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ABSTRACT

We have applied Raman spectroscopy to analyze the chemical compo-
sition of microcalcifications occurring in benign and malignant lesionsin
the human breast. Microcalcifications were initially separated into two
categories based on their Raman spectrum: type |, calcium oxalate dihy-
drate, and type II, calcium hydroxyapatite. Type | microcalcifications
wer e diagnosed as benign, whereas type |1 were subdivided into benign
and malignant categories using principal component analysis, a statistical
technique. Although type |l microcalcificationsare primarily composed of
calcium hydroxyapatite, they also contain trace amounts of several bio-
logical impurities. Using principal component analysis, we were able to
highlight subtle chemical differences in type Il microcalcifications that
correlate with breast disease. On the basis of these results, we believe that
type Il microcalcifications formed in benign ducts typically contain a
larger amount of calcium carbonate and a smaller amount of protein than
those formed in malignant ducts. Using this diagnostic strategy, we were
able to distinguish microcalcifications occurring in benign and malignant
ducts with a sensitivity of 88% and a specificity of 93%. This is a
significant improvement over current X-ray mammography techniques,
which are unable to reliably differentiate microcalcifications in benign
and malignant breast lesions.

INTRODUCTION

Screening mammography is an important tool in the early detection
of breast carcinoma. One feature of particular diagnostic significance
isthe presence of microcalcifications on the mammogram. Two major
types of microcalcifications are found in breast tissue. Type | deposits
consist of calcium oxalate dihydrate, a birefringent colorless crystal,
whereas type || deposits are composed of calcium phosphates, mainly
calcium hydroxyapatite. Type Il microcalcifications are typicaly ba-
sophilic on light microscopic examination of H& E stains and nonbi-
refringent.

There is no reliable way to distinguish between type | and type |1
microcalcifications in a clinical mammogram, but the type is thought
to correlate with disease (1). Calcium oxalate dihydrate crystals are
seen most frequently in benign ductal cysts and are rarely found in
foci of carcinoma, whereas cal cium phosphate deposits are most often
seen in proliferative lesions, including carcinoma. This distribution is
consistent with the hypothesis that type | microcalcifications are a
product of secretions, whereas type Il calcium deposits result from
cellular degradation or necrosis.

Type |l microcalcifications are estimated to occur two to three
times more frequently than type | (2). Nonpalpable type Il microcal-
cifications discovered by mammography frequently geographically
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target the location of the most important abnormality within the breast
(3). Assuch, calcifications are a key component that radiol ogists |ook
for in @ mammogram. Severa agorithms have been proposed that
attempt to correlate parameters such as the shape, size, number, and
roughness of mammographically detected microcalcifications with
disease (4—6). However, these studies often exclude cases because of
dark mammographic backgrounds, low-density calcific flecks, or
densely clustered calcifications, and, thus, are limited to only certain
patients and mammograms. To our knowledge, the highest reported
sensitivity and specificity for a cross-validated agorithm based on
mammography is 71% and 74%, respectively (5). Although these
studies show promising results, the diagnosis of breast carcinoma
using mammographically detected microcalcifications remains elu-
sive. Whereas the mammographic appearance of microcalcifications
bears some relationship to the histological type of the lesion, currently
diagnosis cannot be reliably made on this basis.

Because calcium deposits in breast tissue have only been catego-
rized morphologically, significant insight may be gained by examin-
ing them using a more rigorous method. Raman spectroscopy is a
technique based on the exchange of energy between light and matter.
It is an inelastic scattering process in which photons incident on a
sample transfer energy to or from the vibrational or rotational modes
of a sample. It is a two-photon process and can be thought of as the
simultaneous absorption of an incident photon and emission of a
Raman photon. The difference between the energies of these two
photons corresponds to the transition of a molecule from one energy
level to another. Because the energy levels are unique for every
molecule, Raman spectra are chemica specific. Individual bands in
the Raman spectrum are characteristic of specific molecular motions.
Raman spectroscopy is particularly amenable to in vivo measurements
as the powers and excitation wavelengths used are nondestructive to
the tissue (7). Raman spectroscopy is well suited to further the study
of microcalcifications in breast tissue, as it can provide a definitive
chemical analysis of these morphological structures in vitro. In fact,
Raman spectroscopy has been used successfully to study calcium
deposits in several other organs, such as the kidney and urinary tract
(8-13).

