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ABSTRACT

Malignant, fibroadenoma, normal and adipose breast tis-
sues were studied using diffuse refleclance spectroscopy.
The absorption spectra of the breast tissues were extract-
ed from the diffuse reflectance spectra using the Kubel-
ka-Munk function {K-M function}. The spectral features
of the K-M function were identified and compared with
those of the absorption spectra. The spectral features of
the K-M function were assigned to DNA, protein, -car-
otene and hemoglobin (oxygenated and deoxygenated)
molecules in the breast tissue. The amplitudes of the K-
M function averaged from 275 to 285 nm and from 255
to 265 nm and were found to be different for malignant,
fibroadenoma and normal tissues. These differences were
attributed to changes in proteins and DNA, A set of crit-
ical parameters was determined for separating malignant
tissues from fibroadenoma and normal tissues. This ap-
proach should hold for other tissne types such as cervix,
uterus and colon.

INTRODUCTION

Fluorescence (1-4) and excitation spectra (5.6} from native
human breast tissues have been studied over the past 10
years as a potential clinical ool for purposes of cancer di-
agnosis. The critical parameters obtained from the intensity
ratios at definite wavelengths in the Auorescence and exci-
tation spectra have been used for separating malignant tis-
sues from normal tissues {1-4}. The differences observed in
the excitation spectra have been shown te reveal changes in
proteins in the cellular and extracellular matrices of malig-
nant breast tissue (7). The changes in the excitation spectrum
can be related to the degree of invasiveness of the carcino-
ma. These characteristics might be reflected in the absorption
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spectra of these tissues. Because of multiple scattering, di-
rect measurenent of absorption spectrum ol tissues by con-
ventional transmission means is not easily performed. Dif-
fuse reflectunce spectra offer a meuns of obtaining absorp-
tion spectra (8). Bigio and coworkers pioneered the use of
the elastic scattering spectroscopy technique for measuring
changes in tissue pathology (9,10). The spectra of scattered
light were found to be different for different tissues. Vadinm
el af. (11) have developed polarized light scattering spec-
troscopy ftor epithelial cellular structure measurement. In
these studies the reflected light was not distinguished as aris-
ing from scattering or absorption. In addition, the K-M func-
tion was not used for separating native molecular compo-
nents arising from DNA, protein or fat, especially in the key
spectral region between 250 and 300 nm.

Fibroadenoma, which is the most common neoplasm of
the breast, is usually found in young women. It is important
to distinguish fibroadenoma from malignant tumors. Until
now, this may not have been possible without an invasive
biopsy test.

The focus of the present paper is on using the diffuse
reflectance spectrum for obtaining the K-M function of
breast tissues. The spectral peaks in the K-M function re-
vealed the content of hemoglobin (oxygenated and deoxy-
genated hemoglobin), collagen, PB-carotene (in adipose tis-
sue), proteins and nucleic acid (DNA) components. The am-
plitudes ot the KMSF averaged from 275 to 285 nm and 255
to 265 nm were found to be different for malignant, fibro-
adenoma and normal breast tissucs. These differences pro-
duced a criterion for distinguishing malignant, fibroaderoma
and normal breast tissues. This approach can be applied to
other tissue types such as cervix, uteras and colon.

MATERIALS

Excised normal, adipose, fibroadenoma and malignant breast tissue
samples were obtained from St. Vincent's Hospital, Memaorial Sloan-
Kettering Cancer Center, and the National Disease Research Inter-
change. The size of each specimen was about 1 X 3 X 0.2 cm.
Specimens were neither chemically treated nor frozen and were
stored in the refrigerator for less than 24 h before optical measure-
ments. Samples of random shapes were mounted ina 1 X | X 3 cm
commercial quartz. cuvette and were closely attached o its inner
surface for measurement of spectra. Usually, the speclra were mea-
sured at up to three different locations of the sample.

A photograph of a typical specimen in a cuvette is shown in Fig.
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Figure 1. Pholograph ol a typical specimen in a cuvelte. The spec-
imen was diagnosed as a poorly differentiated carcinoma of the
breast of histological grade I/ asd nuclear grade II/IILE in the
pathological report from the Memorial Sloan-Kettering Cancer Cen-
ter. The ditfuse reflectance method results are from lecations as
marked (1-7) and are given in Table 1. For comparison, the results
of excitation {emission at 340 nm} and fluorescence (excited with
340 nm) methods are also given.

