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Introduction:

Our goal is to develop a diagnostic device for breast cancer based on fluorescence
and diffuse reflectance spectroscopy. Our specific objectives are to characterize the
fluorescence properties of normal, benign, and malignant breast tissue in patients
undergoing breast cancer and breast reduction surgeries. Additionally, we will
characterize the intrinsic fluorescence properties of tissue constituents in order to identify
the biological basis for spectral differences in tissue. An initial, ex vivo, study will be
completed, and then a fast, portable device will Be employed to measure the fluorescence
and diffuse reflectance properties of tissue, in vivo. Results will be correlated with the
gold standard, histopathology, to develop statistical methods to determine the diagnostic

potential of this technology.

Body:

The first major focus of work over the past 12 months has been in identifying the
biological basis for the effectiveness of fluorescence spectroscopy in diagnosing breast
cancer. To this end, the fluorescence properties of one normal and four malignant cell
lines were characterized using fluorescence spectroscopy. Specifically, the fluorescence
properties of three intrinsic fluorophores: tryptophan, nicotinamide adenine dinucleotide
(NAD(P)H), and flavin adenine dinucleotide (FAD), were characterized using
fluorescence spectroscopy. Additionally, two-photon excitation microscopy was
employed to image NAD(P)H fluorescence from the normal and one of the malignant cell
lines. It was found that the fluorescence intensity of tryptophan and NAD(P)H were

significantly reduced in the malignant cell lines (p < 0.05). A manuscript detailing these
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results and their implications has been accepted into the peer-reviewed journal,
Photochemistry and Photobiology, and is included in Appendix A (p.6). This work
addresses part (a) of Task 1 in the Statement of Work.

Parts (b-c) of Task 1 in the statement of work involve the measurement of
fluorescence and diffuse reflectance spectra of human breast tissues, ex vivo.
Unfortunately, some difficulty was encountered in gaining approval for conducting
human subjects research from the DOD Institutional Review Board. Approval has
recently been obtained, however, and we plan to proceed with collection of this data in
the coming year. This has delayed the start of our study, but should not affect our overall
goals.

A preliminary study involving another protocol not covered under this grant was
completed however, and serves to answer some of the questions posed by Task 1 of the
Statement of Work. A comparison of classification accuracy using empirically-based
statistical methods was carried out. Fluorescence and diffuse reflectance properties of
breast tissue was characterized for a total of 56 samples from 32 patients, immediately
after surgery. To briefly summarize, it was found that fluorescence-based detection of
breast cancer was highly successful, with a cross-validated classification accuracy of
84%. It was found that diffuse reflectance-based detection of breast cancer was less
effective, with a cross validated classification accuracy of 61%. A manuscript detailing
the results of this study was accepted for publication into the peer-reviewed journal, IEEE
Transactions on Biomedical Engineering and is included in Appendix B (p. 14).

One limitation of this study is that it employed a fixed probe geometry, with a

central bundle of optical fibers for collection of light, and an outer ring of illumination
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fibers. Furthermore, little research has been done to identify how probe geometry affects
the diagnostic efficacy of these methods. The study to be completed under this grant’s
protocol will be carried out using a probe designed with multiple separation distances
between the illumination and collection fibers. A schematic of this probe design is
shown in Fig. 1. Because the probe geometry affects the probing volume within the
tissue [1], having multiple probing geometries will allow us to evaluate in what way
pfobe geometry affects the information content obtained with these measurements, and

will also help determine if there is an optimal probe geometry for use in future studies.

Fig. 1: Probe geometry to be used in the current human subjects protocol. The probe consists of
a central illumination region (black) surrounded by three concentric rings of collection fibers.

Part (d) of Task 1 pertains to developing a method of analysis for interpreting
spectral data taken from the tissue specimens. To this end a novel statistical method of
analysis, appropriate for small sizes, has been developed and tested on spectral data
obtained from the preliminary ex vivo breast tissue study. This method is described in
detail in the manuscript submitted in Appendix B (p. 14), and will be applied to future

data collected in this study.

Key Research Accomplishments

¢ Identification of intrinsic differences in fluorescence properties of human breast

cell cultures with malignancy
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e Identification of spectral differences present in human breast tissue, ex vivo.
e Development of a statistical method of analysis for evaluating the classification
accuracy of optical spectroscopy in diagnosing breast cancer
Reportable Outcomes:
Degrees Obtained:

Master’s of Science — Biomedical Engineering, Dec. 2002
Journal Articles:

e Palmer, G.M., C. Zhu, T.M. Breslin, F. Xu, K.W. Gilchrist, and N. Ramanujam.
“Comparison of multi-excitation fluorescence and diffuse reflectance
spectroscopy for the diagnosis of breast cancer, ex vivo.” Accepted, IEEE Trans
BME.

e Breslin, T.M,, F. Xu, G.M. Palmer, C. Zhu, K.W. Gilchrist, and N. Ramanujam.
“Auto fluorescence and diffuse reflectance properties of malignant and benign
breast tissues.” Accepted, Ann. Surg. Onc.

e Palmer, G.M., P.J. Keely, T.M. Breslin, and N. Ramanujam. “Autofluorescence

spectroscopy of normal and malignant human breast cell lines.” Accepted,

Photochem Photobiol.

Conference Presentations:
e Palmer, G.M.,, C. Zhu, T.M. Breslin, P.J. Keely, F. Xu, K.W. Gilchrist, J.M.
Squirrell, J.G. White, and N. Ramanujam. “Use of auto fluorescence and diffuse
reflectance spectroscopy for the diagnosis of breast cancer, ex vivo, and its

biological basis.” Poster Presentation, Third Inter-Institute Meeting on
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Diagnostic Optical Imaging and Spectroscopy: The Clinical Adventure. National
Institutes of Health, Bethesda, MD, Sept. 2002.

e Palmer, G.M., P.J. Keely, T.M. Breslin, J.M. Squirrell, J.G. White, and N.
Ramanujam. “Understanding Sources of Contrast in Fluorescence Based
Diagnosis of Breast Cancer.” Poster Presentation, Engineering Conferences

International: Advances in Optics. Banff, Canada. Aug. 2003.

Conclusions
Significant differences in the fluorescence and diffuse reflectance properties of

normal and malignant breast tissues have been identified, and a method for classification
of these tissues has been developed. A diagnostic device based on fluorescence and
diffuse reflectance spectroscopy has the advantage of being fast, quantitative, and
minimally invasive, and could improve breast cancer care both in assessing surgical
margins for residual cancer in vivo during surgery, as well as during core needle biopsy to
accurately identify the appropriate region to biopsy. Furthermore, the biological basis for
observed differences in fluorescence properties of the tissue has been examined, and
differences in the intrinsic fluorescence properties of normal and malignant human breast
cell lines have been identified. These differences in intrinsic cellular fluorescence could

explain, in part, the biological basis for observed spectral differences in tissue.

References
1. Zhu, C., Q. Liu, and N. Ramanujam, Effect of fiber optic probe geometry on

depth-resolved fluorescence measurements from epithelial tissues: a Monte Carlo

simulation. J Biomed Opt, 2003. 8(2): p. 237-47.
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ABSTRACT

The fluorescence of tryptophan, reduced nicotinamide adenine
dinucleotide (phosphate) (NAD(P)H) and flavin adenine di-
nucleotide (FAD) were characterized in normal human breast
cells as well as in malignant human breast cells of similar and
dissimilar genetic origins. Fluorescence measurements of each
cell line were made over a wide range of cell concentrations,
and the fluorescence per cell was determined from the slope
in the linear range of the fluorescence intensity vs cell con-
centration plot. All of the malignant cells showed a statistically
significant decrease in the tryptophan fluorescence per cell
relative to that of the normal cells. No statistically significant
differences were observed in the NAD(P)H or FAD fluores-
cence per cell between the normal and any of the malignant
cell types. NAD(P)H fluorescence was also imaged from
monolayers of the normal and malignant cells (of similar
genetic origin) using two-photon fluorescence microscopy. A
statistically significant decrease in the NAD(P)H fluorescence
with malignancy was observed, suggesting that fluorescence
imaging of single cells or the cell monolayer preparation may
provide more contrast than volume-averaged fluorescence
measurements of cells in suspension. In conclusion, the dif-
ferences in normal and malignant human breast tissue fluo-
rescence spectra may be attributed in part to differences in the
intrinsic cellular fluorescence of normal and malignant breast
epithelial cells,

INTRODUCTION

Breast cancer screening relies on mammography, which is effective
in identifying suspicious lesions. However, a significant number of
false positives are produced (1). As a result, follow-up diagnostic
procedures such as percutaneous core needle biopsy with image
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guidance are performed to further evaluate these abnormalities (1).
Core needle biopsy has a limited sampling accuracy because only
a few small pieces of tissue are extracted from random locations in
the suspicious mass. In some cases, the suspicious mass may be
missed altogether.

Optical sensors based on ultraviolet—visible (UV-VIS) spec-
troscopy have the potential to improve the sampling accuracy of
core needle biopsy. Optical techniques have the capability to
survey multiple tissue sites without the need for biopsy and provide
real-time diagnosis. UV—VIS fluorescence spectroscopy is a tech-
nique that has been shown to have consistently high sensitivities
and specificities for detecting human precancers and early cancers
in vivo in a number of organ sites, including the gastrointestinal
tract, bronchus and cervix (2). Incorporating UV-VIS fluorescence
spectroscopy as an adjunct diagnostic modality to image-guided
core needle biopsy could potentially reduce the false-negative rate
of current breast biopsy procedures. This in turn could lead to
fewer follow-up procedures and fewer repeat biopsies in patients
suspected to have breast cancer. A second potential application of
UV-VIS fluorescence spectroscopy is the evaluation of tumor
margins during breast cancer surgery. A real-time, accurate means
of assessing tumor margins could reduce intraoperative time as
well as provide greater assurance that the entire lesion has been
removed.

