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Abstract. We present the results of a clinical study about optical
properties and bulk composition of the female breast. The clinical
study involved more than 150 subjects that underwent optical mam-
mography. A multiwavelength time-resolved mammograph designed
to collect time-resolved transmittance images of the breast at different
wavelengths in the range 637 to 980 nm is used to this purpose. From
the absorption spectrum of the breast, the concentrations of the main
tissue constituents, i.e., oxygenated and deoxygenated hemoglobin,
lipid, and water, are obtained for a subset of 113 breasts. The lipid
content of breast is estimated for the first time on such a large number
of subjects. The total hemoglobin concentration, blood oxygen satu-
ration, lipid, and water content of breast is correlated to demographic
information collected during the trial. As expected, breast optical
properties and components undergo huge variations among different
subjects. Different constituents, however, show interesting correlation
with clinical parameters such as age, breast size, body mass index,
and mammographic parenchymal pattern. These results suggest that
optical measurements on breasts can be exploited to obtain relevant
information on breast tissue composition. © 2004 Society of Photo-Optical In-
strumentation Engineers. [DOI: 10.1117/1.1803546]

Keywords: breast; time-resolved optical mammography; quantitative near-infrared
spectroscopy; photon migration.
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1 Introduction
The use of red and near-infrared~NIR! light for studying the
female breast as a possible alternative or complementar
means to diagnose cancer and other pathologies, with respe
to conventional techniques such as x-ray mammography an
ultrasonography, has been the object of intense investigation
in the last ten years. One of the advantages of using NIR ligh
is the high sensitivity of such wavelength range to the con
centration of the main absorbers constituting the breast, tha
is, hemoglobin in its oxygenated(O2Hb) and deoxygenated
~HHb! state, lipid, and water. Due to the ability to distinguish
among these different constituents, optical techniques are us
ful to characterize the bulk composition of the breast tissue. I
we also consider the high penetration depth and the total non
invasiveness of light at these wavelengths, one can understa
the great interest in developing new instruments able to per
form measurements on the breast.

Nowadays, a number of clinical studies have been per
formed or are in progress, exploiting either frequency-domain
or time-resolved optical instruments, both in reflectance and
in transmittance geometry.1–11The basic goals of these studies
are the assessment of scattering and absorption properties
the female breast and their possible correlation to patho

Address all correspondence to Lorenzo Spinelli, Politecnico di Milano, INFM-
Dipartimento di Fisica and IFN-CNR, Piazza Leonardo da Vinci 32, 1-20133
Milan, Italy. Tel: 39-02-23996097; Fax: 39-02-23996126; E-mail:
lorenzo.spinelli@fisi.polimi.it
Journal of Bio
ct

s

t

-

-
d

of

physiological and demographic~e.g., age, body mass index!
information. In terms of the total hemoglobin content(tHb
5HHb1O2Hb) and blood oxygen saturation(SO2

5O2Hb/tHb), the results obtained are quite consistent, ev
if in most of the preliminary studies the contribution of wat
and lipid was neglected.1,4,11 In a few cases, the relative con
tent of water was kept constant, ranging from 20 to 40%
the overall volume composition, and the lipid contributio
either was neglected or kept constant.7,9 More recently,in vivo
spectroscopic results12–15 have shown that physiological pro
cesses and/or pathological causes may affect significantly
water and lipid content in the female breast. Therefore, fo
complete characterization of the female breast, the contr
tions of lipid and water should not only be considered but a
independently estimated. In this framework, we present
results about optical properties and bulk composition
breast, obtained from a systematic clinical trial still
progress, performed with a multiwavelength time-resolv
optical mammograph and supported by the European pro
OPTIMAMM. Up to November 2003, the trial has involve
more than 150 patients, with either benign~cyst! or malignant
~cancer! lesions. In terms of volume, however, the lesion t
sue accounts for less than 1% of the whole breast, so tha
bulk properties reported here are essentially relative to hea
tissue. In this study, we focus our attention on the opti
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Spinelli et al.
characteristics relative to 113 breasts belonging to a subset
the patients. Bulk HHb,O2Hb, lipid, and water contents are
derived, and correlation with demographic information is re-
ported.

