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The native fluorescence spectra of human cancerous and normal breast tissues were investigated using
the selected excitation wavelength of 340 nm to excite key building block molecules, such as reduced
nicotinamide adenine dinucleotide (NADH), collagen, and flavin. The measured emission spectra were
analyzed using a non-negative constraint method, namely multivariate curve resolution with alternating
least-squares (MCR-ALS). The results indicate that the biochemical changes of tissue can be exposed by
native fluorescence spectra analysis. The MCR-ALS-extracted components corresponding to the key
fluorophores in breast tissue, such as collagen, NADH, and flavin, show differences of relative contents
of fluorophores in cancerous and normal breast tissues. This research demonstrates that the native fluor-
escence spectroscopy measurements are effective for detecting changes of fluorophores composition in
tissues due to the development of cancer. Native fluorescence spectroscopy analyzed by MCR-ALS
may have the potential to be a new armamentarium. © 2013 Optical Society of America
OCIS codes: 170.0170, 170.6510, 300.0300, 300.6170.

1. Introduction

Breast cancer is the second most common malignant
tumor among women throughout the world [1]. It
was estimated that 226,870 new cases of invasive
breast cancer occurred among women and about
39,920 women died of breast cancer in the U.S. in
2012 [1]. Breast cancer can be classified by different
schemata, including stage, pathology, grade, receptor
status, and the presence or absence of specific genes
determined by DNA tests [2–7]. In 1984, “optical
biopsy”was introduced by a group at the City College
of New York (CCNY) to investigate tissue using
ultraviolet (UV) to visible light, which has the poten-
tial to diagnose diseases without removing tissue
samples [8]. Since the pioneering reports on the
laser-induced fluorescence of biological tissues in

the mid-1980s [8,9], optical spectroscopy has been
widely used for diagnostic purposes for cancer
[10–13] and other diseases. Although there is a lot
of experimental evidence indicating differences of
fluorescence spectra between cancerous and normal
tissues [8,9], few works disclose the biological basis of
these differences and study the key building block
molecules contributing to the fluorescence of tissue.

In the evaluation of fluorescence diagnosis, there
are two major problems hampering the reliability of
extracting the differences of the biochemical and/or
morphological properties between cancerous and nor-
mal samples. One is that the differences existing
among each type of tissue samples from different
patientsmake it difficult to control the samemeasure-
mentalconditionforeachtype(cancerousornormal)of
tissuesamples.Anotherproblemis thepresenceof sig-
nificant spectral distortions induced by endogenous
absorber and scatterer [11]. The first causes unrelia-
bility in directly comparing the emission intensities of
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one certain biomarker [such as nicotinamide adenine
dinucleotide (NADH)] between individual cancerous
and normal breast samples [11]. The second induces
imperfection in reconstructing the emission spectra
of tissue using the known measured spectra of key
individual fluorophores [11].

To evaluate the relative contents of bimolecular
components in tissue, a blind source separation
(BSS) method, namely multivariate curve resolution
with alternating least-squares (MCR-ALS), may be
used to extract the intrinsic (undistorted) fluores-
cence spectrum of each principal biochemical (fluor-
ophore) from the mixed spectra. The principle of
the MCR-ALS method was described in detail by
Tauler et al. [14]. It was developed for the recovery
of the response profiles (spectra, pH profiles, time-
resolved profiles, etc.) of more than one components
in an unresolved and/or unknown mixture when lit-
tle or no information is known about these mixtures.
In spectral analysis, the MCR-ALS method is super-
ior to other BSS methods, such as principal compo-
nent analysis, independent component analysis,
and factor analysis because (1) spectral data and the
contents of constituents generated from the MCR-
ALS analysis give positive values; therefore, it is bet-
ter to use the non-negativity constraint analysis
since this tool may extract the true spectrum of each
biochemical in tissue from the measured entire tis-
sue emission data [14] and (2) hidden constituents
in the mixed compound such as tissue may show dif-
ferent spectra other than pure biochemicals because
of the complex surroundings, but the spectra decom-
posed by the MCR-ALS analysis may find the “real”
spectra in mixed environment.