Breast tissue, which is primarily composed of epithelial cells, an
extracellular matrix and fat, contains a number of endogenous
fluorophores. Tryptophan, reduced nicotinamide adenine dinucle-
otide (phosphate) (NAD(P)H) and flavin adenine dinucleotide
(FAD) are present in the epithelial cells (3-6). The excitation—
emission maxima corresponding to the peaks of these fluorophores
are 280-340 nm for tryptophan, 340460 nm for NAD(P)H and
460-520 nm for FAD (3-6). Tryptophan accounts for the majority
of protein fluorescence, and its emission is sensitive to the polarity
of the environment (7). NAD(P)H and FAD are involved in the
oxidation of fuel molecules and can be used to probe changes in
cellular metabolism (8). The primary fluorophore in the breast
tissue extracellular matrix is type I collagen (9), which has a peak
near 330400 nm that is attributed to cross-links (4). Other major
factors that influence breast tissue fluorescence spectra in the UV-
VIS spectrum are endogenous absorbers and scatterers in the tissue.
Absorption in tissue is dominated by oxygenated and deoxygen-
ated hemoglobin (10). Scattering occurs because of local changes
in the index of refraction across mitochondrial and other membrane
interfaces (10). Wavelength-dependent absorption and scattering
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affect both the spectral intensity and the line shape of the fluo-
rescence measured from the tissue.

Several groups have demonstrated that there are significant dif-
ferences in the fluorescence excitation and emission spectra of
normal, benign and malignant breast tissues ex vivo (11-17). How-
ever, it is difficult to directly interpret the sources of endogenous
fluorescence contrast between the malignant and nonmalignant
breast tissues from the measured tissue fluorescence spectra. This is
due to the complex interplay of fluorescence, absorption and scat-
tering. Thus, systematic investigations of breast tissue constituent
fluorescence in progressively complex biological systems that
range from cells to tissue cultures to living animal models of breast
cancer may provide an effective approach toward understanding
the differences in the endogenous fluorescence of malignant and
nonmalignant breast tissues.

Several groups have characterized the fluorescence of normal
and malignant cells for a number of cell types (5,18-22). Thus far,
only one group has studied the fluorescence properties of normal
and malignant human breast cells (22). Glassman et al. (22)
measured fluorescence from the normal HTB125 and the malignant
HTB22 and HTB126 human breast cells (American Type Culture
Collection, Rockville, MD). The HTB125 and HTB126 were de-
rived from the same patient. Fluorescence spectra were recorded
at an excitation wavelength of 353 nm from cells that were
centrifuged and then packed into a cuvette. The results showed that
the NAD(P)H fluorescence of the malignant cells is a factor of 2
higher than that of normal cells at this excitation wavelength. The
observed increase in NAD(P)H fluorescence was attributed to the
increased metabolic rate of the malignant cells.

These results set an important precedent for future work.
However, there are a number of potential refinements that can be
incorporated into future studies that will improve the quality and
information content of cellular fluorescence measurements. This
includes (1) the comparison of normal and malignant cell phe-
notypes of genetically similar origins; (2) characterization of all the
endogenous fluorophores present in these cells; (3) measurement of
cellular fluorescence at concentrations at which the effects of tur-
bidity are minimal; and (4) viability testing before and after the
experimental measurements.

The goal of this work was to systematically characterize the
differences in the fluorescence properties of normal and malignant
human breast cell lines. This study builds upon previous work and
attempts to minimize potential sources of error that can influence
the analysis and interpretation of fluorescence measurements from
cells. Measurements were made from suspensions of breast cells to
allow for the characterization of fluorescence from a relatively
simple biological system of the normal breast and breast cancer
cells. In this system, there was no direct cell to cell or cell to
extracellular matrix interaction. These effects, which are important
for cell signaling, are evaluated to a limited extent and will be
evaluated more thoroughly in an independent study that includes
cell monolayers and tissue cultures (see Discussion). These step-
wise investigations will enable a systematic comparison of the
effects of different microenvironments on the fluorescence prop-
erties of normal and malignant human breast cells.

Three cell lines were used in these studies. These included
the well-differentiated T47D cells and the poorly differentiated
MDAZ231 cells, which are both spontaneously occurring human
breast adenocarcinomas, and the MCF10 cell line, which is a
putatively normal human breast cell line. The T47D cell line was
derived from a 54-year-old patient with infiltrating ductal

carcinoma (23). The MDA231 cell line was derived from a 51-
year-old woman with cancer that had developed a plural effusion
(24). Finally, the MCF10 cell line was derived from benign
mastectomy tissue obtained from a 36-year-old woman (25). These
cells became spontaneously immortalized in culture into a non-
tumorigenic, putatively normal cell line (25). To compare normal
and malignant phenotypes of similar genetic origins, MCF10 cells
were transformed by stable expression of the R-Ras oncogene
(malignant phenotype) or transfected with only the pZIP vector
(normal phenotype). Although the immortalized MCF10 cells may
not be “truly normal,” transforming these cells with the R-Ras
oncogene enables a direct comparison between transformed cells
(with a known oncogene) and their nontransformed counterpart. In
addition, the T47D cell line was stably transfected with the R-Ras
oncogene to serve as a positive control because a normal to malig-
nant transformation is not expected in these cells.

Fluorescence spectra of suspensions from each cell type (from
a total of five cell types) were measured over the entire UV-VIS
range to characterize the fluorescence of all three endogenous
fluorophores, tryptophan, NAD(P)H and FAD, present in the cells.
For each cell type, the fluorescence measurements were carried out
over a range of cell concentrations, and the fluorescence per cell
was determined from the slope in the linear range of the fluo-
rescence intensity vs cell concentration plot. Cell viability was
determined before and after each experiment. In addition, the cell
sizes were quantitatively determined for each cell type.

All of the malignant cells showed a statistically significant
decrease in the tryptophan fluorescence per cell relative to that of
the normal cells. No statistically significant differences were
observed in the NAD(P)H or FAD fluorescence per cell between
the normal and any of the malignant cell types. The tryptophan
fluorescence per cell was found to be very similar for the T47D and
T47D R-Ras (positive control) cell lines, confirming that the
differences in the tryptophan fluorescence of the nontransformed
MCF10 pZIP cells and the transformed MCF10 R-Ras cells are not
due to the expression of the R-Ras oncogene but rather due to the
transformation of the MCF10 cells from a normal to a malignant

- phenotype. In addition, cell viability (greater than 80%) and cell

sizes (150-200 um?) were found to be similar for all cell lines
evaluated in this study.

NAD(P)H fluorescence was also imaged from monolayers of the
normal and malignant cells (of similar genetic origin) using two-
photon fluorescence microscopy. A statistically significant decrease
in the NAD(P)H fluorescence with malignancy was observed,
suggesting that fluorescence imaging of single cells or the cell
monolayer preparation may provide more contrast than volume-
averaged fluorescence measurements of cells in suspension.

MATERIALS AND METHODS

Preparation of cell suspensions. Cell lines were obtained from the
American Type Culture Collection and were maintained free of myco-
plasma or other contamination by adherent culture according to their indi-
vidual established protocols. Measurements were made on cells having
passage numbers of 50 or less. The cells were not synchronized. The T47D
cells were grown in Roswell Park Memorial Institute 1640 medium
supplemented with 10% fetal bovine serum and 8 pg/mL insulin. The
MDA231 cells were grown in Dulbecco modified Eagle media (DMEM)-
F12 supplemented with 10% horse serum. The MCF10 cells were grown in
DMEM-F12 supplemented with 5% horse serum, 10 pg/mL insulin, 20 ng/
mL epidermal growth factor and 0.5 pg/mL hydrocortisone. Cells were
incubated at 37°C with 5% CO, for the T47D cells and 10% CO, for the
MDA231 and MCFI10 cells. Transfection of the MCF10 and T47D cells




with the R-Ras oncogene was performed according to previously described
protocols (26).

Upon reaching confluence (generally 3-4 days after plating), the cells
were detached from their plates by trypsinization and triply washed in
phosphate-buffered saline (PBS). This was carried out using 10 mL of PBS
per wash. After the final wash, the cells were resuspended in a final volume
of 3 mL PBS. Cell concentration was determined by counting the number of
cells per milliliter using a hemacytometer. This measurement was.repeated
four times (by making an independent count in each of the four grids in the
hemacytometer) to obtain a standard deviation of the concentration of cells.
The solution containing the cells was then diluted to attain the experimental
concentration. Cell suspensions at approximately eight concentrations (5 X
10° cells/mL to 3 X 10° cells/mL), each taken from an independent cell
culture, were characterized for each cell line.

The viability was visually evaluated by checking membrane integrity
using a phase-contrast stereomicroscope. This process was repeated four
times (again using each of the four hemacytometer grids) to obtain
a standard deviation for cell viability. The accuracy of determining cell
viability by sight with a phase-contrast microscope was compared with
a trypan blue exclusion assay (gold standard). The viability assays using
phase-contrast microscopy and the trypan blue assay were carried out 12
times (four repetitions at each of three different concentrations) from a T47D
cell culture over a range of concentrations within the experimental
concentration range (5 X 10° cells/mL to 3 X 10° cells/mL). The average
viability determined by phase-contrast microscopy and the trypan blue
assay was 87.5 = 5.9% and 88.1 = 7.6%, respectively. A Wilcoxon rank-
sum test (27) was used to confirm that the differences in cell viability
obtained with the two methods are statistically insignificant (P > 0.5).

Fluorescence spectroscopy of cell suspensions. The cell suspension was
placed in a 1 cm path length quartz cuvette. A conventional laboratory
fluorometer (Fluorolog-3, JY Horiba Inc., Edison, NJ) was used to char-
acterize the fluorescence properties of each cell suspension. The instrument
consists of a 450 W xenon arc lamp, double excitation and emission
scanning monochromators, a sample compartment with a cuvette holder and
magnetic stirrer and a photomultiplier tube (PMT). Adjustable parameters
include the excitation and emission wavelength ranges and increment, the
excitation and emission band-passes, the high voltage of the PMT, the
integration time, the stirring speed of the magnetic stirrer and the collection
geometry (right angle or front face).

