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Abstract. Breast density is a recognized strong and inde-
pendent risk factor for breast cancer. We propose the use of
time-resolved transmittance spectroscopy to estimate breast
tissue density and potentially provide even more direct
information on breast cancer risk. Time-resolved optical
mammography at seven wavelengths (635 to 1060 nm) is
performed on 49 subjects. Average information on breast
tissue of each subject is obtained on oxy- and deoxyhe-
moglobin, water, lipids, and collagen content, as well as
scattering amplitude and power. All parameters, except for
blood volume and oxygenation, correlate with mammo-
graphic breast density, even if not to the same extent. A
synthetic optical index proves to be quite effective in sep-
arating different breast density categories. Finally, the esti-
mate of collagen content as a more direct means for the
assessment of breast cancer risk is discussed. C©2010 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.3506043]
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Breast cancer is a leading cause of death in women and a major
health burden worldwide.1 Breast density is a recognized strong
and independent risk factor for breast cancer.2 Including it into
risk prediction models improves their prediction accuracy. The
United States Preventive Services Task Force also suggested the
possibility of chemoprevention for women at high risk.3 Thus,
improved risk models could be used to better address closer
screening of high-risk women, and even for prevention of breast
cancer.

At present, breast density is assessed based on the radiolog-
ical appearance of breast tissue. A means for its noninvasive
estimate would certainly be of diagnostic interest. Optical tech-
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niques can provide functional and structural information in an
absolutely noninvasive way, and they have already been applied
successfully to the characterization of breast tissue.4–6 Specific
effort was devoted to optical estimates of breast density. In
particular, scattering features proved to correlate with it.7, 8 Also,
extensive clinical trials showed that optical data interpreted us-
ing principal component analysis strongly correlate with quanti-
tative mammographic features.9 A study on the direct correlation
of breast density with optically derived key breast constituents
(water, lipids, collagen, and hemoglobin) could lead to a better
understanding of the role of mammographic density in breast
cancer, and possibly provide a more specific link. Such a study
is still needed.

We propose the use of time-resolved transmittance spec-
troscopy to estimate breast tissue density and potentially provide
even more direct information on breast cancer risk.

Our portable clinical instrument for time-resolved optical
mammography operates in transmittance geometry on the mildly
compressed breast.10 Time-resolved transmittance data are col-
lected at seven wavelengths in the range 635 to 1060 nm, us-
ing picosecond pulsed diode lasers as light sources, and two
photomultiplier tubes and PC boards for time-correlated single
photon counting to detect the time distributions of the transmit-
ted pulses. Injection and collection fibers are scanned in tandem
over the compressed breast, and data are stored every millimeter.
Images are routinely acquired from both breasts in cranio-caudal
(CC) and oblique (OB, 45 deg) views. Time-resolved spectral
data are interpreted with a spectrally constrained global fitting
procedure to estimate tissue composition in terms of oxy- and
deoxyhemoglobin, water, lipid, and collagen content, as well
as scattering parameters (amplitude a and power b). For breast
lesion detection, scattering maps are routinely applied, together
with late gated intensity images that are sensitive to spatial
changes in the absorption properties.

The instrument is presently applied in a clinical study ap-
proved by the Institutional Review Board of the European Insti-
tute of Oncology with a two-fold aim: the optical characteriza-
tion of malignant and benign breast lesions, and the noninvasive
assessment of breast density. The present work focuses on the
latter aim. Thus, for each patient all data (from CC and OB
views of both breasts) were averaged to provide the average
optical properties and breast tissue composition of that subject.
Data were collected from 49 patients (age 51.4 ± 11.5 years,
body mass index 23.3 ± 3.9 m2/kg) recruited between June 2009
and March 2010. Written informed consent was obtained from
all patients. For four patients, recent x-ray mammograms were
not available, thus they were excluded from further analysis.
An expert radiologist assigned breast imaging and reporting data
system (BI-RADS) mammographic density categories as: 1, al-
most entirely fat (n = 6); 2, scattered fibroglandular densities
(n = 19); 3, heterogeneously dense (n = 14); and 4 extremely
dense (n = 6).