The focus of the present research is to study
whether the native fluorescence spectroscopy mea-
surements analyzed with the MCR-ALS method
are effective to detect changes of the native fluoro-
phores’ contents related to variation of normal breast
tissue to malignant tissue. The excitation at 340 nm
is the prime focus here due to (1) its lower toxicity
effect for inducing cancer than using excitation
wavelengths shorter than 300 nm [15] and (2) the
effective excitation of the three building block mole-
cules in tissue, such as collagen, NADH, and flavin.
The basic fluorescence spectrum and relative content
of each key fluorophore in human breast tissue were
calculated using the measured tissue spectra and the
MCR-ALS method by treating spectra of different
fluorophores as the PCs contributing to the tissue
spectra. The linear discriminant analysis (LDA)
was then used to analyze biomolecular alterations
reflected in the native fluorescence spectra of cancer-
ous and normal breast tissues and obtain criteria
for separating these two types of tissues using fluor-
escence spectra data. Subsequently, the receiver
operating characteristic (ROC) curves were gener-
ated to evaluate the performance of the MCR-ALS
algorithm combined with LDA for diagnosis of
human breast cancer. Our experimental and analysis
results demonstrate how the native fluorescence

spectroscopy can be used to detect the changes of
fluorophore contents due to cancer formation. The
native fluorescence spectroscopic technique may be
used to diagnose disease without removing tissue
samples, heading toward new advanced tools for
medical armamentarium.

2. Material and Method

Pairs of cancerous and normal breast tissue samples
were provided by the Co-operation Human Tissue
Network (CHTN) and the National Disease Research
Interchange (NDRI) under the approval of the CCNY
Institutional Review Board. The cancerous and
normal breast tissue samples were diagnosed by
pathology medical doctors. Samples were neither
chemically treated nor frozen prior to the experi-
ments. The time elapsed between tissue resection
and the fluorescence measurements may vary for dif-
ferent sample sources. The longest elapsed time is
about 30 hours. Fluorescence measurements were
performed on breast tissue samples using a Perkin-
Elmer LS-50 spectrometer. In the spectrometer, an
equipped Xenon lamp coupled with narrow band fil-
ter was used as light source to illuminate the sample
at a desired wavelength, and the fluorescence
emitted from the sample is collected by an emission
monochromator connected to a photomultiplier tube.
The excitation light with 5 nm spectral width was
focused on samples with spatial size of ∼3 × 1 mm.
The power of incident light was ∼0.5 μW. The scan
speed was 250 nm per minute. The fluorescence
was collected with a resolution of ∼0.5 nm from
the front face of tissue samples to reduce the distor-
tion of absorption and scattering, which is often done
for turbid or opaque samples [12]. The fluorescence
spectra of 38 pairs of cancerous and normal breast
tissues were recorded and analyzed. The breast tis-
sue samples used for fluorescence measurements
were cut into ∼1.5 × ∼1 × ∼0.3 cm (length × width ×
thickness) pieces. To eliminate the possible spectral
differences among different areas of each individual
tissue sample, the emission of two or three spots from
one breast tissue was measured and their averages
taken as the measured fluorescence contributed from
that sample. In order to study changes of relative
contents of collagen and NADH due to cancer forma-
tion, the fluorescence spectra of cancerous and nor-
mal breast tissues were measured with selected
excitation wavelength of 340 nm, which is close to
the absorption peaks of these fluorophores. The fluor-
escence of other fluorophores in tissue obtained with
the selected excitation wavelength of 340 nm is
expected to have much lower intensity since their
absorption peaks are far away from 340 nm.

In this study, the MCR-ALS analysis was used to
extract the undistorted fluorescence spectrum of
each principal biochemical component [13,14] from
the spectra of the breast tissue samples and the
relative contents of the principal biochemical compo-
nents. The MCR-ALS analysis is briefly described as
D � CST � E, where D is the data matrix containing
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experimental spectra in rows; C is the matrix of cal-
culated content profiles; ST is the matrix of calcu-
lated spectra of components contributed to D; and
E is the residual error matrix between D and CST

[13,14]. In order to obtain a physical and/or biological
meaning, the MCR-ALS analysis was achieved to
approach diverse constraints (non-negativity, unim-
odality, selectivity, closure, etc.) using a group of
methods (such as least squares calculation, PC ana-
lysis, or evolving factor analysis method) during the
iterations [14].