Fluorescence excitation—emission matrices (EEM) were recorded by
measuring the fluorescence emission spectra over a range of excitation
wavelengths. A fluorescence EEM involves measurement of the fluores-
cence intensity as a function of both excitation and emission wavelengths.
The excitation wavelength was varied from 260 to 540 nm in 20 nm
increments. At each excitation wavelength, the fluorescence emission spec-
tra were recorded from 275 to 700 nm in 5 nm increments. These
wavelength ranges enabled characterization of all endogenous fluorophores,
tryptophan, NAD(P)H and FAD, present in cells in the UV-VIS spectrum.
The excitation and emission band-passes were 2 and 2.5 nm, respectively.
The PMT high voltage was set at 950 V, and an integration time of 1 s per
wavelength was used in all experiments to achieve an adequate signal-to-
noise ratio while minimizing the measurement time. This resulted in a total
measurement time of 30 min for each cell suspension. A magnetic stirrer
was used to keep the cells in suspension during the course of the 30 min
measurement time. The stirring speed was determined by finding the
minimum speed at which fluorescence intensity remained constant over
time to minimize any potential physical damage to the cells. Right-angle
collection was used to measure the fluorescence EEM from each cell
suspension in order to minimize the detection of the backscattered exci-
tation light. After each experiment, a repeat fluorescence spectrum was
measured at 260 nm excitation and compared with that measured at the
beginning of the experiment to establish that the measurement protocol used
did not induce photobleaching. The peak intensity at an excitation—emission
wavelength of 260-340 nm of the repeat fluorescence spectrum was found
to be within 10% of that taken at the beginning of the experiment. In
addition, the fluorescence intensity at the excitation—emission maxima in
the EEM corresponding to tryptophan, NAD(P)H and FAD was measured
once per minute (1 s integration time) for a total of 5 min. The average and
standard deviation of the five data points provided the reproducibility of the
fluorescence measurements obtained from each cell suspension.

Fluorescence measurements were obtained from the cell suspension as
well as the PBS media; the latter was subtracted as background fluo-
rescence. The fluorescence intensity at each wavelength of the emission
spectrum (for a particular excitation wavelength) was divided by that
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measured with a reference photodiode in the excitation monochromator;
this correction accounts for the wavelength-dependent variations in the
lamp intensity and the wavelength-dependent efficiency of the excitation
monochromator. A factory-generated correction factor was also used to
correct for the wavelength-dependent efficiency of the optical components
in the emission monochromator and the PMT. Finally, the fluorescence
intensity at each excitation—emission wavelength pair measured from the
cells was divided by the peak fluorescence intensity (excitation—emission:
460-575 nm) of a Rhodamine standard dissolved in water (2.14 uM) to
correct for day-to-day variations in the throughput of the instrument.

Data analysis to determine the fluorescence intensity per cell. A linear
relationship is expected between fluorescence intensity and cell concentra-
tion when turbidity is negligible, and the slope of the linear relationship
represents the fluorescence intensity per cell. Thus, the fluorescence in-
tensity at each excitation—-emission maximum was plotted as a function of
the concentration of cells in suspension. The excitation—emission maxima
of tryptophan, NAD(P)H and FAD are 280-340 nm, 340-460 nm and 460—
520 nm, respectively. Although, tryptophan was observed to maximally
fluoresce at 280—340 nm, fluorescence measurements taken at several of the
higher cell concentrations saturated the PMT. Thus, the tryptophan fluo-
rescence measured from the cells was analyzed at an excitation—emission
wavelength of 300-340 nm.

A linear range was quantitatively determined by doing a series of linear
least squares fits (27), in which data points at the upper range of con-
centrations were sequentially excluded until the R? value was maximized.
Because the intercept was expected to pass through the origin, it was fixed
at zero for each fit. However, it should be noted that similar results were
obtained whether or not the intercept of the fit was fixed at zero. The slope
and the standard errors of the slope were calculated using the R software
package (27). The slope reflects the fluorescence intensity per cell and
enables a direct comparison of the intrinsic fluorescence between cell lines.
Because each data point in the plot was obtained from an independent
culture, the standard error of the slope reflects the interculture variation in
the fluorescence measurement.

Determination of cell sizes. Variations in cell size may affect the amount
of fluorescence measured per cell. Therefore, the average size of the cells
was determined for each cell line. The cells were imaged using a phase-
contrast microscope coupled to a CCD camera. These images were impor-
ted into ImageJ (NIH, http://rsb.info.nih.gov/ij). Cell areas were determined
using the “adjust threshold” and “analyze particles™ functions. These func-
tions identify areas contained within the cells and thus provide an area of
distribution. This was done for approximately 20 cells within an inde-
pendent culture for each cell type. The microscope was calibrated such that
cell sizes could be reported in absolute units.

Two-photon fluorescence microscopy. The NAD(P)H fluorescence in
monolayers of MCF10 pZIP and MCF10 R-Ras cells was imaged using
two-photon fluorescence microscopy. These experiments were carried out
to compare the fluorescence measurements obtained from cell monolayers
with those obtained from cells in suspension. MCF10 pZIP cells and
MCF10 R-Ras cells were plated separately on lysine-coated cover glass
bottom petri dishes, immersed in their standard growth media and allowed
to grow overnight under the same conditions as in the previous experiment
(see Preparation of Cell Suspensions). Three pairs of MCF10 pZIP and
MCF10 R-Ras cultures were imaged using two-photon fluorescence mi-
croscopy. Both cell lines within each pair were imaged under identical
experimental conditions.

The two-photon excitation source was a Ti:Sapphire laser tuned to either
775 nm or 789 nm (this difference was due to day-to-day variations in the
stability of the laser). The excitation light was delivered to and the emitted
light was collected from the sample through a conventional inverted Nikon
eclipse microscope (with a 40X oil immersion objective with a numerical
aperture of 1.3) coupled to a Biorad confocal scan head. A PMT was used
as the detector. The absolute light intensity reaching the sample was
approximately 15 mW. The imaging chamber was heated to maintain the
cells at 37°C. A series of fluorescence images were obtained as a function of
depth (in 0.5 pm increments) such that the image with the largest cross-
sectional area per cell could be selected for analysis. At each depth incre-
ment, the cells were scanned over an approximately 200 X 200 um area
such that several cells could be imaged at once. The frame rate was ap-
proximately 1 s/slice. The fluorescence images of the cells were background
subtracted, i.e. by subtracting the intensity observed in a region of the same
sample where no cells were present. :

Viability after each imaging experiment was verified by checking the
imaged cells for normal growth the next day. The viability of the imaged
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Table 1. Cell viability data compiled by cell type, collected before and
after each fluorescence experiment for four of the five cell types evaluated
in this study. The numbers in parentheses within the first column
correspond to the number of independent cultures evaluated for each cell
type. The time period between pre- and postexperiment viability
measurements was approximately 45 min

Viability before Viability after

Cell line experiments (%) experiments (%)
MCFI10 pZIP (n = 8) 919+ 25 87553
MCF10 R-Ras (n = 7) 933 + 2.1 844 + 11.3
T47D (n = 7) 852 £ 1.7 80.7 * 45
MDA231 (n =7) 88.0 = 4.8 854 * 4.7

cells was compared with that of nonimaged cells grown and maintained
under identical experimental conditions. The imaged cells appeared to
remain viable, with no apparent effects caused by the imaging process. Note
that the assessment of viability was not carried out quantitatively because
the cells would have had to be detached and counted in a hemacytometer.
This procedure would require the mixing of a large number of nonimaged
cells with a small number of imaged cells.

RESULTS

Table 1 shows the cell viability data compiled by cell type,
collected before and after each fluorescence experiment, for four of
the five cell types evaluated in this study. The numbers in paren-
theses within the first column correspond to the number of
independent cultures evaluated for each cell type. The time period
between pre- and postexperiment viability measurements was
approximately 45 min. The viability of all cell types was greater
than 85% before the fluorescence experiment and decreased by less
than 10% during the course of the experiment.

Figure 1 shows representative fluorescence EEM for the (1)
MCF10 pZIP cells and (2) MCF10 R-Ras cells measured at con-
centrations of 1.07 X 10 cells/mL and 1.20 X 10° cells/mL, re-
spectively. The plots are shown on a log contour scale, where each
contour corresponds to levels of equal fluorescence intensity.
Fluorescence peaks “T,” “N” and “F” are attributed to tryptophan,
NAD(P)H and FAD, respectively. The same three peaks were
observed in the EEM of the other cell types. Thus, all subsequent
analyses focused on the fluorescence peaks corresponding to these
three fluorophores. However, an excitation—emission wavelength
pair of 300-340 nm was used to quantify tryptophan fluorescence
because the fluorescence intensities at an excitation-emission
wavelength pair of 280-340 nm (corresponding to the peak fluo-
rescence of tryptophan) were saturated at some of the higher cell
concentrations. An evaluation of the fluorescence emission spectra
of tryptophan, NAD(P)H and FAD at excitation maxima of 300,
340 and 460 nm, respectively, indicated that the spectral line
shapes of these fluorophores are very similar for all cell types.

Figure 2 displays the fluorescence intensity vs cell concentration
for MCF10 pZIP and MCF10 R-Ras cells at an excitation—
emission maximum of (Fig. 2a,b) 300~340 nm (which corresponds
to the fluorescence of tryptophan) and (Fig. 2c,d) 340450 nm
(which corresponds to the fluorescence of NAD(P)H). The stan-
dard deviations of the fluorescence intensity and the cell con-
centration are shown for each data point. A least squares fit over
the linear range is shown in each plot.

At MCF10 pZIP cell concentrations less than 2.0 X 10° cells/
mL, there is a linear relationship between fluorescence intensity
and cell concentration at both excitation-emission wavelength

(a) {

400 500 600 700
Emission (nm)
(o)

300 400 500 600 700
Emission {(nm)

Figure 1. Representative fluorescence EEM for the MCF10 pZIP cells (a)

and MCF10 R-Ras cells (b), measured at concentrations of 1.07 X 10° cells/

mL and 1.20 X 10° cells/mL, respectively. The plots are shown on a log

contour scale, where each contour corresponds to levels of equal fluo-

rescence intensity. Fluorescence peaks “T,” “N” and “F” are attributed to
tryptophan, NAD(P)H and FAD, respectively.

pairs given (Fig. 2a,c). However, at concentrations that are greater
than or equal to 2.0 X 10° cells/mL, the fluorescence intensity
saturates with increasing cell concentration at both excitation—
emission wavelength pairs given. This is presumably because of
the increased turbidity of the cell suspension. On the other hand,
the fluorescence intensity of MCF10 R-Ras cells increases linearly
with concentration over the entire range up to 3 X 10 cells/mL at
both excitation—emission wavelength pairs (Fig. 2b,d).