In our present study, we have used Raman spectroscopy to highlight
differences in the chemical composition or structure of microcalcifi-
cations that exist in different lesions in the breast. Results from this
study will further our understanding of the chemical changes accom-
panying the onset and progression of breast disease and provide an
important parameter for the diagnosis of breast disease using Raman
spectroscopy.

MATERIALS AND METHODS

All of the studies involving human tissue were approved by the University
Hospitals of Cleveland and Case Western Reserve University Institutional
Review Board, and the Massachusetts Institute of Technology Committee on
the Use of Humans as Experimental Subjects.

Tissue Preparation. Raman spectrawere acquired from 6-um thick depar-
affinized sections of formalin-fixed, paraffin-embedded breast tissue. Because
of their diagnostic importance, microcalcificationsin fresh breast tissue cannot
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typically be spared for scientific research, and, thus, our study was confined to
examining microcalcifications in fixed tissue sections. Because microcalcifi-
cations are relatively inert, the protein cross-linking effects of the fixative
should be minimal. Furthermore, Raman spectral line shapes from the calci-
fications examined in this study are consistent with previously published data
acquired from unfixed tissue in other organ systems (8—13). Samples were
mounted on MgF, flats (Moose Hill Enterprises Inc., Sperryville, VA). Each
microcalcification studied was photographed using a phase contrast micro-
scope. The phase contrast images and H& E-stained serial sections were re-
viewed by an experienced pathologist, who was blinded to the spectroscopy
results and rendered a histological diagnosis of the disease state of regions
where data were acquired. A total of 30 type | and 60 type Il microcalcifica
tions in breast biopsies from 11 patients were examined using Raman spec-
troscopy, 74 from histologicaly benign ducts and 16 from histologically
malignant ducts. Histological diagnoses for benign ducts ranged from ductal
epithelial hyperplasia (3), sclerosing adenosis (19), fibrocystic disease (43),
and fibroadenoma (5), to Mdnckeberg's arteriosclerosis (4), whereas al 16 of
the malignant ducts were diagnosed as DCIS.* No invasive carcinomas were
encountered in the regions where data were acquired. All 11 of the patients
were Caucasian females with a mean age of 53.4 years (range, 41-85 years)
and had undergone excisional breast biopsy for suspicious microcalcifications
found on mammography. These patients had no palpable breast lesions and,
with the exception of the fibroadenomas, had no mass lesion or other signif-
icant findings on mammography.

Raman Spectroscopic M easurements. Data were acquired using the Ra-
man microscopy system shown in Fig. 1, which has been described previously
(14, 15). In short, Raman excitation light, 830 nm, is launched into a confocal
microscope and focused to a spot size of ~2 um. The objective, 63X (NA 0.9;
Zeiss Achroplan), both focuses the excitation and collects the Raman scattered
light in a backscattering geometry. A charge coupled device camera atop the
microscope allows for registration of the focused laser spot with a white light
trans-illuminated image. A dichroic beamsplitter and mirror combination
redirect the Raman-scattered light to the spectrograph system where it is
recorded by a deep-depletion CCD detector (Princeton Instruments, Princeton,
NJ) cooled to —110°C. The dispersion of Raman scattered light onto the CCD
results in 1.6 cm™?* per pixel. All of the Raman spectra in this study were
acquired with a 60 s integration time and a spectral resolution of 8 cm™*. The
average laser excitation power used varied between 100 and 150 mW.

All of the data processing was preformed in Matlab 5.30. Spectra were
Raman shift frequency-calibrated using known spectral lines of toluene. A fifth
order polynomia was fit to the spectra by least-square minimization and
subseguently subtracted to remove the slowly varying fluorescence back-
ground (15). Cosmic rays were removed through the use of a derivative filter.

RESULTS

Raman Spectra. Fig. 2ais a specimen radiograph, which exhibits
features indicative of the presence of microcacifications, whereas
Fig. 2b displays a phase contrast image collected from a thin section
of this specimen. The Raman spectrum of a type | microcalcification
acquired from the deposit highlighted by a small box in Fig. 2b is
shown in Fig. 2c. On the basis of the overall histology of this sample
as well as the specific features apparent in the phase contrast image,
this lesion was diagnosed as fibrocystic disease. Vibrational features
characteristic of calcium oxalate dihydrate can be seen at 912 cm™?,
1477 cm™ 1, and 1632 cm™ 1. These Raman features are attributed to
C-C stretching, and C-O symmetric and asymmetric stretching, re-
spectively, and are consistent with previously published Raman spec-
tra of calcium oxalate dihydrate (9, 10, 12).

