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Abstract

Spectroscopic characterization of normal breast duct epithelia is the basis for understanding the spectral information obtained

from epithelium-derived breast tumors. In this study, healthy breast tissue samples were examined by means of Raman

spectroscopy with an excitation wavelength of 840 nm. Raman spectra of breast ducts were acquired using a microscopic

mapping approach, and mapping measurements of breast duct epithelium were performed at a lateral resolution that enabled

investigation of single epithelial cells. Different cellular compounds within the epithelial layer such as nuclei and cytoplasm

were identified by principal components analysis (PCA) and K-means cluster analysis applied to their Raman spectra.

Furthermore, spectra of breast secretion fluid that was found to cover the epithelium in most samples were analyzed. They

contained mainly signal contributions from lipids. Two different classes of lipid secretion spectra were identified and both

spectral classes could be found in the same sample. Spatially resolved analysis of breast duct fluid could provide new insights

into breast secretion biochemistry in normal and pathological conditions.
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1. Introduction

Breast cancer is one of the major causes of death

among women in the Western world [1]. With the

introduction of vibrational spectroscopic methods in

the diagnostic field, FTIR and Raman macroscopic

spectra of normal breast tissue, benign changes, and

infiltrating ductal carcinoma were analyzed in a

number of studies on intact pieces of tissue and

homogenized tissue samples [2–6]. In the last years,

spatially resolved FTIR experiments on breast tissue

illustrated the spatial distribution of different chemical

compositions in histologically different regions [7–9].

Recently, Shafer-Peltier et al. reported on a Raman

microspectroscopic model of human breast tissue,

using a combination of nine basis spectra that were

partly derived from epithelial components of the

breast ducts [10]. Most types of breast cancer

(90%) are the result of proliferating epithelial cells

originating from the ducts and lobules in the breast

[11]. Characterization of the epithelial cells in healthy

breast ducts in order to get a better understanding of
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their molecular composition is a prerequisite for

the detection of alterations in this cell type due to

malignancy. In this study, we investigated epithelia of

healthy breast ducts on the basis of Raman micro-

spectra collected from dried cryo-sections. The spec-

tra were analyzed applying a multivariate approach

that allowed characterization of the tissue without

prior assumptions about its composition.

2. Experimental

2.1. Samples

The Raman spectroscopic study was carried out on

healthy breast tissue samples. The tissue was obtained

after surgery from six patients with approval from

the Medical Ethics Board of Erasmus Medical Center.

All tissue pieces were snap frozen and stored at

�80 8C until further preparation. Sections of 20 mm

thickness were cut in a cryostat at �24 8C. The tissue

slices were thaw-mounted on CaF2 windows and air

dried. These samples were used for Raman micro-

spectroscopic measurements. The sections adjacent

to those mounted on the CaF2 crystals were stained

on glass slides applying a standard hematoxylin

and eosin (H&E) method. They helped orientation

in the unstained sections and were used to locate the

breast ducts in the tissue. As already pointed out,

special regions of interest in this study were the

epithelia of the ducts. Fig. 1 shows an unstained

section through a breast duct and the result of an

H&E stain carried out after completion of all measure-

ments.

2.2. Raman setup and measurements

Raman spectra were collected with an in-house-

built setup, which has been used in a number of other

studies and was described in detail previously [12–14].

Raman excitation light was delivered by a Ti:sapphire

laser (840 nm) (Spectra Physics, Mountain View, CA)

pumped by an argon ion laser (Coherent, Santa Clara,

CA) and coupled into a Leica microscope (Leitz,

Wetzlar, Germany) via a single mode optical fiber

and a high pass filter. An 80�/0.75 MIR-plan objec-

tive with approximately 1.6 mm working distance

(Olympus, Japan) was used for focussing the light

onto the sample with a spot size of about 1 mm and for

collection of the scattered light. The Raleigh-scattered

light was suppressed by a high pass filter [15]. The

Raman scattered light was focussed on the core of a

signal collection fiber, which acted as a pinhole for

confocal detection. The output of the fiber was imaged

on the CCD camera of a spectrometer (Renishaw,

Wotton-under-Edge, UK). Spectral resolution was

approximately 8 cm�1. Spectra were acquired with

Grams/32 Software (Galactic, Salem, NH).

The wavenumber axis was calibrated with known

calibration standards (cyclohexane and 4-acetamido-

phenol) and the emission lines of a neon and a

neon–argon lamp as absolute wavelength references.