Table 2 shows the cell concentration at which the linear
relationship between the fluorescence intensity and cell concentra-
tion saturates for four of the five cell types evaluated in this study.
These maximum cell concentration values were found to be the
same for fluorescence measurements at the three excitation—emis-
sion maxima corresponding to tryptophan, NAD(P)H and FAD.
The normal MCF10 pZIP cell line displays saturation in fluo-
rescence intensity at a lower concentration than that of the three
malignant cell types.

Figure 3 shows the slope and the standard error for four of the
five cell types evaluated in this study at the three excitation—
emission maxima corresponding to the fluorescence of tryptophan,
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b} Figure 2. Fluorescence intensity vs cell
: concentration for MCF10 pZIP and
MCF10 R-Ras cells at an excitation—

emission maximum of 300-340 nm

(which corresponds to the fluorescence

/ of tryptophan) (a and b, respectively) and

340-450 nm (which corresponds to the

fluorescence of NAD(P)H) (c and d,
respectively). The standard deviations of

/ the fluorescence intensity and cell con-

centration are shown for each data

point. A least squares fit over the linear

range is shown in each plot.
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NADP)H and FAD. The slope corresponds to the fluorescence
intensity per cell. The slopes are multiplied by a scaling factor to
display the fluorescence per cell of the three fluorophores on the
same graph (shown in legend).

General linear hypothesis testing (28) was used to determine the
level of significance at which differences in tryptophan, NAD(P)H
and FAD fluorescence are observed between the normal and malig-
nant cells. All the malignant cells showed a statistically significant
decrease in the tryptophan fluorescence per cell relative to that of
the normal MCF10 pZIP cells, at a level of significance of P <
0.002. No statistically significant differences were observed in the
NAD(P)H fluorescence per cell between the normal MCF10 pZIP
cells and any of the malignant cell types. The FAD fluorescence
per cell of the MCF10 R-Ras cells was increased relative to that of
the MCF10 pZIP cells at a level of significance of P < 0.05.
However, no statistically significant differences were observed in
the FAD fluorescence per cell between the normal MCF10 pZIP
cells and any of the genetically dissimilar malignant cell types.

As mentioned earlier in Materials and Methods, the fluorescence
intensity vs cell concentration was also measured from the
malignant T47D cells transfected with the R-Ras oncogene. In
this case, tryptophan and NAD(P)H fluorescence per cell was not
significantly altered, but a statistically significant increase in FAD
fiuorescence was observed in the T47D R-Ras cells relative to that
in the T47D cells. These findings indicate that the decrease in
tryptophan fluorescence observed with transformation is not
attributed to the expression of the R-Ras oncogene alone but
rather to the transformation of the cell from a normal to a malignant
phenotype. However, the increase in FAD fluorescence in the
MCF10 R-Ras cells, relative to that in the MCF10 pZIP cells, may

OOCE+00 1.00E406 2.00E+05 5.00E506 4.00E+06
Cell Cohcenyration foalisiml)

be because of the transfection of the R-Ras oncogene rather than
due to transformation from a normal to a malignant phenotype.

Figure 4 shows the average cell cross-sectional areas (de-
termined from approximately 20 cells for each cell type) for four of
the five cell types evaluated in this study. It can be seen that all of
the cell types are similar in size, with cell sizes ranging from 150 to
200 pm?. The variability in size within a cell type appears to be
typical of these cells. Figure 4 indicates that the differences in
fluorescence intensity per cell between the normal and malignant
cells are not attributed to differences in cell size.

Finally, NAD(P)H fluorescence obtained from cells in suspen-
sion were compared with that obtained from cell monolayers
imaged using two-photon fluorescence microscopy. Figure 5 shows
representative fluorescence images of (1) MCF10 pZIP and (2)
MCF10 R-Ras cell monolayers at 775 nm excitation (corresponds
to single-photon excitation of 387.5 nm), imaged under identical

Table 2. The cell concentration at which the linear relationship between
the fluorescence intensity and the cell concentration saturates for four of the
five cell types evaluated in this study. These cell concentration values were
found to be the same for fluorescence measurements at the three excitation—
emission maxima corresponding to tryptophan, NAD(P)H and FAD

Cell concentration at which

Cell line fluorescence saturates (cells/mL)
MCFI10 pZiP 2.0 x 10°
MCF10 R-Ras >3 X 10°
T47D >3 % 10°
MDA231 >3 x 108
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Figure 3. Slope and standard error for four of the five cell types evaluated
in this study at the three excitation—emission maxima corresponding to the
fluorescence of tryptophan, NAD(P)H and FAD. The slope corresponds to
the fluorescence intensity per cell. The slopes are multiplied by a scaling
factor to display the fluorescence per cell of the three fluorophores on the
same graph (shown in legend).

experimental conditions. It can be seen that the fluorescence of the
MCF10 R-Ras cells is approximately a factor of 2 lower than that
of the MCF10 pZIP cells. To evaluate these results quantitatively,
ImageJ (NIH, http://rsb.info.nih.gov/ij) was used to (1) manually
identify the fluorescence image that displayed the largest cross-
sectional area per cell; (2) integrate the fluorescence intensity from
each cell; and (3) average the fluorescence intensity from a total
of five cells within each monolayer. The ratio of the average
fluorescence intensity of the MCF10 pZIP and MCF10 R-Ras cell
monolayers (imaged under identical experimental conditions) was
then calculated. This ratio was averaged for three independent pairs
of MCFI0 pZIP and MCF10 R-Ras monolayer images and
calculated to be 2.3 * 1.0. A paired r-test (27) was used to deter-
mine the level of significance at which differences in NAD(P)H
fluorescence are observed between the MCF10 pZIP and MCF10
R-Ras monolayers. The NAD(P)H fluorescence of the MCF10 R-
Ras cells was decreased relative to that of the MCF10 pZIP cells at
a level of significance of P < 0.05. In addition, a qualitative ex-
amination of the images showed that there are differences in the
spatial distribution of NAD(P)H fluorescence between the MCF10
pZIP and MCF10 R-Ras cells. Specifically, the NADP)H fluo-
rescence of the normal MCF10 pZIP cells appeared to be more
granular than that of the transformed MCF10 R-Ras cells.

DISCUSSION

The cell suspension studies show that there is a statistically
significant decrease in the tryptophan fluorescence per cell in the
collective set of malignant cell types compared with that of the
normal cell line. However, no statistically significant differences
were observed in the NAD(P)H or FAD fluorescence per cell
between the normal cells and any of the malignant cell types, based
on the cell suspension studies. Two-photon fluorescence micros-
copy of cell monolayers indicated a statistically significant de-
crease in the NAD(P)H fluorescence of the MCF10 R-Ras cells
relative to that of the MCF10 pZIP cells (normal and malignant
cells of similar genetic origins). These results suggest that fluo-
rescence imaging of single cells or the cell monolayer preparation
may provide more contrast than volume-averaged fluorescence
measurements of cells in suspension. The ultimate goal of this
work is to apply these findings to observations in tissue. However,
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Figure 4. Average cell cross-sectional areas (determined from approxi-
mately 20 cells for each cell type) for four of the five cell types evaluated in
this study.

simple cell studies such as the one described here are not directly
comparable with tissue studies because a number of other factors
are present in tissue, such as the interaction with the extracellular
matrix and vasculature. Therefore, it is premature to make any
links between the results of our cell studies and previous ex vivo
studies of the breast.

The differences in the intrinsic fluorescence properties of the
normal and malignant cells reflect the amount of fluorophore
present or the properties of the surrounding microenvironment (or
both) (7). The decreased tryptophan fluorescence observed in the
malignant cell lines may indicate that there is a lower protein
content in the malignant cells relative to that of the normal cells. In
addition, a decreased quantum yield could result from changes in
the microenvironment, such as a change in the local prevalence of
quenchers such as oxygen.

The results reported for NAD(P)H in our study are inconsistent
with that reported by Glassman et al. (22), who found that there is
an increase in NAD(P)H fluorescence with malignancy. In our cell
suspension measurements, no statistically significant differences in
the NAD(P)H fluorescence was observed between the normal and
any of the malignant cells, whereas in our two-photon fluorescence
microscopy study, there was a statistically significant decrease in
the NAD(P)H fluorescence of the malignant cells, compared with
their genetically similar normal counterpart. The inconsistency be-
tween our study and that reported by Glassman ez al. (22) could be
attributed in part to differences in the study design and the sample
preparation protocol.

It is instructive to compare the findings from our cell suspension
and cell monolayer studies with those that used similar protocols
(evaluation of normal and malignant cell lines of genetically
similar origins, viability testing and fluorescence measurements at
nonturbid cell concentrations). Grossman et al. (18) characterized
the fluorescence properties of normal and malignant murine
fibroblast cell suspensions; the malignant cell line was obtained
by transforming the normal cell line with the H-Ras oncogene.
They observed a decrease in tryptophan and NAD(P)H fluores-
cence with malignancy. Their observations relating to tryptophan
fluorescence are consistent with that observed in our cell sus-
pension studies, and their findings related to NAD(P)H fluores-
cence are consistent with that observed in our cell monolayer
studies. Pitts et al. (5) examined the fluorescence properties of
human bronchial epithelial cells, including a normal cell line and
a tobacco carcinogen-transformed cell line of the same genetic
origin. They found that the NAD(P)H and FAD fluorescence
decreased with malignancy but that the tryptophan fluorescence



remained unchanged. Their results for NAD(P)H, which they
obtained from cell monolayers, are consistent with those observed
in our cell monolayer studies. Their results for FAD and trypto-
phan are inconsistent with our findings. These inconsistencies may
be attributed to the method of transformation of the cells, the
cell lines used, the cell preparation method or the measurement
technique.

Our results are inconsistent with those reported from a recent
study on cervical tissue slices (29), which showed that there is an
increase in NAD(P)H fluorescence with neoplasia. The inconsis-
tency between the tissue slice study and our cell study may be
explained by the fact that the NAD(P)H fluorescence will be
influenced not only by the metabolic demand but also by the
oxygen supply available to the cells. The metabolic demand is
higher for the proliferative malignant cells compared with their
normal counterpart in both cells (30) and tissues (31,32). However,
the oxygen supply may be quite different in the two systems. The
cellular microenvironment is hyperoxic compared with the tissue
microenvironment. Thus, whereas an increase in the metabolic
demand may increase NAD(P)H concentration (and fluorescence)
in tissues, the reverse may be true in cells, where the oxygen supply
is not constrained. As will be discussed below, more complex bio-
logical models can be used in the future to evaluate this effect.