Fig. 3, a and b display a phase contrast image of a type Il
microcalcification in a malignant duct and the corresponding speci-
men radiograph. Fig. 3¢ shows the Raman spectrum acquired from the
deposit highlighted in Fig. 3a by asmall box. Through examination of

4 The abbreviations used are: DCIS, ductal carcinoma in situ; PCA, principal compo-
nent analysis, PC, principal component; FWHM, full width at half maximum; ROC,
receiver operating characteristic.
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Fig. 1. A schematic representation of the confocal Raman microscopy instrumentation.

this spectrum, it is evident that the microcal cification is not composed
of pure calcium hydroxyapatite. The Raman spectrum of pure stoi-
chiometric calcium hydroxyapatite contains four phosphate internal
vibrational modes as well as bands because of the hydroxyl ion
stretching and librational modes. Two of the phosphate vibrational
modes are out of the spectral range we have chosen to examine as well
as both of the hydroxyl ion modes. The large band at 960 cm™* is the
v,(PO,) totally symmetric stretching mode of the “free” tetrahedral
phosphate ion. Another phosphate v, mode occurs at 948 cm™* but is
obscured by the broad phosphate stretching mode at 960 cm™*.
Overlapping Raman structure resulting from five v5(PO,) bands can
be seen between 1028 cm™~* and 1061 cm™*. The sixth v4(PO,) mode
appears at 1075 cm™ . The phosphate features present are consistent
with Raman spectra of calcium hydroxyapatite published previously
(8, 11, 13). In addition to the phosphate peaks resulting from calcium
hydroxyapatite there are several other vibrational modes present in
this spectrum. Protein contributions can be seen at 1445 cm~* and
1650 cm~*. Also the sharp peak present at 1004 cm ' can be
attributed to phenylalanine. Small contributions from lipid are mani-
fest as a C-C stretch and C-H (CH,) bend at 1130 cm™* and 1300
cm™ %, respectively.

Initially, data acquired from type | and type Il microcalcifications
were separated based on their Raman spectra. The presence or absence
of vibrationa intensity at specific wavenumbers was used to distin-
guish between type | and type |l microcalcifications. Spectra contain-
ing large peaks at 912 cm™* and 1477 cm™*, characteristic of calcium
oxalate dihydrate, were grouped into the type | category, whereas
spectra displaying intensity at 960 cm™*, characteristic of calcium
hydroxyapatite, were grouped into the type || category. In the current
analysis, the separation into type | and type Il microcalcifications was
performed by visua inspection. However, an automated computer
algorithm, which normalizes the spectra and distinguishes them based
on an intensity value of one occurring at either 960 cm™*, type 1, or
1477 cm™*, type |, could easily be implemented. All 30 of the type |
microcalcifications we examined were formed in loci of fibrocystic
disease and, thus, al 30 of the type | microcalcifications were diag-
nosed as benign. Thisis consistent with the fact that type | microcal-
cifications are formed as a product of secretions and are typically
located in cystic lesions. Although type | microcalcifications have
been found in malignant lesions, specificaly, lobular carcinoma in
Situ, it is exceedingly rare (16, 17).

5376



RAMAN ANALYSIS OF BREAST MICROCALCIFICATIONS

Fig. 2. a, specimen radiograph and b, phase
contrast image taken from a section of the same
sample. ¢, Raman spectrum of atype | calcification
arising in association with secretions in the lumen
of aduct cyst in afocus of fibrocystic disease. The
region from which the Raman spectrum was ac-
quired is highlighted by a box.

PCA. To differentiate type I microcalcifications occurring in be-
nign and malignant breast lesions, we used a multivariate statistical
method of analysis called PCA (18). Similar methods have been used
to classify diseased tissue samples in severa other organ systems
(19-21). PCA uses the entire Raman spectrum and does not assume
any knowledge about the chemical composition of the tissue. It is a
chemometric technique that resolves the spectra of an entire data set
into afew orthogonal PC spectra. These PC spectra can have negative
and positive components, and form a complete basis set that accu-
rately describes al of the data (within limitations imposed by noise)
if the PCs are multiplied by the proper weighting coefficients. These
weighting coefficients, called scores, are analogous to chemical frac-
tions. As a method based on factor analysis/chemometrics, PCA can
recognize small spectral variations and, thus, differentiate samples
based on similarities (22). This method of analysis is well suited for
the examination of type Il breast microcalcifications, as they are
primarily composed of calcium hydroxyapatite with minute chemical
variance because of biological impurities. PCA provideslittle physical
information in and of itself; however, it is adept at isolating spectral
trends that correlate with physical information and thereby provides a
basis for development of a diagnostic algorithm. Furthermore, by
comparing the line shapes of the diagnostic PC spectra with the
spectra of pure chemicals, it is possible to ascribe meaning to them.
More importantly, this method of analysis provides a proof of prin-
ciple that there is indeed important diagnostic information contained
within the Raman spectra of type Il microcalcifications.