LDA is one of the most well-known and powerful
classifiers. By using a group fluorescence spectra of
cancerous and normal tissues as training data [16],
a classifier expressed by a linear separating line y �
ax� b in the subspace of relative contents of paired
fluorophores was obtained. These separating lines
wereevaluatedasdiagnostic criteriabyasetof testing
data other than the trainingdata.To optimize abetter
criterionof theseparating line, theLDAwasemployed
to all data, including the training and testing (evalu-
ated) data, to generate an updated separating line.
ROC testing was also conducted to further evaluate
the performance of the LDA algorithms on native
fluorescence spectra for breast cancer detection.

3. Experimental Results

The emission spectra of the key fluorophores of inter-
est, collagen, NADH, flavin, tryptophan, and elastin,
were measured individually with the excitation at
340 nm, and the results were reported in our previous
work [12]. Each soluble fluorophore was prepared in
aqueous solution in quartz cell with the same concen-
tration of ∼0.5 mg∕ml. An insoluble fluorophore, such
as collagen, was prepared as an aqueous suspension
and shaken evenly before the measurements. The ab-
sorption and emission peaks of the key fluorophores
of interest are concluded in Table 1.

Under 340 nm excitation, the emission of collagen,
elastin, NADH, and flavin can be measurable while
the emission intensities from other fluorophores are
much weaker than these four principal fluorophores.
The component with strongest fluorescence other
than the principal four is tryptophan. However, its
intensity is just less than 2% of the intensity from
collagen. This can be understood because the absorp-
tion peak of tryptophan is located at ∼280 nm, far
from the excitation wavelength of 340 nm [12]. The
strong emission of collagen and NADH comes from
the resonant excitation at 340 nm. Since the absorp-
tion peaks of elastin and flavin are located at 351 and
375 nm, respectively, which are at the lower energy
side of the 340 nm photon, they should also have

enough emission under excitation of 340 nm. There-
fore, it can be expected that the spectra obtained with
excitation of 340 nm for breast tissues, as shown in
Fig. 1, were mainly contributed from collagen, elas-
tin, NADH, and flavin.

Differences of the emission spectra between the
cancerous and normal tissue samples were reprodu-
cibly observed in the spectral range from ∼360 nm to
∼580 nm. The average fluorescence spectral profiles
of the cancerous (solid line) and normal (dashed line)
breast tissues obtained with the selected excitation
at 340 nm are shown in Fig. 1. The standard devia-
tion error bars are also indicated in Fig. 1. Each spec-
tral profile was normalized to unit value of 1 (i.e., the
sum of squares of the data elements in each emission
spectrum was set as 1) before taking averaging. The
main emission peaks of both cancerous and normal
breast tissues are found approximately at 380 nm.
The major difference of the fluorescence spectral pro-
files of the cancerous and normal tissues is the exis-
tence of a higher shoulder peak at ∼460 nm for the
cancerous tissue while emission intensity of normal
tissue decays somehow monotonously with the wave-
length after the main peak. This difference indicates
the change of fluorophore compositions in tissue dur-
ing the tumor development. In addition, a tiny local
plateau at 539 nm may be observed in the emission
spectra of both cancerous and normal breast tissues,
which is known as the characteristic peak of flavin.

The native fluorescence spectra of cancerous and
normal breast tissues were analyzed using the MCR-
ALS method to (1) understand and extract the
changes of relative contents of principal biochemical
components in the cancerous and normal breast tis-
sues and (2) create a criterion that can be used to dis-
tinguish cancerous breast tissue from normal tissue.

The spectra of 22 cancerous and normal breast
tissues were randomly chosen from the total 38
samples to be analyzed using the MCR-ALS method
to extract the spectrum of each PC and its contribu-
tion to the tissue fluorescence spectra and generate a
criterion for breast cancer detection.