The normal MCF10 pZIP cell line showed saturation in
fluorescence intensity at concentrations greater than or equal to
2.0 X 10° cells/mL, whereas each of the malignant cell lines showed
a linear relationship between fluorescence intensity and cell
concentrations up to 3 X 106 cells/mL. The saturation in fluo-
rescence intensity is likely caused by the increased turbidity of the
cell suspension. Therefore, these results suggest that the MCF10
pZIP cell suspension is more turbid than the malignant cell
suspensions at similar cell concentrations. This may indicate that
either the absorption or the scattering properties of normal cells are
increased relative to those of the malignant cells. Because saturation
of the fluorescence intensity occurs at the same MCF10 pZIP cell
concentration at all three excitation—emission maxima, the non-
linearity in fluorescence intensity vs concentration is more likely
because of scattering (rather than due to absorption). Therefore, it is
hypothesized that the MCF10 pZIP cells scatter more than their
malignant cell counterpart. There are several studies that support
this hypothesis. Croce et al. (33) have previously reported that
fibroblasts with a malignant phenotype exhibit a decrease in the
number of mitochondria and a loss of organization relative to
a putatively normal cell line (this may also explain the decreased
granularity seen in the mitochondrial NAD(P)H fluorescence in the
transformed cells in Fig. 5). Because the mitochondria contribute to
a substantial amount of cellular scattering (34), the malignant cells
will have decreased scattering relative to their normal counterpart.
Zonios ez al. (35) observed a decrease in the scattering coefficient in
adenomatous colon polyps in vivo, relative to normal tissues, at
wavelengths less than 550 nm. Georgakoudi ez al. (36) also found
that scattering decreased with disease progression in patients with
Barrett esophagus.

Backman et al. (37) report that there is increased scattering from
neoplastic cells relative to nonneoplastic cells and show that this is
due to increased scattering from the enlarged nucleus of the neo-
plastic cells. Their method examined polarized backscattered light,
which they report is primarily due to nuclear size (they report that
nuclear scattering accounts for the majority of smali-angle forward
scattering and backscattering, whereas high-angle scattering is due
to smaller organelles such as the mitochondria) (37). In our study,
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Figure 5. Representative fluorescence image of MCF10 pZIP (a) and
MCF10 R-Ras (b) cell monolayers at 775 nm excitation (corresponds to
single-photon excitation of 387.5 nm), imaged under identical experimental
conditions. Please note the different scales in (a) and (b).

the transformed and nontransformed cells had similar nuclear sizes;
thus, differences in scattering may be primarily attributed to the
differences in the mitochondrial content of malignant and non-
malignant breast cells.

In summary, significant differences have been noted in the fluo-
rescence properties of normal and malignant human breast celis. In
future studies it may be possible to build upon these findings in
order to understand how the contribution of cellular fluorescence
affects fluorescence spectra measured in intact tissue. For example,
it is possible to grow epithelial cells in a three-dimensional colla-
gen matrix, thus producing a system in which cell growth and
differentiation are modulated by the effects of the extracellular
matrix (38). Using such a system, one could potentially examine
cellular fluorescence with the added influence of the extracellular
matrix on cell growth and differentiation. To more accurately
simulate in situ conditions, normal and malignant human breast
cell lines can be grown subcutaneously in a nude mouse model
(39). In such a system the added effects of the vasculature, in
addition to the extracellular matrix, on the tissue fluorescence could
be studied. A stepwise approach such as this presents the possi-
bility to bridge these studies to fluorescence measurements made
on intact human breast tissue.
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Comparison of Multiexcitation Fluorescence and
Diffuse Reflectance Spectroscopy for the Diagnosis
of Breast Cancer (March 2003)

Gregory M. Palmer*, Changfang Zhu, Tara M. Breslin, Fushen Xu, Kennedy W. Gilchrist, and Nirmala Ramanujam

Abstract—Nonmalignant (n = 36) and malignant (n = 20)
tissue samples were obtained from breast cancer and breast
reduction surgeries. These tissues were characterized using mul-
tiple excitation wavelength fluorescence spectroscopy and diffuse
reflectance spectroscopy in the ultraviolet-visible wavelength
range, immediately after excision. Spectra were then analyzed
using principal component analysis (PCA) as a data reduction
technique. PCA was performed on each fluorescence spectrum, as
well as on the diffuse reflectance spectrum individually, to estab-
lish a set of principal components for each spectrum. A Wilcoxon
rank-sum test was used to determine which principal components
show statistically significant differences between malignant and
nonmalignant tissues. Finally, a support vector machine (SVM)
algorithm was utilized to classify the samples based on the
diagnostically useful principal components. Cross-validation of
this nonparametric algorlthm was carried out to determine i
classification accuracy in an unbiased manner. Multlexcnatlon

fluorescence spectroscopy was successful in discriminating malig—

nant and nonmalignant tissues, with a sensitivity and specnﬁcit of
70% and 92 %, respectively. The sensitivity (30%) and spei‘(iﬂnity

(78%) of diffuse reflectance spectroscopy alone was mgmficantl -
lower. Combining fluorescence and diffuse reflectance pectra did *

wavelengths identified as being diagnostic fro;
gorithm suggest that the important fluoropho,
diagnosis are most likely tryptophan, NAD(P)

Index Terms—Breast cancer, fluorescence,
troscopy.

I. INTRODUCTION

REAST cancer screening relies on mam ggaphy and
clinical breast exam for identifying susplclons lesions.

Mammograms are useful in detecting small tumors that may ¢
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be unnoticeable by physical exam; however, they produce
a significant percentage of false positives [1]. As a result,
follow up diagnostic procedures such as percutaneous needle
biopsy are performed to further evaluate breast abnormalities
[1]. Needle biopsy has a limited sampling accuracy because
only a few small pieces of tissue are extracted from random
locations in the suspicious mass. In some cases, sampling of
the suspiciou: us mass may be missed altogether. Consequences

félse—negatlve rate of 1%—7% [2] when verified with

tiple tissue sites
“&
real- tlme diag-

uman pre-can-
sites including
. Additionally,

ot

shate) d IAD(P)H), flavin adenine dinucleotide (FAD), and col-
‘ . Tryptophan fluorescence, which has an excitation,
emlssxon maximum of 300, 340 nm, is an indicator of protein or
free tryptophan content. NAD(P)H and flavoproteins are indi-
cators of metabolic activity [17] and have excitation, emission
maxima at 35 1,460 nm and 450-520 nm, respectively [17]. Col-
lagen is the primary structural protein in the extracellular matrix.
It has several excitation, emission maxima, one of which occurs
at 325, 390 nm (due to cross-link fluorescence) [17].

Alfano et al. [12] were the first to measure fluorescence
spectra of malignant and nonmalignant breast tissues. Since
then, several groups have investigated the use of fluorescence
spectroscopy for breast cancer detection in ex vivo studies
[6]-[12]. In the collective set of studies to date, emission
spectra were acquired at excitation wavelengths of 300, 340,

0018-9294/03$17.00 © 2003 IEEE
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458, 488, and 514 nm and excitation spectra were measured at
emission wavelengths of 340, 390, and 460 nm from, normal,
benign, and malignant breast tissues. Emission spectroscopy
measures the fluorescence spectrum, while excitation spec-
troscopy measures the absorption spectrum of a fluorophore.
The wavelength-dependent effects of nonfluorescent absorbers
and scatterers in tissue also affect the tissue excitation and
emission spectra.

Gupta [7] and Majumder et al. [6] analyzed different data sets
collected from the same set of breast tissues ex vivo and showed
that the emission spectra at excitation wavelengths of 340 and
488 nm and excitation spectra at emission wavelengths 390 and
460 nm exhibit significant differences between normal, benign
and malignant tissues. Using the integrated emission intensities
at an excitation wavelength of 340 nm, in a binary classification
scheme, they were able to differentiate malignant from normal
and benign tissues with a sensitivity and specificity of 98%.
The fluorescence was attributed to reduced nicotinamide ade-
nine dinucleotide (NADH) and collagen. Yang et al. [8]-[10]
reported that emission spectra at 300-nm excitation and exci-
tation spectra at 340-nm emission (tryptophan is the primary
fluorophore) can separate malignant and nonmalignant tissues.
They found, for example, that the ratio of normalized intensi-

95% specificity. Although previous work shows promisin
sults, there are 1mp0rtant gaps in these studies that still ng .
be addressed. The main 11m1tat10ns of previous studies 2

fluorescence and diffuse reﬂectance Spectrosco]
uated; and 3) the classification accuracy of the. 1
rithms were not tested in an unblased mann

Diffuse reflectance spectroscopy prov1de
of tissue absorption as well as scattermg.

oxygenated and deoxygenated hemoglobin and [3-carotene
[18].

Several groups have explored the utility of diffuse reflectance
spectroscopy between 250-800 nm, for breast cancer detection
ex vivo [10], [13]-[15] and in vivo[15], [16]. Bigio et al. [16]
measured diffuse reflectance spectra through a core biopsy
needle and during breast cancer surgery and showed that this
technique can differentiate malignant from normal tissues with
a sensitivity of 60%—70% and a specificity of 85%-95%. The
collective set of ex vivo and in vivo studies [10], [13]-[16] show
that diffuse reflectance spectra can differentiate malignant
from normal tissues. The changes in the diffuse reflectance of
malignant tissues, was attributed to increased DNA, protein
and hemoglobin absorption and increased scattering.

The primary goal of the study described here was to charac-
terize the multiexcitation fluorescence spectra (at a total of nine
excitation wavelengths in the UV-VIS) and UV-VIS diffuse re-
flectance spectra of malignant and nonmalignant breast tissues
and to identify the optimal spectral features for breast cancer di-
agnosis. A novel nonparametric algorithm (applicable for small
sample sizes) was developed to analyze the breast tissue fluores-

cence and diffuse reflectance spectra in order to classify a partic-
ular sample as malignant or nonmalignant (benign, normal) and
a cross-validation scheme was utilized to test the algorithm’s
classification accuracy in an unbiased manner.