. The experimental resukts from various lecations, as marked (1-7)
in Fig. {, using the Kubelka—Munk function (K—M function) meth-
ods are displayed in Table |, The results of the Auorescence and
excilation spectrum methods are also given lor comparison. More
details on fuorescence and excitation methods can be found in the
literature ¢see references 1-73 The malignant breast tissue speci-
mens were classilied as carcinoma in sifu, infiltrating or nvasive
carcinoma and mixed carcinena (part {n siti and part invasive) ac-
cording to the pathology report. Samples studied included 21 inva-
sive curcinoma, 20 mixed carcinoma, 14 fibroadenonia, 39 normal
and 30 adipose specimens. The pathological classification of these
specimens is displayed in Table 2.

Table 2. Pathological classification of specimens in this experi-
menl
Samples Descriplion Total

Malignant Ductal carcinoma 35
Lobular carcinoma 2
Mixed ductal and lobular carcinoma 3
Mucinous carcinoma i

Normal Fibrocystic change 13
Benign and native tissue 26

Fibroadenoma Fibroadenoma 14

Adipose Adipose 30

Diffuse reflectunce, Huorescence and excitation spectra were ob-
tained from the same spot of the sample using an automated dual
tump-based spectrophotometer (CD scanner, Mediscience Technol-
ogy Corp., Cherry Hill, NI). The measwrements ol diffuse reflec-
tance spectra were obtained using the synchronized scan mode, in
which the emission and excitation monochromators scanned the
same wavelengths synchronously. The diffuse reflectance spectrum
covered the range from 250 to 650 nm.

For a comparison study, a B-carotene crystal was obtained com-
mercially from Sigma Co. (5t Louis, MO) acd was dissolved in
alcohol. The concentration of the carotene solution was .8 mg/ml.
Small particles of Ti,0; (0.2 @) were added to the carotene selution
for enhancing the multiscattering signal for diffuse reflectance mea-
surernents. The standard sefector Spectralon™ (Labsphere, North
Sulton, NH) (R = 1) was uscd as a standard for the rellection mea-
surements tor all samples.

MODEL

Kubelka and coworkers (12—14) derived a basic equation for
diffuse reflectance from a layer composed ol absorbing and
light-scaltering pasticles that are aniformly and randomly
distributed. The K-M function is given by

F=( - RY2R, = ks (1)

where k = 2e and s = 2¢. The coefficient e(k) is the tfraction
of the light absorbed per unit path fength in the sample and
a{s) is the fraction of the light that is scattered in the unit
path length. R, is defined as the diffuse reflectance of an
infinite-thickness layer of the sample. The function f is the
ratio of absorption coefficient to scattering coetficient, which

Table 1. The experimental results of K—M function, excitation and {luorescence spectra for a specimen at locations indicated in Fig, 1.
The criterion for excitation spectrum is Ry > 1.5, Ry << 1.5 and R; = | for malignant tumor (5,6). The criterion for fluorescence spectrum

for tumor is R = 9 (3.4}, These (hree methods are consistent

Eocation
1 {Tumor) 2 {Tumor) 3 (Tumor) 4 CTumor) 5 (Fat) 6 (fumor) 7 {Tumor)

K—M function

FUr 2752245 am 10.85 12.99 2.04 14.18 15.27 3.51 12.26

F ()55 365 um 14,07 30.51 1.64 31.40 38.14 361 13.62

F 0 Dago am 0.03 0.04 0.12 .06 0.41 0.10 0.06
Excitation(emission at 340 nm)

R = Lyo/laey 2.04 2.08 1.75 1.89 1.85 1.91 2.00

Ro = Loy/Lay 1.00 1.00 1.47 1.06 1.04 1.19 0.98

Ry = Lo/l 1.26 1.25 1.09 1.22 1.22 1.18 1.30
Fluorescence{excited with 300 nm)

R = Ty Ly 22.39 22.78 13.01 20.25 14.66 20.49 2331
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Figare 2. (a) Diffuse reflectance spectra of normal, malignant and
adipose tissues and B-carotene solution. B-carotene is dissolved in
alcohol. The concentration is 0.8 mg/mL. Smali particles of
Tiz(04(0.2 ) were added to the carotene solution during diffuse re-
Nectance measurements. To avoid the fluctuation of intensity during
measurements, all the spectra have been normalized to area. For
comparison, the absorption spectrum of B-carotene is included.
There is no relationship connecting optical density value and the
amplitude of K-M function. (b) The corresponding K—M function
of the B-carotene solution, adipose, normal and malignant tissues
obtained from the diffuse reflectance spectra. The absorption spec-
trum of a B-carotene sotution determined by a transmission mea-
surement is also presented for comparison.

is defined as the K—M functien, and is frequently represented
as f(R.).