We used asingular value decomposition algorithm to determine the
PCs of our data set. The data set was normalized to the 960 cm™~* peak
height to remove any possible intensity biases and subsequently mean
centered before performing PCA to remove features common to all of
the spectra thereby highlighting spectral variance. All 60 of the
spectra could be accurately modeled above the noise level using nine
PCs. The first 6 PCs account for >97% of the total variance in the
data. Next, we used logistic regression, a discriminate analysis tech-
nique, to generate a diagnostic algorithm that was used to classify the
breast lesions into benign and malignant categories (23). Logistic
regression correlates the weighting coefficients (scores) of the PCs
calculated for each Raman spectrum with the diagnostic categories.
Diagnoses were provided by a blinded pathologist. A leave one out
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cross-validation analysis was used to obtain a robust diagnostic algo-
rithm.

Disease Diagnosis. Fibroadenoma is a benign tumor of a com-
pletely different lineage than all of the other lesions we have exam-
ined (2). It ismost closely related to phylloides tumors, the malignant
counterpart of which is not carcinoma but cystosarcoma phyllodes, in
which the stroma rather than the epithelium is malignant. Further-
more, the clinician typically knows that a breast lesion is in the
fibroadenomalphyllodes tumor family based on physical examination
and features other than microcalcification on mammography (24). As
these lesions must be surgically excised for treatment, physicians
would be unlikely to use a technique like Raman spectroscopy as an
adjunct tool for diagnosis of fibroadenoma. For these reasons, we
assessed the performance of the algorithm after excluding samples
diagnosed as fibroadenoma from our analysis.

Using a combination of PCA and logistic regression, we were able
to examine Raman spectral signatures of type Il microcal cifications to
determine whether or not breast disease diagnosis could be made on
this basis. We obtained good diagnostic accuracy with three PC
scores. The significant scores are associated with PC,, PC;, and PCs.
PC; accounts for 1.0% of the total variance in the data, whereas PC,
and PC; account for 8.8% and 5.2%, respectively. Using these three
PCs and a leave one out cross-validation method we were able to
predict 14 of 16 DCIS and 34 of 39 benign samples correctly. Thus,
type Il microcalcifications occurring in benign and malignant breast
ducts could be distinguished with a sensitivity of 88% and a speci-
ficity of 87%. If we retain al of the samples, the sensitivity and
specificity are only dlightly degraded, maintaining a sensitivity of
88% with adrop in sensitivity to 80%. A graphic representation of the
diagnostic algorithm for type Il microcalcificationsis shownin Fig. 4.
To condense the algorithm into atwo-dimensional representation, PCg
and PC,, which both have higher scores for benign microcalcifica-
tions, were added together to form a single axis. On the basis of this
algorithm, &l of the samples diagnosed as ductal epithelia hyperpla-
sia and sclerosing adenosis, the benign conditions most commonly
confused morphologically with carcinoma, were predicted correctly.
Four of 5 type Il stromal calcifications occurring in fibroadenoma
were misdiagnosed, as well as 2 of 4 arterial calcifications in Mon-

3¢

Fig. 3. a, specimen radiograph and b, phase con-
trast image taken from a section of the same sam-
ple. c. Raman spectrum of atype Il calcification in
a malignant breast lesion. The region from which
the Raman spectrum was acquired is highlighted by
a box.
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PC,

Fig. 4. Diagnostic algorithm for type Il microcalcifications based on the scores of three
PCs. (A, benign; O, malignant).

ckeberg's arteriosclerosis and 3 of 13 ductal calcifications in fibro-
cystic disease.

In general, only one microcalcification was studied from each
lesion. However, in 2 samples, multiple microcacifications were
studied from the same lesion, and no significant differences were seen
in the spectra for each given lesion. When we combine data acquired
from both type | and type Il microcalcifications we obtain an overall
sensitivity of 88% and a specificity of 93%. This corresponds to a
positive predictive value of 74% and a negative predictive value of
97%. A ROC curve generated from these results is shown in Fig. 5.
On the basis of these in vitro results in fixed tissue, we believe that
Raman spectroscopy has the potential to discriminate microcalcifica-
tions associated with benign and malignant breast lesions more accu-
rately than mammography. Additional studies performed in vitro on
fresh tissue and ultimately in vivo are planned to better evaluate the
clinica utility of Raman spectroscopy as compared with X-ray mam-
mography for the diagnosis of breast cancer.