II. METHODS
A. Tissue Handling Protocol for Ex Vivo Studies

All of the fluorescence and most of the diffuse reflectance
measurements to date have been made on excised breast tissues.
However, no systematic investigations have been carried out to
assess the effect of excision and time after excision on the tissue
fluorescence and diffuse reflectance spectra. Therefore, the ef-
fects of tissue handling and storage on optical spectroscopy of
excised tissue specimens were systematically evaluated in a pre-
vious study [19]. In that study, multiexcitation fluorescence and
diffuse reflectance spectra of the epithelial tissue of the hamster

cira over the entire UV-VIS range. On the other
ctra measyred within a short time after excision

s, from atotal of 32 different patients. In the
who participated in this study, anormal and

) in order to minimize the potential effects of malig-
nancy. In*a minority of the patients, only either a normal or
tumor sample was available for the measurement, usually due
to limitations in the size of the surgical specimen.

All measurements were made using a Skinscan spectroftuo-
rometer (JY Horiba, Edison, NJ). This instrument consists of
a 150 W xenon lamp, double grating excitation and emission
monochromators having fixed bandpasses of 5 nm for both ex-
citation and emission, and a photomultiplier tube (PMT). The
adjustable parameters of the system are the wavelength range
and increment, the signal acquisition time and the PMT high
voltage. The illumination and collection of light was coupled
through a fiber optic probe, consisting of a central collection
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core with a diameter of 1.52 mm surrounded by an illumination
ring, with an outer diameter of 2.18 mm. Both the illumination
ring and collection core are made up of 31 individual fibers,
each with a core/cladding diameter of 200/245 pm. The numer-
ical aperture of the excitation and emission fibers is 0.22 and
0.12, respectively. The probe geometry was designed to max-
imize the probing depth in the tissue, while providing good
signal-to-noise ratio. Simulations using a modified, three-di-
mensional, weighted-photon Monte Carlo code have been car-
ried out to evaluate the probing depth achieved with this illu-
mination and collection geometry in a turbid medium [20]. For
a homogeneous medium with a fixed scattering coefficient of
110.4 cm™1, and absorption coefficient varying from 31.8 cm ™!
to 1.3 cm™* (i.e., absorption coefficients spanning the UV-VIS
range), the probing depth varied from 450 to 1350 pm. In a
turbid medium with a fixed absorption coefficient of 10.8 cmi~?
and scattering coefficient varying from 225 cm™? to 50 cm™!
(i.e., scattering coefficients spanning the UV-VIS range), the
probing depth varied from 550 to 1050 ym. The probing depth
in a medium with absorption (2.3 cm~1) and scattering coeffi-
cients (167 cm™!) representative of breast adipose tissue at 540
nm [21] was 1050 pm.

Fluorescence emission spectra were recorded at excitation
wavelengths of 300 to 460 nm, in 20-nm increments. At each ex-
citation wavelength, fluorescence emission was recorded fr

10 nm greater than the excitation wavelength, up to 600 ,nm,‘

in 5-nm increments (e.g., 310 to 600 nm at an excitation
length of 300 nm) Fluorescence emission spectra were 0

length were normalized to that of a reference pl‘g;todx
accounts for wavelength-dependent variations o 'h

citation wavelength was corrected for wavelength
in the emission monochromator and PMT using: mstrum ;
cific correction factors. Finally, all fluorescence emlssm spec-
tral intensities were divided by the peak fluor ce inten-
sity (excitation-emission: 460-575 nm) of a Rhodamine B dye
(115H3423, Sigma Chemical Co., MO) dissolved 1n§%%ter 2.14
M), measured after each patient study to correct for time-d
pendent changes in the throughput of the instrument.

Diffuse reflectance was measured from 300 to 600 nm. This
measurement was made in a synchronous scan mode, whereby
the excitation and emission gratings are moved simultaneously.
The diffuse reflectance measurements were made at an incre-
ment of 5 nm, with a signal acquisition time of 0.1s/wavelength
and at a PMT high voltage of 340 or 450 V. The difference in the
PMT high voltage is due to two different instruments being used
in the course of the study (both identical models), each having
slightly different throughputs. The instruments were otherwise
identical and were calibrated, such that this difference does not
introduce artifacts into the data. The diffuse reflectance spec-
trum was corrected for the wavelength-dependent system re-
sponse and the throughput of the instrument by normalizing it to
that of a Spectralon 99% reflectance puck (SRS-99-010, Lab-
sphere, Inc., North Sutton, NH), which was measured with the
probe in contact with the puck (no coupling media was used).

TABLE 1
HISTOLOGICAL BREAKDOWN OF THE 56
BREAST TISSUE SAMPLES EXAMINED IN THE OPTICAL SPECTROSCOPY STUDY

Total Malignant Tissues 20
TInvasive ductal carcinoma (IDC)
Tuvasive lobular carcinoma
Carcinoma in situ (CIS)

CIS + IDC combined

Total Normal/Benign Fibrous Tissues 18

Normal fibrous tissue
Adenosis

Reparative Changes -
Fibracystic disease
Fibroadenonm

Cystic

ot b pe PR fra 00

Total Normal Adipose Tissues

13
-

After gach measurement, the exact site where the probe was
posmoaed oneach, ttssue sample was inked (TMD-BK, Triangle
i s, Durham, NC) and then cut and stained
ology. Microscopic evaluation of each histological

0 different types of input data sets were
, the original spectra were used. The pri-
in the original spectra are the intensity

as norrnahzed to its peak mtensuy, or in the case
se reflectance spectrum, to its integrated intensity.

wlfhne shape. The benefit of preprocessing by normaliza-
tion is thaz it cancels out inter-patient variations in intensity and
allows a direct comparison of spectral line shape.

Principal Component Analysis (PCA) was employed as a data
reduction technique [22]. PCA characterizes a majority of the
variance while greatly reducing the input data set into a few
orthogonal variables. The principal components (PCs) are ex-
tracted such that the first principal component (PC1) accounts
for the largest amount of the total variance of the input data.
The second PC (PC2) accounts for the second largest amount of
the variance while being orthogonal to PC1, and so on. Thereby
PCA projects the set of observed data onto a subspace expanded
by the PCs. There are two advantages of this transformation: 1)
the input data can be represented by a few subsets of PCs with
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Preprocessing:
Normalized
Spectra

Original Spectra PCA

=y
o e

Fig. 1. Flow chart of the algorithm that was developed to analyze breast
tissue fluorescence and diffuse reflectance spectra (PCA—principal component
analysis; SVM—support vector machine).
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minimal mean square error, which reduces the dimensionality
of the data set; 2) the projection onto the PC subspace maxi-
mizes the separation of data clusters. PCA can be carried out on
concatenated spectra (fluorescence emission spectra at all nine
excitation wavelengths and diffuse reflectance spectra). Alter-
natively, PCA can be performed on all fluorescence emission
spectra, one excitation wavelength at a time and individual
on the diffuse reflectance spectra. Both approaches will ng 1d
the same set of eigenvectors for each spectrum. However,in

first case, one set of PC scores will be generated for all spe%tra
per sample, whereas in the second case, one set of PCs wil
generated for each spectrum per sample. In this study, PCA w:
performed on all fluorescence emission spectra,fone excitation
wavelength at a time and separately on the diffuse reflectdn

tains a greater proportion of the variance®
A Wilcoxon rank-sum (unpaired) or ran )
[23] was then employed to determine which

malignant tissue types. This particular test was uséd:because it
is a nonparametric test, which is appropriate for small sample
sizes for which a normal distribution cannot be assumed. Using
a standard criterion of p < 0.05, PCs from all nine fluorescence
spectra and the diffuse reflectance spectrum showed signifi-
cant differences between malignant and nonmalignant tissues.
However, in a clinical setting, it would be desirable to limit the
number of measurement parameters (and thus the measurement
time) required for diagnosis. Thus, PCs that showed differences
between malignant and nonmalignant tissue types at varying
significance levels of p < 0.05, p < 0.005 and p < 0.0005
were retained as inputs into the classification scheme. This was
carried out to evaluate the classification accuracy as a function
of the number of PCs (or measurement parameters) retained.
A support vector machine (SVM) algorithm [24] was used
as the classification technique. SVM is a classification algo-
rithm based on statistical learning theory. The principal idea of
an SVM is to determine an optimal separating hyperplane that
maximizes the margin between two classes in a multidimen-
sional data space. With the largest separation of the two data

clusters, the SVM classifier gives a lower expected risk, which
means that future error can be minimized if more data is added
to the sample pool. Specifically, a linear kernel SVM classifier
was employed in this study, and the classification was carried
out on PCs retained from both fluorescence spectra and the dif-
fuse reflectance spectrum or the diffuse reflectance spectrum
only.

A full cross-validation of the algorithm was performed in
the following manner. First, one sample was removed from the
training dataset. The spectra of the remaining samples under-
went the steps of preprocessing, PCA, Wilcoxon testing and
SVM classification. The optimal PC scores (and corresponding
eigenvectors) were identified from the Wilcoxon test and the op-
timal decision hyperplane was determined from the SVM anal-
ysis. Next, the optimized algorithm was applied to the sample
that had been left out. In particular, the PC scores were calcu-
lated from the sample spectra using the optimal eigenvectors
retained frofg he training set. Then, the sample was classified

samples being
r%gclas& ﬁed at each step. It was gbserved that 4 greater number
ples were misclassified using this approach relative to
ectly discriminate
., malignant and nonmalig-
refore, the latter approach

esponding elgenvector A linear combination of the
d PCs that account for 100% of the vanance can faJth—

Iy those PCs that showed the statistically most sig-
nificant rences between malignant and nonmalignant tis-
sues were used in the re-projection.