The diffuse reflectance signal R{\) depends on the char-
acteristics (absorption and scattering) of the specimen and
the dispersion of the instrument. A white scattering standard
material with no absorption (k = ) in the spectral region of
inferest was used as a reference. When this condition was
fulfilled, R, gyp = 1. In our experiments, the standard scatter
was certified Spectralon™ 99% Reflection Standard,

Under this condition, one determines the ratio

Fo 75 Rm s:lmplch'z STD. (2}
Accordingly, r. is used to calcuiate f{(r,). The ratio k/s is
Far)y = (4 — r)%2r, = Kis. (3)

The scattering coefficient s smoothly changes with A. The
experimental data show that the scattering coctficient s is
not significantly different between normal and malignant tis-
sues (15). The absorption coefficient k depends on reso-
nance. Any abrupt change in k/s is assumed to originate from
the change in absorption. Assuming that R, ¢rp = 1 and tak-
ing the logarithm of the K-M function gives:

log fir.) = log k ~ log s (4)

Plotting log f(r.) against the wavelength for a particular
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Table 3.
slructure

The chromophores in breast tissue trom the K-M spectral

Chromphores Wavelength (nm}

Hemoglobin (oxygenated) 414, 540, 578

Hemoglobin {deoxygenated) 428, 555
B3-carotene 480
Collagen 340
Proteins 280
DNA 260

sample, the profile of absorption spectrum is obtained with
the intercept given by —log s

RESULTS

The diffuse reflectance spectra from 250 to 650 nm for sev-
eral types of tissues and B-carotene are displayed in Fig. 2a.
The K~M functions generated from the diffuse reflectance
spectra are shown in Fig. 2b. The absorption spectrum of a
B-carotene solution is also plotted in Fig. 2b for comparison.
The spectral structure of the K—-M functions, f(»,), are
shown. Comparing absorption spectra of particular mole-
cules in Table 3, the chromophores in the tissue samples
were tdentified and are listed in Table 3.

From the experimental data, one notices that the peak of
carotene at 480 nm in the K-M functions of normal and
malignant tissues is not observed. The B-carotene peak only
appears in adipose tissue. The averaged amplitude of the K-
M function at 480 nm for different kinds of breast tissues is
shown in Table 4. The adipose tissue gives a higher ampli-
tude (0.87 + 0.39) at 480 nm than the other tissues (0.12 =
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Figure 3. (a) Diffuse reflectance spectra of typical normal, fibro-

adenoma and malignant breast tissues. (b} Corresponding K-M fune-

tion of typical normal, fibroadenoma and malignant breast tissues.
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Table 4. The amplitude of the K—M function at 480 nm for different kinds of breast tissue :
Invasive Mixed Normal Fibroadenoma Adipose
FOF s o 022 + 0.27 0.14 = .10 0.12 = 011 0.12 = 0.0 0.87 = 0.39

0.11 to 0.22 = 0.27). The mean value and standard deviation
of f(r ) Tor adipose do not overlap with those of the
other tissues.

The diffuse reflectance spectra and the K~M functions for
malignant, fibroadenoma and normal breast tissucs are dis-
played in Fig. 3ab, The salient features found in the K-M
curves of these tissues are shown in Fig. 3b and will now
be discussed. The peak near 280 nm appears for all kinds of
tissue, but the amplitudes are different. The amplitude of the
malignant sample is higher than those of fibroadenoma and
normal tissues. This peak corresponds to absorption by pro-
teins. Another salient peak near 265 am is prominent and
appears for malignaat tissue. This peak corresponds to ab-
sorption associated with DNA. For fibroadenoma the mag-
nitude of the peak of the K~M curve near 280 nm varies,
and the peak at 265 nm is not as apparent as that of malig-
nant tissue. The amplitude of K-M at 265 nm is smaller for
normal and fibroadenoma tissues.