Table 1. Absorption and Emission Peaks of the Key Fluorophores of
Interest

Fluorophores

Spectral Type Tryptophan Collagen Elastin NADH Flavin

Absorption (nm) 280 339 351 340 375
Emission (nm) 342 380 410 460 525
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Fig. 1. (Color online) Average fluorescence spectra of cancerous
(solid) and normal (dash) breast tissues obtained with the selective
excitation wavelength of 340 nm.
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The MCR-ALS analysis could not distinguish be-
tween collagen and elastin and takes them as the
same component since their emission peaks are very
close at ∼390–400 nm and these two biomolecules
have similar emission spectral profile. The decom-
posed spectra of principal fluorophores and the corre-
sponding measured fluorophores’ spectra are shown
in Fig. 2, as solid and dashed lines, respectively,
where the first component stands for collagen, the
second for NADH, and the third for flavin. The PCs
correspond to fluorescence peaks as follows: the peak
at ∼385 nm is contributed from collagen and/or elas-
tin, the peak at ∼461 nm is contributed from NADH,
and the peak at ∼523 nm is contributed from flavin.
It can be seen that the retrieved spectrum for each
decomposed component is in good agreement with
the corresponding measured fluorophore’s spectrum,
which demonstrates that the MCR-ALS method
accounts for the major spectroscopic feature of the
mixed fluorophores [14]. The differentiation between
the extracted individual fluorophore’s fluorescence
spectrum and the measured spectrum of the corre-
sponding individual fluorophore was observed, which
can be explained mainly from distortions caused by
tissue scattering and absorption [10].

To characterize changes of the relative contents of
the PCs (fluorophores), the relative contents of col-
lagen and/or elastin, NADH, and flavin in the cancer-
ous and normal breast tissues were extracted using
the MCR-ALS method by treating collagen (elastin),
NADH, and flavin as three PCs. Figure 3(a) shows
the relative content of the first component (collagen)
versus the second component (NADH), and Fig. 3(b)
displays the relative content of the second compo-
nent (NADH) versus the third component (flavin)
of cancerous (circle) and normal (square) breast tis-
sues. The most salient feature of Fig. 3(a) is that all
data points for the cancerous tissues are located in
the left-upper side of the data points for the normal
tissues, indicating that the relative content of NADH
is higher in cancerous tissues in comparison with the
normal tissues while the relative content of collagen

is lower in cancerous tissues than the normal tissues.
Figure 3(b) shows that all data points for the cancer-
ous tissues are located in the right-upper side of data
points for the normal tissues, indicating that the re-
lative content of NADH and flavin is higher in can-
cerous tissues in comparison with the normal tissues.
It can be seen from Figs. 3(a) and 3(b) that the rela-
tive content of collagen in cancerous breast tissue is
lower than that of normal breast tissue, but the
relative contents of NADH and flavin are larger in
the cancerous breast tissue in comparison with the
normal breast tissue. This observation is in good
agreement with the pathological research results for
cancerous and normal cells and tissues [3,5–7].

The most common breast cancer grading system
currently used in the United States is the Scarff–
Bloom–Richardson (SBR) system [3]. The SBR [3]
or the modified SBR system [6,7] examines the cells
and tissue structure of the breast cancer to deter-
mine how aggressive and invasive the cancer is de-
pending on three features: (1) The percentage of
the tumor in the tissue structures: in cancer, the tis-
sue structures usually become less orderly. (2) The
numbers of mitotic figures (dividing cells) observed
in a certain magnitude microscope field: one of the
hallmarks of cancer is that cells divide uncontrolla-
bly. (3) The nonuniformity of the cell nuclei: the can-
cerous cells have larger, more irregular, and darker
cell nuclei than normal breast duct epithelial cells
[3,6,7]. Each of these features is assigned a score ran-
ging from 1 to 3. The lowest score 3 �1� 1� 1� is gi-
ven to well-differentiated tumors with the best
prognosis while the highest score 9 �3� 3� 3� is gi-
ven for poorly differentiated tumors with the worst
prognosis [3]. Breast tissue is mainly composed of an
extracellular matrix of collagen fiber, fat, and epithe-
lial cells. Epithelial cells, where cancer primarily
happens, contain a number of endogenous fluoro-
phores: tryptophan, NADH, flavin adenine dinucleo-
tide (FAD), etc. [17]. NADH and FAD are involved in
the oxidation of fuel molecules and can be used to
probe changes in cellular metabolism [17]. Chance
et al. exploited this phenomenon and showed that di-
rect monitoring of NADH fluorescence dynamically
interprets the metabolic activity within cells [18].
An intuitive application of the fluorescence spectro-
scopic technique is to study carcinogenesis in a vari-
ety of organ sites that are known to have increased
metabolic rates, such as the breast [19]. All these fea-
tures correspond to the description of SBR system:
higher cell density, uncontrollable cell-dividing, and
nonuniform larger cellular nuclei in cancerous breast
cells. The primary fluorophore in the breast tissue
extracellular matrix is type I collagen [20]. Fenhalls
et al. investigated the relationship between synthesis
of type I collagen and breast cancer stage [21]. For
invasion and subsequent metastasis, tumor cells
must degrade the surrounding extracellular matrix,
which is composed mainly of type I collagen [21].
With grade advances, the cancer cells proliferate, in-
creasing the cell density with nonuniform swelling
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Fig. 2. (Color online) Comparison of spectra of three PCs (solid)
extracted from the fluorescence spectra of breast tissue using the
MCR-ALS method and the measured (dash) spectra of individual
collagen (elastin), NADH, and flavin.
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cellular nuclei and loss of collagen [21]. These
changes during cancer evolution are critical to reveal
the contributions of the biochemical components in
tissue to their fluorescence spectra.