2 Materials and Methods
2.1 Optical Mammograph
The instrument is designed to collect time-resolved transmit
tance images, at different wavelengths, of the breast com
pressed between plane Plexiglas plates. During the clinica
study, the instrument has undergone some upgrade by increa
ing the number of wavelengths adopted. Initially, four pulsed
diode lasers~PDL Heads, PicoQuant, Germany! emitting at
683, 785, 913, and 975 nm, with average output power of;1
to 4 mW, temporal width of;180to 400 ps@full width at half
maximum ~FWHM!#, and repetition rate of 40 MHz were
used as light sources. Then, up to seven light sources we
adopted~637, 656, 683, 785, 912, 975, and 985 nm! with
about the same power and temporal characteristics as befor
while the repetition rate has been decreased to 20 MHz. A
single driver~PDL-808 Sepia, PicoQuant, Germany! controls
all the laser heads, and their output pulses are properly de
layed by means of graded index optical fibers, and combine
into a single coupler. A lens produces a 3-mm-diam colli-
mated beam that illuminates the breast. A 5.6-mm-diam, 1-m
length fiber bundle collects the output light on the opposite
side of the compression unit. The distal end of the bundle is
bifurcated, and its two legs guide photons respectively to two
photomultiplier tubes ~PMTs! for the light detection
~R5900U-01-L16 and H7422P-60, Hamamatsu, Japan!. Vari-
able neutral density circular filters, placed in front of each
PMT, are used to optimize the illumination power forin vivo
measurements and for the acquisition of the instrument re
sponse function, as changing the settings of the laser drive
would affect the laser pulse duration and stability. A PC board
for time-correlated single photon counting~SPC134, Becker
and Hickl, Germany! allows the acquisition of time-resolved
transmittance curves. The illumination fiber and collecting
bundle are scanned in tandem with steps of 1 mm. A complet
scan typically requires 5 min. The Plexiglas plates can be
rotated, so that images of both breasts can be recorded in th
cranio-caudal~CC! as well as oblique~OB-45 deg! views.
Further technical details can be found in Ref. 16.

2.2 Measurement Protocol
In this study, optical images of both breasts have been rou
tinely acquired in CC and OB views for each patient. The
measurement protocol was approved by the local ethics com
mittee, and informed consent was obtained from all women
recruited for the clinical trial. Furthermore, demographic in-
formation relative to each patient was collected. Table 1 sum
marizes some pieces of information on the enrolled subjects

2.3 Data Analysis
For each wavelength, images of the absorption and reduce
scattering coefficients were obtained by fitting the time-
resolved transmittance curves with a model based on the di
fusion equation with extrapolated boundaries.17 Two different
fitting procedures were adopted. To investigate the behavio
of breast optical properties, the time-resolved curves were fit
1138 Journal of Biomedical Optics d November/December 2004 d Vol.
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ted by assuming both absorption and reduced scattering c
ficients as free fitting parameters. On the other hand, to c
acterize the breast in terms of tissue components, we fixed
value for the reduced scattering coefficientmS8 and usedma

and time shift as free fitting parameters. The latter fitting p
cedure, in fact, reduces the coupling between absorption
scattering coefficients, and consequently the dispersion in
fitted absorption coefficientma .18 To this purpose, at each
wavelength the value of the reduced scattering coefficient
estimated as an average over several measurements perfo
with a broadband system for time-resolved reflectan
spectroscopy.19

For each breast projection and wavelength, we selecte
reference bulk area far from boundaries and eventual inho
geneities. To automate the selection of the reference area
distribution of time of flight ~i.e., the first moment of the
time-resolved transmittance curve! was calculated. Then, pix
els were included in the reference area whenever the co
sponding value of the time of flight was greater or equal to
median of the distribution. The absorption and reduced s
tering spectra were then obtained by averaging the absorp
and reduced scattering coefficients over the reference are

Next, the absorption spectrum was interpreted as the lin
combination of the extinction coefficients of HHb,O2Hb,
water,20,21 and lipid,22 weighted by their average concentr
tion. This allowed us to obtain estimates for tHb,SO2 , lipid,

Fig. 1 Absorption spectrum of a breast (thin line), obtained as the sum
of absorption spectra of the main breast constituents (thick lines). The
measured values of the absorption coefficient (symbols) are also re-
ported.