The intensity scale was corrected with the white

light spectrum of a temperature-calibrated tungsten

lamp. All spectra were corrected for background

Fig. 1. (A) Unstained section of a breast duct. (B) Result of a

hematoxylin and eosin stain of the same section. Different cutting

planes of the duct are seen in this sample. At some positions they

result in an enlargement of the epithelial regions. The epithelium

can be identified in the stained section as regions containing many

nuclei.
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signal contributions from the optical pathway and

from the CaF2 sample substrates.

The microscope was equipped with a computer-

controlled x-, y-, z-stage, which enabled measure-

ments in a pre-defined, two-dimensional (x, y) grid

and exact positioning of the sample in the focal plane

(z-direction) during measurement. The laser power on

the sample was approximately 100 mW. A lateral

resolution of 5 or 6 mm was used to obtain maps

of whole transverse sections through ducts or duct

systems cut in both longitudinal and transverse direc-

tion. Three to five of these overview measurements

were carried out per tissue specimen, each containing

between 1000 and 1500 spectra. Acquisition time per

grid point was 30 s. However, the delicate epithelia

with their relatively large cells (a section of 20 mm

corresponds to the cross-section of approximately

one or two cells) require longer acquisition times than

the dense fibrocollagenous tissue or adipose cells.

Therefore, to acquire good quality spectra of the

epithelial cells, 31 mapping experiments were carried

out with 120 s acquisition time per spectrum only

within the epithelial layers of the healthy ducts and

at 1 mm lateral resolution. Each of these detailed

measurements contained between 50 and 500 Raman

spectra, yielding approximately 5400 Raman spectra

of healthy duct epithelium.

2.3. Spectral analysis

All spectral analysis was done with Matlab 6.5

(MathWorks, Inc., Natick, MA) and PLS toolbox 2.0

(Eigenvector Research, Inc.). For all further calcula-

tions first derivatives of the original Raman spectra

were calculated applying a Savitzky–Golay algorithm

with a smoothing window of nine wavenumbers.

Autoscaled first derivatives of all spectra of each

single mapping data set were subjected to a principal

components analysis (PCA). On hundred to one hun-

dred and fifty principal components (PC; varying

between measurements) were calculated, representing

95% or more of the variance in the data sets. Spectral

mapping was based on K-means cluster analysis [16]

which used principal components scores as input

information. The number of classes for the K-means

cluster analysis was defined before the analysis. The

number of spectral classes contained in each data set

was determined by analyzing the cluster average

spectra after cluster analysis. If the average spectra

of the different classes still showed differences, cluster

analysis was repeated to find out, if more classes were

contained in the data set. Maps of the tissue areas were

reconstructed by assigning each spectral class a

specific color and re-combining this color with the

coordinate of each spectrum.

To analyze the data obtained from the detailed

measurements within the ductal epithelia, first deri-

vatives of all 5400 spectra from these measurements

were subjected to one PCA. Five hundred principal

components represented 99% of the spectral variance

of this data set. Then, K-means cluster analysis was

applied and cluster-specific average spectra were cal-

culated.

3. Results and discussion

The lactiferous ducts can easily be identified in the

breast by their histological appearance. They are

canals that are delimited by two layers of epithelial

cells (myoepithelial and ductal cells) [17]. Very often

the cutting plane through a duct is not ideally trans-

versal or longitudinal, but slightly tilted. This results

in an enlargement of the area available for studying the

epithelial cells (compare Fig. 1 for an example). In our

preparations this occurred quite frequently, so we

could use the opportunity to collect Raman spectra

from larger areas containing only epithelial cells.

Not only by histological staining but also by their

Raman spectra the ducts can clearly be distinguished

in the breast tissue. The example displayed in Fig. 2 is

representative for gross overview maps of all ducts

that were investigated. Fig. 2A shows the Raman map

obtained from the unstained duct (Fig. 2C) measured

with a lateral resolution of 6 mm. Each pixel in the map

represents one Raman spectrum. The map can be

compared in detail with the H&E stain carried out

after completion of the measurements (Fig. 2B). The

fibrocollagenous tissue surrounding the duct (classes 1

and 2, indicated in dark shades of gray in Fig. 2A) is

clearly distinguishable from the inner part consisting

of epithelial cells (classes 4 and 5). As visible in the

H&E stain (Fig. 2C), the duct contains a ring of

myoepithelial and ductal cells, and furthermore loose

pieces of epithelium in the lumen that were dislocated

during preparation. Within the epithelium component
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there exist different groups of spectra (Fig. 2A), indi-

cating regions containing many cells (class 5) and

extracellular compounds, partly due to secretion

(classes 3, 4 and 6), respectively.

