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Abstract

Fluorescence excitation-emission spectroscopy was used to investigate speci-
mens of normal and malignant human breast tissues. Measurements were per-
formed in two spectral regions: in the excitation range from 335 nm to 400 nm
and emission range from 430 nm to 625nm, and in the excitation range from
400nm to 470 nm and emission range from 500nm to 640nm. It was found
that fluorescence spectra are composed mainly of the emissions of extracellular
proteins and that the differences in the intensity of their emissions reveal the
changes in the tissue structure and morphology. These differences could be
best observed in the emission spectra excited with 370 nm, 425 nm and 455 nm
radiation. Statistical analysis revealed several spectral subregions that exhib-
ited extremely significant statistical difference between normal and malignant
breast tissues. The origin of these differences was elaborated, and prospects
for optical diagnostics of breast cancer was discussed.
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1. Introduction

The links between biophysics and human diseases have been the subject of consider-
able scientific research effort for a number of decades. Among novel biophysical methods
assessed for medical diagnostics, optical spectroscopy and imaging are of particular im-
portance. These techniques are capable of detection and spectral description of diverse
metabolic and pathological phenomena in normal tissue, premalignant lesions or frank
neoplasia. Fluorescence can indicate certain biophysical and biochemical changes, and
these often precede the morphological changes observed in histology.

Progress in the development and application of medications and medical procedures
for the treatment of malignant disease did not diminish the importance of early diagnosis
of cancerous and precancerous changes as the most powerful weapon in the fight against
this severe disease. Because of that, to increase the volume of the population covered by
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early screening for malignant disease has become an important task of all modern societies
from the medical, sociological and economic aspects.

Breast cancer is the leading cause of death in women in the world [1] and the first cause
of deaths, before cardiovascular diseases, in Serbia. If diagnosed on time, breast cancer
may increase survival time, including good percentage of the full recovery. Today, physical
examination and mammography are the most frequently used screening methods for breast
cancer detection. Although most useful and widely used, they have some weaknesses. The
small tumors can be difficult to detect by physical examination, and mammography gives
false positive results [2].

Modern medicine is constantly looking for more accurate diagnostic techniques. Those
based on optical spectroscopy, called “optical biopsy”, had made a giant step on the field
of early cancer detection [3-5]. Very important properties of these techniques are speed,
non invasiveness, reliability and high sensitivity. Between them, fluorescence spectroscopy
and fluorescence imaging techniques have a significant place based on volume investigation
and application of results [6].

The tissue has a large number of endogenous fluorophores to fluoresce in the UV /VIS
spectral range, and the most important are NADH, FAD, collagen, elastin, lipids, aromatic
acids and porphyrins [6]. In heterogeneous systems such as tissue, the fluorescence is due
to all present tissue fluorophores. However, on the fluorescence of tissue is not affected only
by the concentration and distribution of present fluorophores, but also by biochemical and
biophysical changes in their environment. During the malignant transformations in cell,
such changes occur that are reflected in fluorescent properties of the tissue. Today, the
fluorescent techniques are able to detect and characterize the metabolic and pathological
changes in precancerous and cancerous tissues compared to the normal tissue. Recently,
fluorescence spectroscopy has been used in cancer detection of different tissues: colon [7,8],
lung [9] head and neck [10,11], skin [12], etc.

First luminescence measurements of malignant and normal breast tissues were made
by Alfano et al. [13]. Later, several ex vivo investigations were performed to evaluate
the feasibility of luminescence spectroscopy for breast cancer detection [14-20]. In these
investigations emission or excitation spectroscopy, and more recently excitation-emission
matrices (EEM), were used. EEM is a series of emission spectra, each to be recorded for
different excitation wavelengths, covering in that manner the excitation region of inter-
est. Using these matrices it is possible to determine excitation energy for which emission
spectra show the best specificity in distinguishing malignant and normal tissues.

Dramicanin et al [21,22] have established criteria for discrimination between normal
and malignant breast tissues based on three-dimensional total synchronous luminescence
spectroscopy and performed their statistical analysis. The basic idea of this paper is to
select the appropriate excitation wavelengths for the measurements of emission spectra of
breast tissues in the way that they are sufficiently informative to provide tissue discrimi-
nation in rapid optical screening of breast cancer.

2. Materials and Methods

Breast tissue samples were obtained from female patients of the Institute of Oncology
and Radiology of Serbia. Tumor and normal tissues were collected from the same patients.
The samples were collected soon after the surgical resection, identified and stored at -80°C
until fluorescence measurements were performed. Samples had different size and shapes,
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varying from 0.2x0.5x0.5cm to 0.3x1.0x1.5cm. All study participants gave a written
consent.