Chemical Analysis. Through examination of the three diagnostic
PC spectra, we can gain insight into the physical basis responsible for
this discrimination. The most diagnostically significant PC spectrum
was PCg, shown in Fig. 6a. Examination of this PC spectrum reveals
abroadening of the 960 cm~* phosphate stretching peak. This broad-
ening is clearly demonstrated in Fig. 6b, in which PCy is overlaid with
the mean spectrum from all of the type Il microcalcifications. Broad-
ening of this peak has been reported in the literature to result from the
presence of calcium carbonate (25, 26). In these studies, the applica-
tion of Raman spectroscopy to carbonated apatite model systems
demonstrated a broadening of the phosphate peak with increased
carbonate content. The introduction of carbonate ions into the apatite
structure reduces the symmetry of its unit cell. The peak broadening
results from a loss of long-range trandational order in the apatite
structure as the carbonate content of the sample increases. The study
found a linear relationship between the FWHM of the 960 cm™*
phosphate stretching mode and the calcium carbonate content of the
sample. Evidence that the broadening at 960 cm™* in PC, may result
from variations in the calcium carbonate content of the microcalcifi-
cations is manifest in a peak at 1070 cm ™ * attributable to the calcium
carbonate v,(CO3) mode. However, the difficulty in interpreting PC
spectra conferred by the inclusion of both positive and negetive
features necessitates additional investigation.

If indeed PCg accounts for variations in the amount of calcium
carbonate present, then spectra that have a higher score for PCg will
contain a larger amount of calcium carbonate than spectra with a
lower weighting coefficient. As benign spectratypically have alarger
score for PCg than malignant spectra, we postulate that type Il

microcal cifications occurring in benign lesions of the breast contain a
larger amount of calcium carbonate than those deposits found in
DCIS. To check our hypothesis, the F?WHM was calculated for the
960 cm ™ * phosphate-stretching peak in each Raman spectrum in our
study. In accordance with the theory that type Il microcalcifications
formed in benign lesions have alarger calcium carbonate content, we
found that type Il microcacifications occurring in benign breast
lesions had an average FWHM of 18.0 = 0.5 cm™*, whereas deposits
in lesions diagnosed as DCIS had an average FWHM of 17.0 = 0.5
cm™*. The significance of this difference is reflected in a P of 0.03.
This value was calculated based on the Wilcoxon rank-sum test,
which does not assume a normal distribution of data. Furthermore, if
we examine the FWHM of those samples incorrectly diagnosed, we
found the opposite trend. The FWHM of benign samples incorrectly
diagnosed as malignant was 15.8 + 0.5 cm™*, whereas that of
malignant samples incorrectly diagnosed as benign was 17.5 = 0.5
cm™?, indicating that the width of the phosphate stretching mode is a
key diagnostic feature. However, although the peak height of the 1070
cm™* carbonate stretching mode is on average four times larger in
benign samples, it does not correlate linearly with the FWHM of the
960 cm™~* phosphate-stretching mode. This indicates that additional
impurities in the apatite structure contribute to disruption of the
symmetry and thereby the broadening of the 960 cm™* peak. These
impurities are manifest in the complex vibrational structure of PC5 but
presently have not been identified. PCg also contains several features
representative of proteins such as the CH,, CH; bending mode at 1445
cm™*, and the Amide | vibration at 1650 cm~*. Unlike the calcium
carbonate features, which have a positive intensity, the protein fea-
tures are negatively directed. This indicates that the protein and
carbonate contents are negatively correlated and, thus, that benign
samples tend to have alower protein content than malignant samples.

The amount of protein and calcium carbonate present in type Il
calcifications in benign and malignant lesions is additionally con-
firmed by examination of PC,, shown in Fig. 7. This spectrum also
appears to contain positively directed calcium carbonate features,
particularly at 1070 cm™*, as well as negatively directed protein
features and contributes more, on average, to the Raman spectra of
microcalcifications formed in benign ducts. Additionally, PC, exhib-
its alarge, second derivative-like feature around 960 cm™*. This type
of structure accounts for peak broadening in the data and additionally
supports our hypothesis that type Il microcalcifications formed in
benign ducts tend to have a larger amount of calcium carbonate and,
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Fig. 5. ROC curve, which illustrates the ability of Raman spectroscopy to separate
microcalcifications occurring in benign and malignant breast lesions. A simulated ROC
curve of two indistinguishable populations, represented by the dashed line, isincluded for
comparison.
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Fig. 6. a, PC spectrum 5. b, PC spectrum 5 (solid line)
overlaid with the mean spectrum from al type Il microcalcifi-
cations (dotted line) to illustrate broadening of the 960 cm™* peak
(arrow).
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thus, more broadening of the 960 cm ™" peak than those formed in
malignant ducts.