Because of fluctuations the averaged amplitude of the K-
M fanction from 275 to 285 nm and from 255 to 265 nm is
selected as the parameter tfor characterizing normal, fibro-
adenoma and malignant (invasive carcinoma and mixed car-
cinoma) breast tissues. The values of the K—M function,
Fir.), and the logarithmic K-M function, log f(r.), averaged
from 275 to 285 nm and from 255 to 265 nm for various
tissues are shown in Table 5. The values of (1, ) a5 085 am 202d
FUr, ass 205 v Were higher for malignant tissue than for nor-
mal tissue. The averaged value of f(r,)yys.a95am is 1311 =
10.39 for invasive carcinoma and 0.88 = 0.69 for normal
tissue, between 275 and 285 nm. The value of the ratio
(J'{'[rx]l"iﬁ—lxﬁnm.)i|=\=rlsi\-c/(f[r'n-.EZYS 285 nm)ncn'm:sl was fuund to be
14.90 éll’ld thC value of (;f‘l."‘x]‘li’ﬁ—lﬁﬁ nm)mime/(f["'-13275---185 nm}m')rm;l]
was found 1o be 5.94. The difference in f(r, bars_2g5 mn TOT
these different Gissues is distinet. Nearly the same ratios were
obtatned for f(r,)ass 265 - Lhese parameters could be used
as w criterion for separating normal tissue from malignant
tissue but fail to separate fibroadenoma from malignant tis-

for fibroadenoma are 5.23 = 5.69 and 3.62 = 4.41, respec-
tivety. These are higher values than for normal {issue.

A ratio parameter A = (FIr]is s w17 1255265 nm) 15 $€-
lected for separating malignant tissue from fbroadenoma.

Table S.
nm for different kinds of breast tissue

ST Y ass 265 om 18 higher than for f(r.)a7s.255am fOr malignant

Fhe averaged value of the K—M function f{r,) and the logarithmic K-M function (log fr.1) from 275 to 285 nm and 255 to 265

From Table 5, it is apparent that the averaged amplitude of

tisstle and lower than for f(#.)s75 085 wm TOr normal and fbro-
adenoma tissues. The histogram of parameter A for malig-
nant and fibroadenoma tissues is displayed in Fig. 4. From
the histogram, one finds that the malignant tissues {invasive
carcinoma and mixed carcinoma) have nearly the same dis-
tribution and peak position of the Gaussian fit curve. For
fibroadenoma tissue the peak position of the Gaussian fit
curve has a larger value than for malignant tissue. The sta-
tistical averaged values, standard deviations and peak posi-
tion of the Gaussian fit curves of parameter A are given in
Table 6. To explore the statistical meuning of the difference
in parameter A between malignant and fibroadencma tissues.
a t-test calculation has been made, and the results are given
in Table 7. The P value is found o be near zero for either
the group of invasive carcinoma and fibroadenoma or for the
group of mixed carcinoma and fibroadenoma. The difference
in parameter A between these two groups is significant. Con-
sequently, breast malignancy (invasive carcinoma and mixed
carcinoma) can be distinguished trom fibroadenoma.

To show the cffect of the parameter A, the two-dimen-
sional scatter figures of different kinds of tissuc are plotted
in Fig. 5 with log(IK—Fjiys assnm along the x-axis and
log([K—Flss_ops mn) along the y-axis. The location of a spec-
imen is related to the absorption of DNA and proteins. From
Fig. 5. one can see that normal and malignant breast tissues
can be easily separated by the line x = 0.025. On the left
side of this line is the normal area. Most normal tissue data
are located on the left side. On the right side of this line the
issue data are divided into two parts by the sloping line
shown in the figure. Above the sloping line is the malignant
area and below it is the fibroadenoma area. Thus, each kind
of specimen has its own region on this special coordinate
system.

The interpretation of the different regions shown in Fig.
5 is as follows: for normal tissue the absorption of proteins
and DNA are lower; for malignant tissues the protein ab-
sorption is higher and DNA absorption is apparent; and for
fibroadencma tissue, sometimes, the protein absorption is as
high as that of malignant tissue, but relatively smaller DNA
absorption is found. Together with the change of absorption

Averaged [rom 275 to 285 nm

Averaged from 235 to 265 nm

Type of specimens flra log f(r.) fir) log fir,)
Invasive carcinoma 13.11 = 10.39 0.98 = (0L.3% 19.05 = {8.70 1.06 *+ 0.52
Mixed invasive und in siru 523 + 416 0.58 £ .36 8.78 = 13.30 0.65 = 0.50
Normal (.88 = 0.69 —0.15 = 0.29 (.66 = (170 —0.36 + 0.39
Fibroadenoma 523 *+ 569 0.48 = 0.406 3.02 £ 4.41 0.24 = 0.56
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Figure 4. Histogrum of invasive carcinoma, mixed carcinoma, and
fibroadenoma tissues.

of DNA and proteins, malignant tissue can be separated not
only from normal tissue but alsc trom fibroadenoma. These
findings are especially critical because it is important to dis-
tinguish fibroadenoma from malignancies. These observa-
tions are expected because from pathology, wher a tissue
changes from normal to malignant, especially locally, the
DNA content is found to increase.