The breast tissue samples were defrosted and mounted between two quartz plates and
placed in the sample holder compartment. Emission luminescence spectra were recorded
at room temperature using a Perkin Elmer L.S45 Fluorescence Spectrophotometer. The
spectra were taken in two spectral ranges: a) excitation range from 335nm to 400 nm
and emission range from 430 nm to 625nm (EEM1) and b) excitation range from 400 nm
to 470 nm and emission range from 500nm to 640nm (EEM2). Data were recorded at
a 150 nm/min scan rate. Xenon discharge lamp was used for illumination, and a gated
red sensitive R928 photomultiplier operating up to 900 nm was used for detection. The
system performed automatic normalization of spectra on excitation power using a built-in
photodiode.

All spectra were normalized in such way that the maximal luminescence intensity had
a value of 100. After that, one spectrum was obtained for all normal and one for all
malignant breast tissues averaging from 21 sample spectra. The reason that spectra were
presented in the form of contour graphs (“normal malignant”) is a better understanding
of differences in spectral property of breast tissues (Figure 1A and 1B). The EEM contour
graph gave the opportunity to choose emission spectra which gather the most information.
The areas under normalized spectral curves are calculated numerically, and the data were
used in statistical analysis. Statistical analysis was performed using Origin 7.0 and Matlab
6.5 software packages.

3. Results

Excitation-emission spectra (EEM) [23] for all breast tissues were measured in the
excitation range from 335 nm to 470 nm and in the emission range from 430 nm to 640 nm.
The differences in EEM spectra between normal and malignant tissue (“normal” minus
“malignant”) were presented in the form of contour graphs in Figures 1A and 1B. On the
EEM1 spectra (Figure 1A) one can see two regions (I and II) with pronounced differences
in spectral properties of breast tissue, while the EEM2 spectra have three regions (I, II
and IIT) with the differences in fluorescent emission.
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Figure 1. A) Contour EEM1 graph differences between averaged EEM1 spectra of normal and
malignant breast tissue; B) Contour EEM2 graph differences between averaged
EEM2 spectra of normal and malignant breast tissue.
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Based on the differences of EEM spectra between “normal” and “malignant” breast
tissue, three emission spectra with significant differences in spectral properties were se-
lected. The most informative emission spectra were those excited on 370 nm (Figure 2),
425nm (Figure 3) and 455nm (Figure 4).

In order to quantify these differences and further investigate whether they are suitable
for the tissue discrimination in optical biopsy applications, it was necessary to define two
smaller emission wavelength subregions. These were labeled “subregion a” and “subregion
b” in Figure 2, and have emission ranges from 430 nm to 452 nm, and 452 nm to 625 nm,
respectively. The statistical analysis of the areas and their ratios for both regions are
presented in Tables 1 and 2.

100
90

804

70
Excitation 370 nm

\\\ Normal

Emission intensity [arb. units]
T

i
i
Spectral | Spectral . "~ Normal
30 regiona ! region b . Malignant
I S~
Snm 3 Ssr0b TT~---.Malignant

T T T T T T T T T T T T T T T T 1
425 450 475 500 525 550 575 600 625

Emission wavelength [nm]

Figure 2. Emission spectra at 370 nm excitation; lines represent the average of spectra of 21
normal breast samples and the average of spectra of 21 malignant breast samples;
full lines stand for additionally normalized spectra and dashed lines for raw spectra.

Statistical analysis reveals statistically extremely significant (ES) spectral differences
between the normal and the malignant breast tissue samples: spectral area S3704, S3705,
and the spectral area ratio Ss7oq/S3700. These spectral features can be used as criteria for
discrimination between the tissues.

The second emission spectrum, which is more informative, was obtained with 425 nm
excitation (Figure 3). This emission spectrum is located in region IIT of the EEM2 spectra
(Figure 1B). Emission fluorescence of the malignant tissues was stronger in the excitation
range from 423 to 428 nm and the emission range from 625 to 640nm, and represented
as negative value contours in the EEM2 graph. The differences in the emission of both
tissues are visible in the emission spectrum at 425 nm excitation. In order to quantify the
differences, the emission spectra were divided in two subregions: “subregion a” from 500
to 525nm and “subregion b” from 525 to 640 nm (Figure 3). The area under normalized
(full line) spectra was calculated, and statistical data were presented in Tables 1 and 2.
For a statistical analysis “subregion a” was not interesting, but “subregion b” reveals
statistically significant (ES) differences in the fluorescence tissues. The statistical analysis
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of spectral area ratio is presented in Table 2. The area ratio between “subregion b”
and other areas: S370a/5425b7 S370b/5425b7 S425b/5455a and 54251)/54551, have statistically
significant differences (ES) in fluorescence signal, while one ratio (S4254/S4255) has very
significant differences (VS).