Table 1 Mean, standard deviation (SD), and range of demographic
parameters of the selected subjects.

Parameter Mean SD Min Max

Age (yr) 59.1 9.5 30 79

Breast thickness (cm) 4.5 1.1 2.2 7.0

BMI (kg m22) 24.1 4.6 14.9 35.7
9 No. 6



Bulk optical properties and tissue components in the female breast . . .
Fig. 2 Median values of (a) the absorption and (b) reduced scattering coefficients at different wavelengths. The error bars represent the dispersion
of data over different subjects, breasts, and projections. The reduced scattering spectrum used in the fitting procedure is also reported (solid line).
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and water content. The only assumption made in the deriva
tion of these quantities was that the resulting estimate for eac
constituent had to be nonzero. To this purpose, we used a
algorithm that solves linear systems by performing a least
squares procedure with non-negativity constraints on the un
knowns ~the lsqnonneg algorithm of Matlab—The Math-
Works Incorporated23!. An example of the absorption
spectrum of the breast with spectra of the different constitu
ents is reported in Fig. 1.

Finally, results are presented here for 113 breasts belong
ing to the subset characterized by normal physiological value
of the tissue constituents, that istHb,200mM, SO2.40%.
We also excluded cases with the estimated total percentage
tissue constituents lower than 50%~ideal value should be
100%, but some constituents may not absorb in the red-NIR
range.!. Moreover, a preliminary filter was applied to include
in the analysis only breasts with acceptable signal-to-nois
ratio ~SNR! at all measured wavelengths. In particular, we
considered only breast images with at least 100 counts pe
pixel. This is the major cause of exclusion from further analy-
ses, and is mostly due to the very low SNR at the longes
wavelength, where water absorption dominates and detecto
sensitivity is low.

3 Results and Discussion
3.1 Optical Properties
Median values of the absorption and reduced scattering coe
ficients at the different wavelengths used in the clinical study

Table 2 Median values and standard deviations for absorption and
reduced scattering coefficients at different wavelengths.

Wavelength (nm) Absorption (cm21) Reduced scattering (cm21)

637 0.05560.007 13.462.6

656 0.04160.005 13.562.1

683 0.04260.013 12.962.3

785 0.03760.013 11.362.1

912 0.11060.021 11.462.6

980 0.09960.028 11.762.6
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are reported in Fig. 2. These values were obtained by us
both absorption and reduced scattering coefficient as free
ting parameters. Error bars represent the dispersion of
over different subjects, breasts~left and right!, and projections
~CC and OB!. Table 2 shows the corresponding numeric
values for an easier comparison with literature data. The
duced scattering spectrum used in the fitting procedure w
fixed mS8 is also depicted in Fig. 2~b!.

Our results are consistent with data from Durduran et a9

they found an average value of0.04160.025 cm21 and 8.5
62.1 cm21 at 780 nm forma and mS8 , respectively. The
lower value for the reduced scattering coefficient might
interpreted as a result of the different measurement geom
~patient lying versus sitting!. Also, good agreement was foun
with the mean values reported by Grosenick et al.7 They in
fact report 0.04160.013 cm21 and 0.03960.009 cm21 for
ma at 670 and 785 nm, respectively, whilemS8 is 11.7
62.3 cm21 and 10.261.6 cm21 at 785 nm. The scattering
values are close to what we obtained, and also the meas
ment geometry is the same for both studies, in agreement
the previous hypothesis that the geometry might affect
estimatedmS8 values. Furthermore, we note that the dispers
of measured values is mostly due to the intersubject dif
ences, with minor contributions from breast~left versus right!
and projection~CC versus OB!. These results have been co
firmed also by broadband time-resolved reflectance and tr
mittance measurements performed with our laborat
system.19 Therefore, the values reported in Table 2 could
considered as indicative of the female breast as a whole.

