with
he nuclear diameter expected for the basal tissue layer of
amster cheek pouch epithelium20 when measurements are
djusted to account for fLCI’s measurement of the minor axis
f cell nuclei.9 It should be noted that the development of
ysplasia results in thickening in the basal tissue layer and a
reakdown of cellular organization. As a result, fLCI mea-
urements likely probe the major axis of some nuclei in dis-
ased tissue, further contributing to the detected nuclear en-
argement when compared with normal tissue.

The use of the DW method to extract depth-resolved spec-
ra from animal tissue data is an important advance. The DW
rocessing method permitted the measurement of spectral os-
illations induced by nuclear scattering that could not be de-
ected in data processed with the STFT. The fLCI data pro-
essed with the STFT suffers from an inherent tradeoff
etween spectral resolution and depth resolution. As a result
f this trade-off, achieving an acceptable spectral resolution
ecessarily requires the degradation of depth resolution to the
oint that spectral oscillations induced by nuclear scattering
re washed out. This washout is likely due to phase and fre-
uency differences in the spectra originating from the differ-
nt tissue layers that were combined as a result of the poor
epth resolution. In contrast, the DW method produced depth-
esolved spectroscopic plots with simultaneously high depth
nd spectral resolutions. The DW method generated satisfac-
ory spectral resolution while maintaining high depth reso-
ution, therefore permitting the spectral analysis of thin tissue
egments. By avoiding the unwanted combination of signals
rom many tissue layers, the oscillatory components of spec-
ra originating from the basal tissue layer were preserved and
vailable for analysis.

Although the results of the animal study are extremely
romising, the current methods are not without limitation. The
ependence on refractive index in selecting tissue layers of
nterest is a challenge that must be further examined in the
uture. The current fLCI data processing algorithm does not
ccount for potential variations of refractive index within a
issue. The current method also does not adjust for potential
ndex changes induced by the onset of dysplasia, which also

ay be a confounding factor. In order to accurately measure
ptical path lengths within a tissue sample, a dynamic model
f refractive index must be developed. Similarly, a robust
ethod to account for the varying thickness and location of

he basal layer during neoplastic transformation should be
mplemented.
ournal of Biomedical Optics 064030-
Additionally, a more complex model of scatterers within
the tissue should be developed for future studies. Other light
scattering research21–23 indicates that, in addition to spectral
modulations, spectral shape can yield insight into tissue mi-
croarchitecture and health. Developing a light scattering
model that can capture this information will be a priority as
the fLCI technology is further developed.

Although the detection of peaks in the correlation plots for
this study was automated to eliminate bias, subsequent analy-
sis of the correlation data revealed that some plots contained
multiple prominent peaks. Understanding how correlations
between neighboring cellular structures and correlations be-
tween tissue layers contribute to generated correlation plots
will facilitate the development of an advanced scattering
model.

We are confident that the correlation peak represents
nuclear diameter, as opposed to the separation between nuclei,
for three primary reasons. First, the front and back surfaces of
each nucleus are relatively well aligned for interference in the
axial direction, whereas the alignment between different nu-
clei is not as well ordered and therefore less likely to produce
oscillations in the spatially averaged spectrum. Second, be-
cause the distances between nuclei would have a much larger
variation than the diameters of individual nuclei, we would
expect the separation between nuclei to yield a much broader
distribution of distances rather than the narrow correlation
peaks seen in the correlation plots. Last, this study finds that
the correlation peak shifts to longer distances for treated �dis-
eased� samples while remaining at smaller distances for nor-
mal samples. This finding is consistent with the measurement
of nuclear enlargement seen in hyperplastic and dysplastic
tissues. On the other hand, if the correlation plot was measur-
ing nucleus-to-nucleus correlation, we would expect to see the
peak shift to smaller distances in diseased tissue due to the
increase in nucleus-to-cytoplasmic ratio observed in dysplas-
tic tissue.

5 Conclusion
The results of this study demonstrate fLCI’s ability to distin-
guish between normal and diseased �DMBA-treated� epithe-
lial tissue with high sensitivity and high specificity. The in situ
nuclear morphology measurements are acquired without the
need for exogenous staining agents or fixatives. The ability of
the fLCI technique to make quantitative nuclear morphology
measurements demonstrates its potential as an effective tech-
nology for noninvasively detecting dysplasia using an optical
measurement. The results of these experiments lay the
groundwork for further development of fLCI into a technique
for clinical diagnostic applications such as the detection of
early cancer development.
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