Table 1. Results of statistical analysis of spectral areas calculated from emission spectra
for excitation at 370, 425 and 455 nm.

g?&?g}% Tissue type  Mean o t p Power Decision®
100 M;gf;i?t féggzg zgfg 7.2494 846107 1.00000  ES
i Nomal 120200 laggap V274 110100 00855 s
Sinsa M;giii?t ;g?i’gg géégg -1.8367 0.07368 04275 NS
Siash M;gﬁii?t gggg:ﬁ 42288 1321070 09834 ES
Sige ymmit STRAL M 0011 L9s10t 09778 ES
Sty gnait ARSI pad01 066222 00700 NS

*Values are in counts x nm.

%Decision on statistical significance is made in a traditional way on the basis of probability
value for the null hypothesis, p: > 0.05 Not Significant (NS), 0.05 to 0.01 Significant (S),
0.01 to 0.001 Very Significant (VS), and < 0.001 Extremely Significant (ES).

Table 2. Results of statistical analysis of spectral areas ratios calculated from emission
spectra for excitation at 370, 425 and 455 nm.

Is)ch?pC)g%lf Tissue type Mean by t P Power Decision®
. Malignant 0.19832 0.02126
3100/ 55700 Normal 017036 0.0282
. Malignant 1.01332 0.24557
S3100/S025a  Normal ~— 0.8832 0.15175
. Malignant  0.26364 0.03358
S3100/50256  Normal — 0.31620 0.04378
. Malignant  0.78206 0.03236
S3100/S055a  Normal — 0.66402 0.03475
. Malignant  0.42664 0.03391
3100/ 5555 Normal =~ 0.42227 0.02897
. Malignant 5.34125 1.55057
S3100/Sisa  Noymal ~ 5.32293  1.0788
. Malignant  1.36383 0.27826
S3100/Si255  Normal — 1.85109 0.30718
. Malignant 3.71603 0.57051
S3706/ Sis5a Normal  4.32797 0.7135

3.6279  8.00-107* 0.9420 ES
2.0656  0.04538  0.5177 S
-4.3723  8.52:107° 0.9881 ES
11.3926 3.95-10~'  1.000 ES
0.4498  0.65522  0.0709 NS
0.0444  0.9647  0.0502 NS
-5.3872  3.42-107%  0.9991 ES

-3.0697  0.00384  0.8496 VS
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Table 2. continued

g?gﬁg% Tissue type Mean b)) t P Power Decision®
Sron/ Sty pEnant ZIES DT assTal 0014 07026 S
Suzsa/Siyy it DT D0l 5071 000113 09274 VS
Su25a/ Sis5a M;giii?t 8:;2233 8:1;5}@ 1.8244  0.0755 04227 NS
Sumsa/ iyt L0 OO0 03513 07271 0.0626 NS
Suosn/Stssa Mggfﬁ;ﬁt 2%i72823082 gjggggé 7.2670  7.9910~° 1.0000  ES
Suzsh/ Siss Ml\?ilfflz?t igggg gégggi 3.6051 8.5510~% 09394  ES
Sussa/Sssh Ml\?élf;zlt ggggig 0%05%6734 -3.6464 7.5810% 0.9440  ES

* Values are in counts x nm.
%Decision on statistical significance is made in a traditional way on the basis of probability
value for the null hypothesis, p: > 0.05 Not Significant (NS), 0.05 to 0.01 Significant (S),

0.01 to 0.001 Very Significant (VS), and < 0.001 Extremely Significant (ES).
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Figure 3. Emission spectra at 425 nm excitation; lines represent the average of spectra of 21
normal breast samples and the average of spectra of 21 malignant breast samples;

full lines stand for additionally normalized spectra and dashed lines for raw spectra.

The third emission spectrum of healthy (full line) and malignant tissue is obtained with
the excitation wavelength of 455 nm (Figure 4). This emission spectrum is located in the
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regions I and IT of EEM2 spectra (Figure 1B). It is divided into two regions: “subregion
a” from 500 to 530nm and “subregion b” from 530 to 585 nm. The spectral area and
spectral area ratios were calculated, and statistical analysis is presented in Tables 1 and 2.
The results of statistical analysis show the existence of statistically significant differences
(ES) in fluorescence of the two breast tissues in “subregion a”’. Also, the spectral area
ratios S370a/S455a; Sa256/S455q and Sasse/S4s55 show statistically significant differences
(ES) between tissues. The spectral area ratios Si25,/S4554 are not statistically significant
(NS).
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Figure 4. Emission spectra at 455 nm excitation; lines represent the average of spectra of 21
normal breast samples and the average of spectra of 21 malignant breast samples;

full lines stand for additionally normalized spectra and dashed lines for raw spectra.