III. RESULTS

Fig. 2 shows the average fluorescence excitation-emission
matrices (EEMs) for malignant (20} [Fig. 2(a)], normal/benign
fibrous (15) [Fig. 2(b)], and adipose tissues (21) [Fig. 2(c)].
Each EEM is shown on a log contour scale, where each con-
tour corresponds to levels of equal fluorescence intensity. The
useful fluorescence information is to the right of the Rayleigh
scattering line seen in the upper left quadrant of the plot. This
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Fig. 2. Average fluorescence EEMs for (a) malignant (n = 20), (b)

normal/benign fibrous (n = 15), and (c) adipose tissues (n = 21). Each EEM
is shown on a log contour scale, where each contour corresponds to levels of
equal fluorescence intensity. The useful fluorescence information is to the right
of the Rayleigh scattering line seen in the upper left quadrant of the plot.

plot allows for the display of fluorescence intensities acquired
at multiple excitation wavelengths where, the fluorescence spec-
trum at each excitation wavelength is corresponds to a horizon-

0.6

e \alignant (n=20)
——Fibrous (n=15)
------ Adipose (n=21)

|

o
'S

o
[\

Diffuse Reflectance Intensity (c.u.)
o
«w

the plot. Four peaks ib
nant [F;g. 2(a)] an normal/bemgn fib issues [Fig. 2(b)],

'tatiorx, emission

trum shows decreased intensity at all wave-
stinetly different line shape between 425-525
age malignant and normal/benign fi-

e also that the variability in adipose

The PCs "at display differences between the malignant and
nonmalignant tissues at different significance levels are listed.
Each table is arranged to show which PCs meet a particular
criterion but do not meet a higher criterion [for example in
Table II(b), PC2 at 320-nm excitation meets both the p < 0.05
and p < 0.005 criterion but not p < 0.0005 criterion, and so
is shown in the p < 0.005 column]. The PCs are organized
based on which spectra they were derived from. For a particular
spectrum, the PC number and the variance described by that
PC (in parentheses) are indicated. Note that Table II shows

the results of PCA and the Wilcoxon rank-sum test for all 56
samples.
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TABLE 1I
THE RESULTS OF PCA, FOLLOWED BY A TWO-TAILED WILCOXON RANK-SUM
TEST FOR (A) ORIGINAL AND (B) NORMALIZED FLUORESCENCE AND DIFFUSE
REFLECTANCE SPECTRA. THE PCS THAT DISPLAY DIFFERENCES BETWEEN THE
MALIGNANT AND NONMALIGNANT TISSUES AT DIFFERENT SIGNIFICANCE
LEVELS ARE LISTED. EACH TABLE IS ARRANGED TO SHOW WHICH PCS MEET
A PARTICULAR CRITERION BUT DO NOT MEET A HIGHER CRITERION (FOR
EXAMPLE IN (B), PC2 AT 320 NM EXCITATION MEETS BOTH THE p < 0.05
AND p < 0.005 CRITERION BUT NOT p < 0.0005 CRITERION, AND SO Is
SHOWN IN THE p < 0.005 COLUMN). THE PCS ARE ORGANIZED BASED ON
WHICH SPECTRA THEY WERE DERIVED FROM. FOR A PARTICULAR SPECTRUM,
THE PC NUMBER AND THE VARIANCE DESCRIBED BY THAT PC (IN
PARENTHESES) ARE INDICATED. NOTE THAT TABLE II SHOWS THE RESULTS OF
PCA AND THE WILCOXON RANK-SUM TEST FOR ALL 56 SAMPLES

Spectra p0.03 0003 p<D.0005
300 nm Exc. PC2 (0.06) PC1 (0.93)
320 m Exe. PC1 (0.50)
340 run Exe. PCL(D.90)
360 1un Bxe. PCL {089
380 mun Exce. PCL (D57
400 nm Bxe. PCL 0991
420 nm Exe. PCL {0995
440 nm Bxe. PCL {0.996)
460 nm Exc. PCL(0997)
Reflectance PCL {0.80)

(@
Spectra p<0.05 p<0.003 p<0.0005
306 1w Exc. PC2 {012
320 1m Exc. PCLQ.72) PC2{01T)
340 jun Exe PCL{09N)
360 1un Exc. PC1 (0.75)
380 1 Exe. PCL(0.77)
400 nim Exc. PCL (0,683 PC4 (0.02)
420 nm Exe PC3 (003 PCL (0.66)
443 tun Exe. PO (0.02),

PCL{0.67)
460 nm Exe. PC3{0.05)
Reflectance PC3 (0.1,

PC2 (0.37)

are generated using normalized versus the original f] uorescence
spectra. Thus, this preprocessing method was unl%feé
sequent analysis of fluorescence spectra. It is interesting to note
that both the original and normalized fluorescence spectra a

300-nm excitation yield PCs that meet the p < 0.0005 crite-%

rion. In Table II(b), it can be seen that as the significance level
increases, the PCs that are retained from the fluorescence spec-
tral data account for a smaller percent of the total variance. At
a significance level of p < 0.005, the most useful fluorescence
spectra are those measured at 300, 320, 400, 420, 440, and 460
nm excitation. In the case of the diffuse reflectance measure-
ments, the original spectrum [Table II(a)] yields only one PC
that meets the p < 0.005 criterion, while the normalized spec-
trum [Table II(b)] yields two PCs that meet the p < 0.05 crite-
rion, but not the p < 0.005 criterion. Thus, both preprocessing
methods were thus utilized in subsequent analysis of diffuse re-
flectance spectra.

PCs at higher significance levels are generated from fluo-
rescence spectra than from the diffuse reflectance spectra. In
Table Il(a), there is one PC retained from the fluorescence spec-
trum at 300 nm, excitation, which is statistically more signifi-

cant than the PC retained from the diffuse reflectance spectrum.
In Table II(b), there are a total of seven PCs retained from flu-
orescence spectra at several excitation wavelengths that are sta-
tistically more significant than the two PCs retained from the
diffuse reflectance spectrum.

In addition to the unpaired Wilcoxon rank-sum text, a
Wilcoxon rank-signed test of normal/malignant PC pairs within
the same patient was performed for a total of 11 normal/ma-
lignant tissue pairs. The Wilcoxon rank-signed test resulted in
similar PCs to that generated from the Wilcoxon rank-sum test.
Specifically, 11 of the 15 PCs identified as being significant
from an unpaired analysis of normalized spectra [Table II(b)]
were also identified as being significant from a paired analysis
of the normalized spectra. The consistency between the paired
and unpaired analysis confirms that the observed spectral
differences between malignant and nonmalignant tissues are
similar within and between patients.

Table Illﬁgiiows the classification results obtained from SVM

ightly from those
The classifica-

one sample atatime of a total of 56 samples was left
e purposes of cross-validation). The classification ac-
of the testing data set reflects the unbiased performance
orithm on 56 samples through cross-validation.

Table: 1L shows that cross-validation of the algorithm results
in a 5%-20% decrease in the classification accuracy. It is inter-
esting to note that that the classification accuracy of the testing
data set shows a smaller deviation relative to that of the training
data set as the number of PCs used in the SVM analysis is re-
duced (by increasing the level of significance). Furthermore, the
classification accuracy of testing data set increases slightly for
increasing levels of significance. Selecting the diagnostically
relevant PCs at the p < 0.0005 level of significance from a set
of PCs that describe 99% as opposed to 95% of the variance of

the input data set gives rise to an increase in the number of PCs

used for SVM classification. This results in an improvement of
the overall classification accuracy, as well as the smallest dif-
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TABLE 1II

THE CLASSIFICATION RESULTS OBTAINED FROM SVM ANALYSIS OF THE DIAGNOSTICALLY IMPORTANT PCs DERIVED FROM NORMALIZED SPECTRA. THE

CLASSIFICATION RATE, SENSITIVITY AND SPECIFICITY FOR THE TRAINING AND TESTING DATA SETS ARE SHOWN FOR PCS RETAINED AT PROGRESSIVELY
INCREASING LEVELS OF SIGNIFICANCE RANGING FrROM p < 0.05 TO p < 0.0005. AS SEEN IN TABLE II(B),THE PCs RETAINED AT THE p < 0.05 SIGNIFICANCE

LEVEL ORIGINATE FROM BOTH THE FLUORESCENCE AND DIFFUSE REFLECTANCE SPECTRA, WHILE THOSE RETAINED AT HIGHER SIGNIFICANCE LEVELS
ORIGINATE ONLY FROM THE FLUORESCENCE SPECTRA. THE PCS IN THE FIRST THREE ROWS WERE IDENTIFIED FROM A SET OF PCS THAT DESCRIBE 95% OF THE
VARIANCE OF THE INPUT DATA SET. THE PCS IN THE FOURTH ROW (ASTERISKS) WERE IDENTIFIED FROM A SET OF PCS THAT DESCRIBE 99% OF THE VARIANCE

OF THE INPUT DATA SET. THE TRAINING DATA SET SHOWS A CLASSIFICATION ACCURACY (CLASSIFICATION RATE, SENSITIVITY AND SPECIFICITY) THAT
CORRESPONDS TO THE AVERAGE AND STANDARD DEVIATION OF THAT OBTAINED FROM TRAINING WITH A TOTAL OF 56 DATA SETS, EACH WITH A TOTAL OF 55
SAMPLES (ONE SAMPLE AT A TIME OF A TOTAL OF 56 SAMPLES WAS LEFT OUT FOR THE PURPOSES OF CROSS-VALIDATION). THE CLASSIFICATION ACCURACY OF

THE TESTING DATA SET REFLECTS THE UNBIASED PERFORMANCE OF THE ALGORITHM ON 56 SAMPLES THROUGH CROSS-VALIDATION

o . Classification Rate (%) Sensitivity (% Specificity (%o)
Significance Level  Nuraber of PCs  —7 2y o' Dot Tesﬁé;)gata Training Data T(:st)ing Data___ Training Data___ Testing Data
P<0.05 14~15 91.53+276 75 84.1645.66 65 95.60+2.10 30.56
P<0.005 78 86.95£1.87 76.79 77.36+4.65 65 92.2743.06 £3.33
P<0.0005 34 83.51+1.89 79 76.0745.61 70 87.63+2.63 83.33
*P<0.0005 67 87.56+213 $3.93 76.3545.54 70 93.78+1.92 91.67
TABLE IV

CLASSIFICATION RESULTS OBTAINED FROM SVM ANALYSIS OF THE DIAGNOSTICALLY IMPORTANT:PCS DERIVED FROM BOTH THE ORIGINAL AND NORMALIZED

DIFFUSE REFLECTANCE SPECTRA. THIS A SIMILAR

RMAT TO TABLE III

y . Number of Clagsification Rate (%) Sensitivity (%) Specificity (%)
Pre-processing  Significance Level ™ pry  —iningData  Testing Dala_Traiing Data_ Testing Data_Training Data_ Testing Data
Original Pl 7 66.62¢251 6071 45.43£8.85 30 78385173 7178
Normatized P<0.05 2 69.46£5.72 5o 51384163 2 79412507 66.67

ference in the classification accuracy (in particular, the spec;
ficity) between the training and testing data sets. A comparisor
of the classification accuracy of PCs retamed at the p< 00005

combining the normalized fluorescence and diffuse
spectra does not improve the classification accurac

the original and normalized diffuse reflect
table has a similar format to Table III. Again

from the normalized diffuse reflectance spe
when a criterion of p < 0.05 was used. In ory
SVM analysis, at least two features (PCs) are nee\ded Thus,
the p < 0.1 criterion was used in order to select at least two
diagnostically relevant PCs from the original diffuse reflectance
spectra.