PC; was aso found to be diagnostically significant. It is shown in
Fig. 8. However, PC, contributes more to Raman spectra acquired
from type Il calcifications in malignant ducts. It has positively di-
rected protein features, thus lending additional support to the theory
that microcalcifications formed in malignant ducts have a larger
amount of protein than deposits in benign ducts. The amount of
protein in microcalcifications in benign and malignant ducts is con-
firmed by monitoring the peak height of the Amide | vibration at 1650
cm~ L. The intensity of this mode is approximately one and a half
times greater in type Il microcalcifications formed in malignant le-
sions. Additionally, contributions from phenylaanine, an amino acid
often found in conjunction with collagen and other proteins, can be
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seen in PC, at 1004 cm™*. PC, exhibits a large first derivative-like
feature at ~960 cm™ ™. This feature accounts for a peak shift in the
phosphate-stretching mode, which is positively correlated with the
protein features. The presence of these protein features may explain
the misdiagnosis of stromal calcifications in fibroadenomas and arte-
rial calcifications in Monckeberg's arteriosclerosis, which are the
result of stromal or arterial degradation similar to the cellular degra-
dation that occurs in DCIS.

DISCUSSION

We have demonstrated the diagnostic potential of Raman spectros-
copy to differentiate microcalcifications found in benign and malig-
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Fig. 7. PC spectrum 2 exhibiting a large, second derivative-like feature around 960
cm™ (arrow).

Raman Shift (cm!)

Fig. 8. PC spectrum 3 exhibiting positively directed protein features such as the peak
at 1445 cm™, the Amide | vibration at 1650 cm™, and the phenylalanine feature at 1004
cmt (arrows).

nant breast lesions. Additionally, using PCA we have discovered
subtle differences in the chemical composition of type Il microcalci-
fications occurring in benign and malignant breast lesions. On the
basis of our results, we postulate that type Il microcalcifications
occurring in benign lesions of the breast have both alower protein and
a higher calcium carbonate chemical content than those formed in
malignant lesions. Although we have identified afew of the chemicals
responsible for the differences between benign and malignant type Il
microcalcifications, there are several other chemical species repre-
sented in the rich structural content of the diagnostic PC spectra,
which are as yet unidentified. Elucidation of the additional chemical
species present in type |1 breast microcalcifications may yield further
insight into the mechanisms by which they are formed.

Additional studies are needed to identify these chemical species,
and fresh breast tissue may be necessary for these studies. We have
found few microcalcifications in the fresh-frozen breast tissue from
surgical specimens currently available to us for study because they are
important for medical diagnosis and, therefore, not usually released
for scientific study. It is for this reason that we used deparaffinized
fixed tissue sections for this study. As aresult of the fixation process,
the fluorescence occurring as a background on the Raman spectrum
could not be reliably analyzed. However, the development of fiber-
optic probes for Raman spectroscopy may soon allow real-time stud-
ies of microcalcifications in fresh breast tissue in the clinical setting
before pathologic examination. On the basis of the findings of this
study, we expect type Il calcifications occurring in benign and ma-
lignant lesions to have distinct fluorescent properties because of the
known fluorescence characteristics of proteins and calcium carbonate
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(27, 28). Additional differences in the fluorescence profile of type Il
microcalcifications formed in benign and malignant lesions because
of as yet unidentified chemical species may also become apparent,
once microcalcifications in unfixed tissue are studied. Thus, the
fluorescence of type Il microcalcifications could easily be exploited to
increase the diagnostic accuracy of this methodology. Furthermore,
we plan to couple these results with a Raman spectroscopic model of
breast tissue described previously to create a powerful new tool for the
diagnosis of benign and malignant breast lesions (29). The Raman
technique may be applied first in vitro in breast biopsiesin which little
tissue is obtained, and the lesion may not be well represented but
microcalcifications are present. Ultimately, it may be used as an in
vivo adjunct to mammography to help select those patients with
microcal cifications who need to go on to biopsy.
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