To investigate the epithelial component in detail,

Raman spectra from smaller regions within the epithe-

lial layer were acquired. These mapping measurements

of 1 mm resolution were carried out in different ducts

of each tissue specimen. Some of the data sets con-

sisted only of a small number of spectra and were

therefore not used for image reconstruction. However,

most data sets contained between 300 and 500 spectra

and were used to image chemical composition within

the epithelial layer of areas enclosing approximately

5–8 epithelial cells in the different samples. The

K-means cluster analysis-based map for one example

is displayed in Fig. 3A. Cluster analysis was based on

the first 100 principal components scores obtained for

each spectrum, which represented approximately 99%

of the spectral variance in this data set. Approximately

80% of the variance were contained in the first two

PCs. Major differences between the different spectral

classes were found to lie in protein and DNA content.

In Fig. 3D average spectra from clusters 2 and 3 as

well as their difference spectrum are shown. The

difference spectrum of classes 3 and 2 average spectra

contains many features of a spectrum of DNA, which

is also displayed in Fig. 3D. Also the principal com-

ponents, resulting from the principal components

analysis carried out on first derivative spectra (see

Section 2), which underlie the cluster analysis, reflect

that the spectral contributions of DNA are represent-

ing a main difference between the spectral classes. As

can be seen when comparing the two spectra in Fig. 3E,

the second principal component spectrum calculated

for the data set is very similar to the first derivative of a

DNA spectrum (Fig. 3E). Location of the classes 2 and

3 spectra corresponded with the location of nuclei and

cytoplasm of the epithelial cells, respectively, as can

be seen in the staining result carried out in the identical

section (compare Fig. 3A and B). Class 1 spectra show

features of both classes 2 and 3 and stem from areas

that contain both cellular compounds (Fig. 3A). H&E

staining also revealed that the nuclei of the epithelial

cells are relatively large (Fig. 3B). The spectral dif-

ference between cytoplasm and nuclei of the breast

epithelial cells has been described first by Shafer-

Peltier et al., who used it to construct basis spectra

for both compounds in their morphological breast

tissue model [10].

Different spectral classes according to variations in

the DNA and protein content were also found when

cluster analysis was carried out with 5396 epithelium

spectra of all tissue specimens, as can be seen in

Fig. 4A–G where average spectra of seven major

Fig. 2. (A) Raman map of a breast duct. (B) Hematoxylin and

eosin stain of the identical section. (C) Unstained section. The

Raman map was constructed from 1160 spectra that were acquired

at a lateral resolution of 6 mm. Each pixel corresponds to one

Raman spectrum. The map reflects the classification result obtained

by K-means cluster analysis that was based on the first 100

principal components. K-means cluster analysis of this data set

yielded six spectral classes. Classes 1 and 2 correspond to the

fibrocollagenous tissue surrounding the duct, classes 3–6 represent

the epithelial cells. The lumen of the duct is shown in black and not

assigned a spectral class, since the spectra obtained from this area

contained no Raman signal.
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clusters are shown. Characteristic Raman bands of

DNA at 728, 782, 1096, and 1575 cm�1 are clearly

visible in spectra A–C and indicate that these classes

represent mainly spectra from regions containing the

nuclei of the epithelial cells. However, spectrum B

shows less contribution from DNA than A and C (see

Fig. 4). This was also indicated by difference spectra,

which furthermore showed that spectrum B contains

more protein signal and that spectra A and C can be

distinguished by differences in the amide I band at

1665 cm�1 and CH2 deformation modes at 1460 cm�1

(spectra not shown). In spectra D and E of Fig. 4

pronounced bands that can be assigned to the amino

acids tryptophan (at 757 and 1549 cm�1) and tyrosine

(829 and 853 cm�1) are visible (e.g. [18]). The line at

1045 cm�1 in spectrum E could be assigned to a C–C

stretching vibration or a bending vibration of a

carboxyl OH group of amino acids [18,19]. Taurine,

a sulphonated amino acid present in most tissues

exhibits a strong band at 1045 cm�1 due to the S=O

stretching vibration [20,21]. The pronounced line at

1045 cm�1 in spectrum E and could also be caused by

this molecule. As visible in the spectra F and G of

Fig. 4, a major component contributing to epithelium

Raman spectra are lipids. Re-localization of the spec-

tra and comparison of the cluster averages with the

Fig. 3. (A) Raman map of epithelial cells based on principal components analysis and K-means cluster analysis. Distance between the pixels