4. Discussion

Measurements of EEM spectra are time-consuming and, therefore, may not be suitable
for use in everyday diagnostic practice. However, the contour EEM1 and EEM2 graphs
of breast tissue give the opportunity to select three emission spectra which have statisti-
cally important differences in spectral characteristic of the tissues. The measuring of one
emission spectrum takes about 90s, which is acceptable for clinical practice.

The differences in the EEM spectra of breast tissues (Figure 1A and 1B) are a con-
sequence of malignant transformations of cells, leading to changes in many luminescent
properties in the tissue. Collagen, one of the most informative fluorophore and a key
component of extracellular matrix (ECM), plays a crucial role in the degradation and
penetration of basal membrane. Metalloproteinase collagenase is responsible for degra-
dation of collagen. Literature data indicated that the transformation from normal to
malignant tissue leads to degradation and changes in the cross-links of collagen, which
are responsible for fluorescent properties [24]. Breaking the cross-links in collagen is a
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consequence of the increased presence of collagenase in the tumor cells. Modulation of the
ECM is a common characteristic of invading tumour cells and usually involves increased
production of collagenases by the tumour cells or stromal fibroblasts [25]. In “subregion
a” of the spectra presented in Figure 2, there is a collagen emission peak displacement in
the malignant tissue (max. 440nm) to a lower wavelength compared to the normal tissue
peak (max. 460nm), resulting from the changes in the structure of collagen. The part of
the emission spectrum from 450 - 500 nm, (Figure 2) shows a decrease in the concentration
of collagen in malignant tissue compared to normal breast tissue, which is in agreement
with data from the literature [24].

In the spectral “subregion b”, the peak at about 515 nm is present in the spectrum of
malignant tissues, and it corresponds to the emission of NAD(P)H. Coenzymes NADPH
and NADH are two prominent fluorophores responsible for the shape of fluorescence spec-
trum of the breast tissue and other tissue types. Modifications of the fluorescent spectrum
of NAD(P)H points out to further transformation from a premalignant to the malignant
stage. This is in concordance with the fact that these coenzymes play a vital role in a
metabolic oxidation-reduction processes. The changes in the metabolic status of tissue
obviously have influence on the variation in concentrations of the both coenzymes. Gener-
ally, a shift from aerobic to anaerobic metabolism, together with damaged mitochondrial
metabolism caused by malignant alterations, leads to increased concentrations of electron
carriers such as NADH. It has been established that in a high grade malignant tissue
appear increased levels of these coenzymes [24,26]. Statistical analysis of the area under
emission spectra (S370, and S37pp) at 370 nm excitation, shown in Table 1, confirms signif-
icant differences (ES) in fluorescent characteristics of normal and malignant breast tissue
in the whole emission range.

The vascularity of the tissue has an influence on the appearance of the fluorescence
spectrum. Because malignant tissues have better vascularity, one may expect an increased
fluorescence intensity in the part of the spectra where porphyrin IX emission takes place.
In the emission spectrum at 425nm excitation (Figure 3), spectral “subregion b” was
statistically significant (ES). In this part of the spectrum, important emission is observed
with a maximum at about 630 nm, which originates from the porphyrin. Here, one can
see that the intensity of the porphyrin emission in malignant tissue is much higher than
in normal breast tissue.

The third emission spectrum measured at 455 nm excitation in “subregion a” (Figure 4,
spectral area Sys5,) shows statistically significant differences (ES) in fluorescent response
of tissues (Table 1). The differences originate from the difference in emission of FAD.
Malignant breast tissues have lower emissions of FAD compared to normal tissue.

At the end, it is crucial to say that the three selected emission spectra can give a real
picture of the transformation stage of the tissue. Emission fluorescence spectroscopy of
breast tissue already had a successful application for diagnostic purposes [17-19]. The
application of neural networks to data obtained from the EEM spectra [27] could provide
the establishment of the diagnosis without individuals subjective attitude.

5. Conclusion

Fluorescence excitation-emission spectra of human normal and malignant breast tissues
contain parts which exhibit statistically significant differences. The variation in fluores-
cence is a consequence of the changes in the concentration of extracellular proteins and
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their microenvironments. The decrease in the concentration of collagen in the malignant
tissue compared to normal breast tissue is observed along with collagen emission peak shift
in malignant tissue (max. 440nm) to a lower wavelength compared to the normal tissue
(max. 460nm). Fluorescence measurements further showed an increased concentration
of NADH and porphyrin IX, and lower concentrations of FAD in malignant specimens
compared to the normal ones. The differences in the emission spectra are best observed
when excited with 370 nm, 425 nm and 455 nm radiation. Statistical analysis of these data
revealed several spectral characteristics that can be used for optical diagnostics of breast
cancer.
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