In a diagnosis test for cancer, the test outcome may
be positive (cancer) or negative (healthy). To evaluate
the potential of a diagnosis method, the following
statistic terms are usually used: (1) true positive, de-
fined as a cancerous sample correctly diagnosed as
malignant; (2) false positive, defined as a healthy
sample incorrectly identified as malignant; (3) true
negative, defined as a healthy sample correctly iden-
tified as healthy; and (4) false negative, defined as a
cancerous sample incorrectly identified as healthy.
LDA is a method for finding a linear combination
of features that separates two or more classes of
objects or events [22]. The LDA method is usually
useful for a two-group (class) case. The criteria for
categorizing the true or false positive and negative

groups in our study were first determined using
the LDA algorithm and the 22 pairs of training data.
The separating lines for the scatter plots, as shown in
Figs. 3(a) and 3(b), were calculated using the LDA
model for the diagnostically significant two pairs
of fluorophores (PCs): collagen versus NADH and
NADH versus flavin, respectively. The accuracy of
the criteria and the potential of native fluorescence
spectra and the MCR-ALS analysis combined with
the LDA for effective diagnostic algorithms for breast
tissue classification were then tested using 16 other
pairs of data loaded into the subspace of correspond-
ing pairs fluorophores, with the LDA separating line
as the diagnostic criterion. The results are shown in
Figs. 3(c) and 3(d). The sensitivity and specificity for
distinguishing these 16 pairs of testing breast tissues
using separating line generated with 22 pairs of
training data were calculated and are summarized
in Table 2.
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Fig. 3. (Color online) (a) Relative content of the first PC, collagen, versus that of the second PC, NADH. (b) Relative content of the second
PC, NADH, versus that of the third PC, flavin, generated by analyzing emission spectra of the 22 pairs of cancerous and normal breast
tissues obtained with the 340 nm excitation using the MCR-ALS method. The separating lines were calculated using the LDA method
by treating the 22 pairs of data as training samples. The relative content extracted from 16 other pairs of data as testing samples for
(c) collagen versusNADH, and (d) NADHversus flavin. They are used to evaluate performance and accuracy of the criteria separating lines
generated by the LDA algorithm using the 22 training samples.
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With the increasing of sample numbers, the diag-
nostic criterion generated by the LDA algorithm
needs to be updated or modified. Theoretically, more
data should result in a more accurate diagnostic cri-
terion. On the other hand, more data to be trained
may result in increasing the sensitivity and specificity
until these values should keep unchanging or fluctu-
ating very little. This indicates the limit of the native
fluorescence spectroscopy and the MCR-ALS analysis
combined with the LDA model for effective diag-
nostics of breast tissue. This classifier of the linear

separating line obtained by LDA model can be ex-
pressed by y � ax� b. The LDA model was used for
all available 38 data pairs to generate a separating
line to improve diagnostic significance for using
22 pairs of fluorophores. The relative contents of
collagen versus NADH, and NADH versus flavin for
these 38 data pairs are shown as the scatter plots in
Figs. 4(a) and 4(b), respectively. To compare the diag-
nostic criteria generated by different numbers of
data, the separating lines obtained by the LDA using
the 22 training data and all 38 data were loaded as
solid and dashed lines, respectively, in Figs. 4(a)
and 4(b).