On the other hand, in a previous work on phantoms,18 we
have demonstrated that a fitting approach based on a fi

Table 3 Global mean, standard deviation (SD), and range of physi-
ological parameters of breasts.

Property Mean SD Min Max

tHb (mM) 15.7 5.1 7.9 36.2

SO2 (%) 66.4 9.2 44.7 84.4

Lipid (%) 58.0 12.1 20.0 79.7

Water (%) 14.5 10.7 1.2 57.2
medical Optics d November/December 2004 d Vol. 9 No. 6 1139
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Fig. 3 (a) Blood oxygen saturation as a function of the total hemoglobin content and (b) water content as a function of lipid content.
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value formS8 and free values forma and time shift improves
linearity and lowers uncertainty as compared to ama to mS8 fit,
especially for a low number of counts. Moreover, the depen
dence of results on the initial estimate ofmS8 is weak. Namely,
a 20% error in the estimate ofmS8 @that is, about the mean
difference between the actualmS8 value and the fixed value
used in the fitting procedure, as one can argue from Table
and Fig. 2~b!# yields less than 10% error onma . As for the
components, this means that, for example, an estimated lipi
concentration of 50% is affected by an error of 5%. Further-
more, due to the linearity of this fitting procedure, the relative
ratios between components are unchanged.

3.2 Tissue Components
We characterized each breast in terms of total hemoglobi
concentration, blood oxygen saturation, lipid, and water con
tent, taken as the average of the values obtained from the tw
projections. The global mean values, with standard deviatio
and range of the considered quantities, are reported in Table
Furthermore, we show the plot ofSO2 as a function of tHb
@Fig. 3~a!# and water content as a function of lipid content
@Fig. 3~b!# for each breast to visualize the distribution of these
parameters among the subjects and to determine if some co
relation exists among them. As for the latter, we note no cor
relation between blood oxygen saturation and blood conten
while ~as one would expect! at least in part of the subjects,
water and lipid content are inversely related, even though
most breasts are characterized by very low water content in
dependent of the lipid content.
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It is worth noting that the lipid concentration is estimate
here for the first time in a large clinical study regarding bu
breast constituents. The mean values of different constitu
reported in Table 3 are consistent with previously obtain
values. In particular, lipid and water content agree with wh
Cerussi et al.15 reported in their study. On the other hand, in
recent work, Srinivasan et al.10 obtained quite higher value
for water concentration~about 50% as a mean!. We think that
the mismatch between our values and theirs can be expla
in two ways. First, as already mentioned, considering o
data with high SNR, we probably sampled breasts with som
how lower water content than average. Second, in their stu
Srinivasan et al. neglected the absorption of the lipid tiss
This fact could lead to an overestimation of the water conte
because, even if the lipid extinction coefficient is lower in t
spectral range considered~660 to 850 nm!, the subjects par-
ticipating in the study probably are characterized by a lip
content larger than water content.

To assess if these optically determined quantities are in
esting for breast characterization, it is important to dem
strate that they correlate to the different parameters that
usually considered in clinics. For this reason, we have exa
ined the lipid and water content, tHb andSO2 , as a function
of the most important demographic information availab
from the clinical study, that is, body mass index~BMI !; breast
thickness~somehow related to breast volume!, and age of the
subjects. Furthermore, we have also analyzed the correla
with a clinical parameter that classifies the breast struct
such as the mammographic parenchymal pattern. This
Fig. 4 (a) Lipid (open symbols) and water (closed symbols) concentrations, (b) total hemoglobin content, and (c) blood oxygen saturation as a
function of body mass index.
9 No. 6



Bulk optical properties and tissue components in the female breast . . .
Fig. 5 (a) Lipid (open symbols) and water (closed symbols) concentrations, (b) total hemoglobin content, and (c) blood oxygen saturation as a
function of breast thickness.
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clinical parameter related to the radio-opacity of the breas
and ruled by its structural composition. In particular, five
mammographic parenchymal patterns can be identified ac
cording to Taba`r’s classification.24 Following this classifica-
tion, pattern 1 refers to a breast with comparable content o
adipose and fibrous tissues, while patterns 2 and 3 refer t
breasts dominated by adipose tissue. On the other hand, pa
terns 4 and 5 classify breasts with prominent fibrous tissue
which increases their radio-opacity.