is 1 mm. (B) Hematoxylin and eosin stain of the same section. (C) Unstained section. The inset in B and C indicates the area of the

measurement. Three major spectral classes can be identified in A and compared with B. The arrowheads in the unstained section (C) point at

lipid droplets that are visible between the cells and result from secretion. (D) Cluster average spectra of classes 3 and 2, their difference

spectrum, and a spectrum of DNA. (E) First derivative of the DNA spectrum shown in (D) and the second principal component calculated for

the data set.
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spectra of the single mapping data sets proved, that

most of these lipid spectra were located inside the

ductal lumen, at positions where cells were neither

visible in the stained nor in the unstained sections

(Fig. 5A and B). Some phase contrast images of the

unstained sections showed a fluid layer on top of the

innermost epithelial layer (Fig. 5B and C), where the

spectra revealing a high lipid content were measured

(Fig. 5D). Depending on the cutting plane and sample,

the fluid also appeared as droplets between epithelial

cells (see arrowheads in Fig. 3C). The high lipid

content can clearly be identified by the strong char-

acteristic Raman bands at 1300 cm�1 (CH2-twist and

wagging), 1442 cm�1 (CH2 scissoring), 1656 cm�1

(C=C stretching), and 1744 cm�1 (C=O ester carbonyl

stretching) (see spectrum F in Figs. 4 and 5D). Inter-

estingly, secretion spectra from some ducts in a num-

ber of specimens displayed higher frequencies of the

ester C=O stretching band (1759–1762 cm�1), as well

as of the C=C stretching vibration (1662–1664 cm�1).

Normally, the ester C=O stretching vibration gives

rise to a band between 1739 and 1745 cm�1 (e.g.

[21]). The high C=O frequency hints at the presence

of saturated five-membered ring esters (g-lactones)

or other small rings attached to the carbonyl group,

which lead to a higher electron density at the carbonyl

group and thereby to a ‘‘stiffer’’ bond and a higher

frequency [21].

Lipids are known to be important constituents of the

ductal fluid secreted in the non-lactating breast [22].

The lipid component of the extracellular fluid is

usually washed away from a tissue section during

the histological staining procedures, since these

include several steps in which fats are dissolved. By

means of spatially resolved vibrational spectroscopy,

however, ductal fluid can easily be analyzed. Most

ductal fluid investigated so far in previous studies has

been obtained from nipple aspirates [23]. It has been

investigated for lipid and hormone composition and

was shown to contain different lipids, such as choles-

terol and its oxidative metabolites, and other factors

such as estrogen and prolactin [24,25]. By spatially

resolved Raman analysis we could see that ductal

fluid composition varied between different ducts in

the same sample. Secretion spectra belonging to the

two different spectral classes represented by average

spectra F and G (Fig. 4), respectively, could be found

in different ducts of the same tissue specimens. The

physiological basis for this, such as the size of the

ducts, position of the investigated tissue relative to

Fig. 4. Cluster averages of major spectral classes resulting from analysis of 5396 epithelium spectra. Spectra A–E show differences in Raman

bands specific for proteins and DNA, while contributions from lipids dominate spectra F and G.
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the lobule or nipple (i.e. beginning or end of the

ductal pathway) needs to be elucidated when further

experiments are done. As the phenylalanine band at

1003 cm�1 (breathing mode) in Fig. 4F and G sug-

gests, the breast fluid spectra are not completely free

from contributions due to proteins. Breast fluid com-

position is known to depend on a number of factors,

among them age, diet, and smoking [23,26]. Concen-

trations of cholesterol and its oxidation products were

observed to be increased in women with hyperplasia

and are discussed to be involved in the development

of breast cancer [27,28]. We think that aside from

basic information about the chemical composition of

breast secretion products valuable information about

molecular changes due to malignancy might also be

retrieved from Raman spectra of breast fluid.
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