DISCUSSION

Table 3 displays the key chromophores in tissue using the
K-M spectra. The human breast adipose tissue is bright yel-
low because of the accumulation of carotene in the fat cells.
The K~-M spectral tfeature at 480 nm arises from carotene.
The breast is supplied with blood by vessels found in the
glandular portion rather than in the fibrous and adipose stro-
ma. The absorption peaks of the Soret band and the Q-band
of hemoglobin (oxygenated and deoxygenated) in the KM
function are located at about 420 and 550 nm, respectively.
The carcinoma celf in site has an abundance of special pro-
teins in the cytoplasm, and irregular nuclei. In invasive car-
cinoma, malignant cells invade the stroma, and changes oc-
cur in the extracellular matrix. There are qualitative and
quantitative differences in the nucleic acids and proteins be-
tween normal and carcinoma invasive and mixed states.
Thus a difference in the amplitude of the peaks at 260 and
280 nm in the K—M function is also tound for different tissue
types.

To separate the features associated with fat from those of
glandular tissue is most important in the optical diagnosis of
breast cancer. The key parameters from the extracted luo-
rescence, excitation and diffuse reflectance spectra that dis-

Table 6. The averaged value of the parameter A = (f{r.)275385 s
(FlF.Josio26s wa) For different kinds of breast tissue

A= (fTrdags.ass w035 265 and

Statisticul mean
vulue and stan-
dard deviation

Gaussian fit

Type ol specimens center and width

nvasive carcinoma .93 + 0,52 0.85 = (.35
Mixed invasive and in sir (.89 + 0.36 085 = 03]
Normal 197 £ 1.42 1.49 = (.84
Fibroadenoma 1.82 = 0.56 1.64 £ 0.48
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Table 7. The result of a +test calculation of Group | (fibroade-
noma and invasive) and Group 2 (fibroadenoma and mixed)

Result Group 1 Group 2
The difference of the mean value .89 0.93
95% conlidence interval for the difference 0.20-1.09 (.77-1.09
1 value 9.198 11.407
P value 0.G00 0.000

tinguish malignant tissue from normal tissue can be per-
turbed by the parameters of adipose tissue. For instance, in
the fluorescence spectrum of breast tissue excited with 300
nm, the intensity ratio Lyg—Liyg = 9 is used as a critical value
for separating malignant tissue from normal tissue (1,2).
However, the intensity ratio of adipese is equal to 10, which
is nearly the same us that of malignant tissue. The averaged
amplitude of the K—M function f(r.)s75 085 18 12.11 #= 923,
523 + 4,16 and 0.88 = (.69 for invasive carcinoma, mixed
carcinoma and normal tissue, respectively. For adipose tis-
sue, it is 4.57 *+ 3.74. This value overiaps with that of ma-
lignant tissue. The amplitude of the K-M function at the
wavelength 480 mim, denoted by f{r, )iy, 18 0.22 * 0.27,0.12
= 011 and (.12 % 0.09 for invasive carcinoma, normal and
fibroadenoma tissue, respectively. For adipose tissue, figy =
0.87 = (1.39, which is several times greater than for the other
tissues. Using this parameter, one can directly distinguish
adipose tissue from other tissues.

The diffuse reflectance spectrum is used for obtaining the
absorption peaks associated with protein (275-285 nm) and
DNA (255-265 nm). According to the change in the ampli-
tude, the malignant region can be differentiated from the
normal and the fibroadenoma regions. Because UV and vis-
ible light penetrate fissues less than 1 mum thick, only the
surface is probed; so an optical fiber needle is needed for
probing inside the breast tissue.
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CONCLUSION

The K-F function in the UV spectral range was used to
obtain the absorption peaks at 265 and 285 am in human
breast tissue. Proteins and DNA absorption peaks were ob-
served in malignant tissues. For normal tissues the absorp-
tion of proteins and DNA was lower. Furthermore, for fi-
broadenoma tissue, although protein absorption was some-
times in the range found in malignant samples, rclatively
weaker DNA absorption was found. The K—M function gives
information o DNA and protein contenl in tissues.
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