As for the correlation with BMI, Fig. 4 shows an increase
in lipid content and a decrease in water content as the BM
increases. In terms of rate of change, we have a 0.78% o
increase and a 1.1% of decrease per BMI unit for lipid and
water content, respectively. This agrees with the fact that BM
represents a measure of the breast fat content. A further co
relation was found with total hemoglobin content, which de-
creases with the BMI increase~20.41 mM per BMI unit!, in
agreement with the fact that an increase of BMI means tha
the tissue has a lower vascular density. On the other han
SO2 is substantially independent of BMI.

By analyzing variations of different quantities as a function
of the breast thickness~Fig. 5!, we can note that for high
thickness~above 4 cm!, the water content stabilizes on a value
of about 10%, which seems to be an indication of the minima
water content in the breast. Furthermore, we observe no sig
nificant trend in lipid and hemoglobin content and some in-
crease in the blood oxygen saturation~2.7% of SO2 per cen-
timeter of breast thickness!. This trend ofSO2 with respect to
the increase of breast thickness is somehow unexpected, a
we have not yet found a clear explanation for it.
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In Fig. 6 we report the correlations of the optical para
eters as a function of the subject age. The main trends
shown by the lipid and water components: as one would
pect, the lipid content of breast increases with age, with a
pose tissue progressively replacing the fibroglandular tis
that is richer in water content~as shown in Fig. 7 about the
correlation of lipid and water content with the mammograph
parenchymal pattern!. The slopes of the trend lines give
0.52% of lipid content increase per year of age and a 0.53%
water content decrease per year of age.

Then we considered the correlation of lipid and water co
tent with the mammographic parenchymal pattern. We fou
a good correlation between the breast pattern and the lipid
water content. Figure 7 reports the mean values for lipid a
water content as a function of the mammogaphic pattern.
can note how the content of lipid increases as we go fr
breasts of pattern 1 to breasts of pattern 3, while an incre
in water content and a decrease in lipid content are obse
when breasts of patterns 4 and 5 are considered.

4 Conclusions
We present results about the bulk composition of breast
terms of total hemoglobin concentration, blood oxygen sa
ration, lipid, and water content, obtained from near-infrar
spectroscopic measurements performed during a system
clinical trial by means of a multiwavelength time-resolve
optical mammograph. The data shown here refer to
breasts belonging to a subset of the patients involved in
clinical trial. As described before, only breasts with acce
Fig. 6 (a) Lipid (open symbols) and water (closed symbols) concentrations, (b) total hemoglobin content, and (c) blood oxygen saturation as a
function of subject age.
medical Optics d November/December 2004 d Vol. 9 No. 6 1141
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Fig. 7 Mean and standard deviation of lipid and water mean concen-
trations obtained for the different mammographic parenchymal pat-
terns.
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able SNR at all measured wavelengths are included in th
analysis. The problem of very low SNR mainly affects the
longest wavelengths, where water absorption dominates an
detector sensitivity is lower. As a result, the presented dat
might represent a specific subset of the whole demograph
range, likely characterized by low water content. Our results
as expected, correlate with demographic information, suppor
ing the idea that optical measurements can be of interest i
providing information about breast tissue composition. In this
study, we focus on the absorbing properties of the breas
However, a more complete analysis regarding the capabilit
of optical techniques for the characterization of the female
breast must consider also the scattering properties of th
breast and their correlations with the structural parameters
This will be the aim of future work. Nevertheless, we demon-
strate that indications about breast structural characteristics
term of radio-opacity can be inferred also from the bulk com-
position, if the lipid content is fully considered.
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