It can be seen from Figs. 4(a) and 4(b) that the
separating line generated by the LDA from both
groups of data was very similar to its corresponding
counterpart. The solid and dashed lines are close to
overlapping. To compare the performance of the
native fluorescence spectra and the LDA resulting

Table 2. Sensitivity and Specificity of Classing Cancerous and
Normal Breast Tissues Using Native Fluorescence Spectroscopy

and the LDA Algorithm

Evaluated Components Sensitivity (%) Specificity (%)

Collagen versus NADH 85 85
NADH versus flavin 75 84
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Fig. 4. (Color online) (a) Relative content of the first PC, collagen, versus that of the second PC, NADH. (b) Relative content of the second
PC, NADH, versus that of the third PC, flavin, generated by analyzing emission spectra of the total 38 pairs of cancerous and normal breast
tissues obtained with the 340 nm excitation using the MCR-ALS method. The separating lines were calculated using the LDA method.
(c) ROC curve obtained using scatter plot of the first PC, collagen, versus the second PC, NADH. (d) ROC curve obtained using scatter plot
of the second PC, NADH, versus the third PC, flavin, as the pairs of diagnostically significant fluorophores to evaluate performance of
classifying breast tissues into two groups: cancer and normal.
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from different groups of data, the criteria separating
lines for these two groups of 22 and 38 data pairs are
summarized in Table 3.

The performance of a two-group classification pro-
blem is typically evaluated with a ROC curve, which
is a graphical plot of true positive rate versus false
positive rate. The accuracy of the performance is
measured by the area under the ROC curve (AUC).
The ROC curves shown in Figs. 4(c) and 4(d) were
generated from the scatter plots shown in Figs. 4(a)
and 4(b), respectively, to determine the accuracy of
classification for cancerous and normal breast tis-
sues using different pairs of PCs. Figure 4(c) shows
the ROC curve generated using the pairs of the first
component (collagen) versus the second component
(NADH), and 4(d) shows the ROC curve generated
using the pairs of the second component (NADH) ver-
sus the third component (flavin). The AUC values of
the ROC curves shown in Figs. 4(c) and 4(d) were cal-
culated and listed in Table 3. In order to study the
effect of the number of data to the value of AUC,
the ROC curves were also generated from the scatter
plot shown in Figs. 3(a) and 3(b) for the 22 data pairs,
and the corresponding AUC values were calculated
and listed in Table 3 for comparison with the results
obtained from 38 pairs of data. The great AUC values
demonstrate the excellent efficacy of using native
fluorescence spectra and the MCR-ALS analysis
combined with the LDA as a promising diagnostic
tool for breast cancer detection [16].

The histological microscopy imaging measure-
ments were performed to confirm our spectral study
for breast cancer tissue. A number of stained his-
tological slides corresponding to the pairs of the
cancerous and normal tissues used for the spectral
measurements weremade by CHTNwith a thickness
of 250 μm for microscopy study. As an example, the
microscopy images of an 85-year-old female with
newly diagnosed breast cancer: ductal carcinoma
in situ (DCIS) grade 3 were taken using a digital
Binocular compound microscope (OMAXMD827S30)
and compared with the results obtained from our
spectral study. Figures 5(a) and 5(b) show the micro-
scopy images (using 40× objective) of the cancerous
and normal breast tissues, respectively. Figures 5(c)
and 5(d) exhibit fluorescence spectra of the cancerous
and normal breast tissues from the same patient.
Comparing Figs. 5(c) and 5(d) with Fig. 1, the repro-
ducible results were observed. The major difference
between the fluorescence spectral profiles of the can-
cerous and normal breast tissues is the existence
of a much stronger shoulder peak at ∼440 nm for
the cancerous tissue in comparison with the normal

tissue. This difference indicates the reduced relative
content of collagen, which contributes to the peak
at ∼380 nm and the increased relative content of
NADH, which contributes to the peak at ∼440 nm
to ∼460 nm.

For readers in the biomedical optics field, the
following pathology reports provided by CHTN for
the breast cancer sample corresponding to the inves-
tigated slides may be of interest: (1) metastatic duc-
tal carcinoma in eight of eight axillary lymph nodes
with extensive extranodal extension (8∕8), involving
the deep margin of the axillary tail; (2) invasive
ductal carcinoma, at least 4.0 cm, poorly differen-
tiated, micropapillary type, numerous microscopic
foci of skip satellite lesions near the main mass (cen-
tral) as well as upper inner and lower inner quad-
rants; (3) DCIS grade 3, estrogen receptor positive
(ER�), human epidermal growth factor receptor
2 positive (HER2�) at least tumor initiating cell;
and (4) specimen margin, by total mastectomy, the
antero-superior margin negative ≥0.2 cm from the
invasive carcinoma or DCIS and the antero-inferior
margin negative ≥0.2 cm from the invasive carcino-
ma or DCIS.