Table IV shows that cross-validation of the algorithm results
in a 10%-30% decrease in the classification accuracy. The clas-
sification accuracy of the testing data set shows a smaller devia-
tion relative to that of the training data set for PCs derived from
the original diffuse reflectance spectra. In addition, the classi-
fication accuracy of testing data set for PCs extracted from the
original spectra is higher than that for PCs derived from the nor-
malized spectra. A comparison of the classification accuracy of
PCs retained at the p < 0.05 or p < 0.1 level of significance in
Table IV and p < 0.0005 level of significance in Table III indi-
cates that using normalized fluorescence spectra yields signifi-
cantly higher classification accuracy than using either the orig-
inal or normalized diffuse reflectance spectra alone.

Fig. 4 shows the average normalized fluorescence spectra at
300-nm excitation [Fig. 4(a)] and the average spectral represen-
tations reflected by PC2 (which was obtained from the normal-

iop), for malignant
5 spectra (between

j e spectral representation
nant and nonmalignant). The diff Vence spec
/{suﬁtractmg (point-by=poin ) 2
malignan

the Wllcoxon rank-sum
tatistically most signiﬁ—

Both malignant and nonmahgnant tissues.
the average normalized fluorescence spectrum of
tissues shows a red shift in the fluorescence peak
d a loWer intensity between 450-550 nm relative to nonma-
ssues. These differences are reflected in the average
speeiml representation of the malignant and nonmalignant tis-
sues. .The differences seen in the average malignant and nonma-
tissuie spectral representations track the differences ob-
served in their corresponding average normalized fluorescence
spectra, but do not necessarily replicate the actual spectra it-
self, since only one PC is used in the re-projection. Fig. 4(b)
shows the difference spectra (between malignant and nonma-
lignant tissues) for both the average normalized spectra and av-
erage spectral representations shown in Fig. 4(a). It can be seen
that the two difference spectra are very similar to each other,
as expected. This verifies that the PC2 displays the most sig-
nificant difference between the two tissue types. The difference
spectra indicate that the most significant differences between
malignant and nonmalignant tissues are observed near emission
wavelengths of 350 and 500 nm, when an excitation wavelength
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(@

== Average spectral representation of PC2 for malignant samples

— Average normalized spectra of malignant samples

- Average spectral representation of PC2 for non-malignant samples
- Average normalized spectra of non-malignant samples

1.5

Magnitude

350 400 450 500 550
Emission Wavelength (nm)

(b)

| - Difference spectra obtained from normalized spectra §
: —— Differance spectra obtained from spactral representation of PC2 1

o1

Magnitude

400 450 §00
Emission Waveleng:{a {nm)

Fig. 4. (a) The average normalized fluorescence spec ¢
and the average spectral representations reflected by PC

and nonmalignant tlssues) for each case. The spectral represg

re-projections from the PC subspace onto the normalized spectral data spac
They are calculated by simply multiplying the PC scores (in this case, PC
for all samples by the associated eigenvector and then averaging the spectr:
representations for each tissue type (malignant and nonmalignant). The
difference spectrum was obtained by subtracting (point-by-point) the average
nonmalignant spectrum from the average malignant spectrum.

of 300 nm is used. Spectral representations obtained from PC4 at
400-nm excitation, and PC3 at 460-nm excitation are not shown
here, but indicate that the maximal differences between malig-
nant and nonmalignant tissues are observed at emission wave-
lengths of 460 and 540 nm, respectively.

IV. DisCUSSION

Optical spectroscopy in the UV-VIS spectral range is
demonstrated to be useful in discriminating malignant and
nonmalignant human breast tissues. By measuring fluorescence
spectra at multiple excitation wavelengths as well as diffuse
reflectance spectra and performing a separate analysis on each,

those spectra that are most useful in discriminating malignant
and nonmalignant tissues were identified. The analysis indi-
cated that only four of the ten measured spectra are required to
maximize classification accuracy. These include fluorescence
spectra at excitation wavelengths of 300, 400, 420, and 460
nm. This has important implications in clinical applications,
where both speed and cost are important, in that the fewer
wavelengths that have to be measured, the faster and less
complex the instrument can be.

One problem with the particular approach employed here
for analysis is that it can be difficult to determine the biologic
basis of the differences observed in the fluorescence spectra
of malignant and nonmalignant tissues. However, an under-
standing of the fluorophores that contribute to the fluorescence
spectra at the four optimal excitation wavelengths can yield
some insight into the sources of endogenous contrast present.
The excitation wavelengths used, ranging from 300 to 460 nm,
allow for Q& “characterization of a number of fluorophores,

ide the possibility
ces in the fluorescence spectrasof malignant and
émmahgnant t1ss%es may also be mﬂuenced by the absorption

rescenée) in the malignant
ssues. This finding is con-
2t al. [10], who found that at

m benign fibrous tissues, and so the combination of the two
features makes this particular PC useful in discriminating ma-
hgnant and nonmalignant tissues.

Diffuise reflectance can characterize some of the same
optical features exploited in fluorescence spectroscopy, notably
absorption due to various biological chromophores, and tissue
scattering properties. The primary absorbers are oxygenated
and deoxygenated hemoglobin, which are present in blood.
These compounds, which have slightly different absorption
spectra, can be used as an indicator of tissue oxygenation
[17]. B-carotene is another chromophore and is present in
adipose tissues, thus providing a unique indicator of this tissue
type. The primary advantage of this technique is that diffuse
reflectance signals are several orders of magnitude greater
than the weak endogenous fluorescence signals measured from
tissue. Therefore, if diffuse reflectance measurements were
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capable of discriminating malignant and nonmalignant tissues
at similar accuracies to that of fluorescence measurements,
there would be a considerable increase in cost-effectiveness.
However, using a similar classification technique, diffuse
reflectance spectroscopy was not capable of discriminating
between malignant and nonmalignant tissues with the same
accuracy as fluorescence spectroscopy. Therefore, there is an
apparent advantage to using fluorescence in addition to, or
instead of diffuse reflectance. This advantage is likely due to the
additional chemical specificity that arises from the fluorescence
characterization of the many biologic fluorophores intrinsically
present in tissue.

Bigio et al. reported better classification accuracies for dis-
criminating between malignant and nonmalignant breast tissues
using diffuse reflectance spectroscopy in a pilot study [16], as
well as in a more recently published abstract [25]. However,
it is difficult to compare classification accuracies achieved in
our study to that carried out by Bigio and co-workers due to
differences in the clinical protocol (the studies by Bigio and
co-workers were carried out on tissues in vivo), probe geom-
etry, spectral range (the spectral measurements were made from
330-750 nm) and methods of analysis employed in the two
studies. What can be concluded from the work presented here is

ysis.

A novel nonparametric algorithm was developed to iden
and incorporate the optimal spectral features for dis i
between malignant and nonmalignant breast tissues
the Wilcoxon test and SVM classification sche
quire a pr10r1 knowledge about the sample dlstn

misclassify some additional samples. Indeed, in
misclassified samples, it is clear that some und
sub-groups of tissue types are most frequently misclassified.
There were five malignant samples that were consistently mis:

classified (once in cross validation and repeatedly in the training

set). Of these five samples two were carcinoma in situ (CIS)
and two were lobular cancers. These samples represent the total
number of CIS and lobular cancers in the entire sample pool.
Upon cross-validation, one of these samples would be removed
prior to training the algorithm, leaving just one other sample of
this type to aid in its classification. Thus the total variance ac-
counted for by these types of cancers is not well represented
in the training set, which results in the frequent misclassifica-
tion of these particular cancers. Upon the inclusion of more data
points from these sample types, the unbiased (testing) classifi-
cation accuracy may approach the accuracy achieved with the
training data set.

Typically, the optical spectral features of different tissue types
are not fully separable, which gives rise to imperfect classi-
fication. The classification accuracy is also dependent on the
algorithm used. Given a constant sample size, one approach

to improving the classification accuracy may be to incorporate
more features into the classifier (such as PCs). As depicted in
Table 1V, increasing the number of inputs did not significantly
improve the classification accuracy. An alternative approach to
improving the classification accuracy is to use nonlinear rather
than the linear methods of analysis employed here, i.e., PCA
and linear SVM. For example, using a nonlinear kernel in SVM
classification may improve the classification accuracy, since the
nonlinear kernel SVM is expected to be superior to the linear
kernel in dealing with nonseparable cases. This is beyond the
scope of the current study, but will be explored in future inves-
tigations.

One of the goals of future work is to carry out clinical studies
to explore the effectiveness of optical spectroscopy for detecting
breast cancer during core needle biopsy. In particular, side-firing
fiber-optic probes will be designed and fabricated for use in
a Mammatome core biopsy needle. The tip of the needle has
a s1de-facmg ‘aperture (19 mm long and 2 mm wide), through
which piecesof tissue can be vacuum suctioned when the needle

e to measure fluorescence and diffuse re-
breast ussues after the needle is positioned
1¢.breast, but before biopsy. The di-

cells could be implante
added effects of the vas nd adipose tissue. Such a step-
isear pproach ‘cpuld allow one to compare simpler, better un-
od ‘models to: what has been characterized in tissue, and
;euld perhz ggps allow“Qne to determine what tissue constituent is
most responsible for the observed spectral differences. This is

‘promising avenue of research and applied to the breast could
: or‘an increased understanding of the underlying mecha-
nistii for how optical spectroscopy is able to diagnose this dis-
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