4. Discussion

It is well-known that no native fluorophores emit in
the infrared spectral range. Most fluorophores emit
in the UV to visible range. As indicated in Table 1,
light at 340 nm can be used to effectively excite three
native fluorophores (collagen, NADH, and flavin),
which may be good candidate biomarkers for cancer
detection [10–12]. There are three types of UV rays:
UVA (400–320 nm), UVB (320–280 nm), and UVC
(280–100 nm). Although exposure to too many UV
rays can cause cancer, the Federation of American
Societies for Experimental Biology indicated that
the most damaging types of UV light are UVB and
UVC, not UVA [15]. Unlike UVB and UVC, UVA does
not damage DNA directly. The body finds it harder to
repair damage, including harm to DNA, caused by
UVB rays. The mutations to the fibroblasts caused
by UVB were more prevalent. The UVA-induced
oxidized purines can be repaired rapidly [15] so the
mutagenicity can be controllable.

Based on extensive epidemiologic studies of skin
cancer incidence, Urbach studied the biologically
effective UV to be the cause of the skin cancer inci-
dence [23]. Themeasurements of the action spectrum
of mouse skin carcinogenesis and human skin erythe-
ma show that the spectral effectiveness is maximized
at 300 nm, decreases rapidly with longer wavelength,
and becomes negligible for the wavelengths longer

Table 3. Comparison of Criteria Separating Lines and AUC Using 22 and 38 data Pairs for Cancerous and Normal Breast Tissues

Evaluated Components Group of Data Separating Line AUC

Collagen versus NADH 22 pairs of training data y � 5.5x − 3.5 0.96
38 pairs of evaluated data y � 3.6x − 2.2 0.97

NADH versus flavin 22 pairs of training data y � −0.96x� 0.33 0.95
38 pairs of evaluated data y � −1.1x� 0.37 0.96
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than 360 nm [23]. Based on the data shown in Fig. 3
of Urbach’s paper [23], which indicates spectral
action for mouse skin carcinogenesis and human er-
ythema, the spectral effectiveness for carcinogenesis
at 340 nm is 1.58 × 10−3 times smaller than that at
300 nm. In addition, during fluorescence measure-
ments with 340 nm excitation, the carcinogenesis
risk for patients can be controlled by changing the
excitation dosage levels and scanning time. As a re-
sult, the selected excitation wavelength of 340 nm
may be safe and has the potential to be used in clin-
ical study in future.

5. Conclusion

Changes of fluorescence spectra acquired with the
selective excitation wavelength of 340 nm were ob-
served for the cancerous breast tissue compared with
the normal tissue. This research demonstrates that
the native fluorescence spectroscopy may be used
to investigate the changes of the relative contents
of the key native fluorophores between cancerous
and normal breast tissues. The results analyzed with

the MCR-ALS method indicate that the changes of
fluorescence spectra of the cancerous tissue com-
pared with the normal tissue are caused by reduced
contribution of collagen and increased contribution of
NADH and flavin. Differentiation between cancerous
and normal breast tissues can be achieved by using
native fluorescence spectra and the MCR-ALS analy-
sis combined with the LDA. Since it is important to
yield minimal photo-toxicity and cause no mutageni-
city in human model in clinic, the native fluorescence
spectroscopy with the selected excitation wavelength
of 340 nm may present a better diagnostic method to
differentiate the diseased tissue from healthy tissue
and may be applied for in vivo breast cancer detec-
tion. The native fluorescence spectroscopy may have
potential to be developed into a new armamentarium.

This research is supported in part by U. S. Army
Medical Research and Material Command
(USAMRMC) under Grant Nos. W81XWH-11-1-0335
(CUNY RF No. 47204-00-01) and W81XWH-08-1-
0717 (CUNY RF No. 47170-00-01). Yang Pu acknowl-
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Fig. 5. (Color online) Microscopic images of the (a) cancerous and (b) normal breast tissue samples. Themagnificent factor for microscopic
images is 40×. The cancer is diagnosed as DCIS grade 3 by a pathology medical doctor. The fluorescence spectra of (a) cancerous and
(b) normal breast tissues were obtained with the excitation of 340 nm.
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the selection of excitation wavelength of 340 nm over
300 nm. The authors acknowledge the help of CHTN
and NDRI for providing normal and cancerous breast
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