Tissue composition, as derived from optical data, and scatter-
ing parameters were estimated to investigate if dependence on
mammographic density is observed. The results are summarized
in Fig. 1. Water content increases progressively and significantly
with breast density. Correspondingly, a gradual decrease is ob-
served in lipid content. The amount of collagen also increases
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Fig. 1 Optically derived parameters versus BI-RADS categories: (a) water, (b) lipid, (c) collagen, (d) tHb, (e) SO2, (f) a, (g) b, and (h) OI. Results are
expressed as mean ± SD and refer to the intersubject variability. Statistical significance of the difference between categories was estimated with the
Mann-Whitney test. p values <0.05 are considered significant and reported in the figure.

for increasing breast density. For all three main constituents,
the difference between categories is always highly significant,
except between category 1 (fatty) and 2 (scattered). It is worth
noting that for water, the p value is very close to significance
even between categories 1 and 2 (p = 0.0523). Those trends
strongly agree with those expected, based on the definition of
BI-RADS categories. Collagen is associated to fibroglandular
tissue and thus anticipated to be present at higher concentration
in dense breasts.11 However, the relative abundance of collagen
in breast tissue is low, while water and lipid account for most
of the breast volume, and radio-opacity is predominantly due
to water, thus explaining the stronger correlation of BI-RADS
categories with water and lipid amounts than with collagen
content.

As compared to adipose tissue, high-density tissue can be ex-
pected to have increased vascularization and metabolism. Based
on optical data, higher total hemoglobin content (tHb) seems to
increase slightly with increasing density, even though in general
the changes are not statistically significant. The oxygenation
level (SO2) reveals no trend at all with breast density.

The scattering parameters were also considered, as they pro-
vide information on the microscopic tissue structure that is at
the origin of breast density. Both a and b (Fig. 1) show a sim-
ilar behavior to collagen: a progressive increase is observed
for increasing density categories, but it is not always statisti-
cally significant. A steeper scattering slope typically character-
izes fibroglandular and muscular tissues as compared to adi-
pose tissue.12, 13 Performing measurements ex vivo on different
types of bovine tissue, we have recently observed a potential
correlation between scattering slope and collagen content, with
ligament showing by far both the steepest slope and the high-
est collagen content.14 This trend is likely due to the presence
of collagen fibrils with submicrometer diameter that introduce
high power scattering components. Due to the different slope of
the scattering spectra of distinct tissues, the amplitude a (i.e.,
the scattering coefficient at 600 nm10) is expected and often
observed to be lower in more adipose tissues.

In summary, consistent with breast physiology, several fig-
ures proved to correlate with mammographic breast density: wa-
ter, lipid, and collagen content, as well as the scattering parame-
ters. Their contributions may not be fully independent. Still, their
combination could result in improved correlation with mammo-
graphic density. To test this hypothesis, in line with what was
previously proposed by other researchers to optimize the diag-
nostic value of optical data,15, 16 we considered an index based
on optically derived parameters, defined as followed:

OI = [water][collagen]b

[lipid]
, (1)

where constituent concentrations appear in square brackets. It is
a very rough preliminary way to combine all relevant parame-
ters, still, overall it improves the significance of the correlation
between optical data and mammographic density, as shown in
Fig. 1.

The scattering amplitude a also shows some positive corre-
lation with breast density. If included in the optical index OI as
a multiplying factor, it has limited effect. Specifically, it slightly
degrades the performance in the discrimination of subjects at
highest risk (p < 0.001 instead of p < 0.0005 between cate-
gories 3 and 4). Since the identification of subjects in category 4
is of high interest for risk assessment, a was excluded from the
index. However, it will be further checked when data are avail-
able on a higher number of subjects. The results obtained using
OI are already quite effective, but we still will investigate other
more refined statistical approaches (e.g., cluster analysis) for the
separation of breast density classes and estimates of predictive
values.

Mammographic density correlates with cancer risk. Thus, as
mentioned before, it would be valuable to identify a parame-
ter that correlates with it and can be measured noninvasively.
However, it is also worth noting that mammographic density
might provide only an indirect correlation with risk. X-rays are
mostly sensitive to the water content, which increases with the
fibroglandular component in breast tissue. However, collagen
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is perhaps the most important extracellular matrix protein in
determining stromal architecture. Alterations of stromal archi-
tecture and composition are a well-known aspect of both benign
and malignant pathologies, and can play an initial role in breast
carcinogenesis.11 Studies performed on mice also showed that
increased collagen density increases tumorigenesis, local inva-
sion, and metastatic character, proving a causal link between
stromal collagen and tumor formation and progression.17 Thus,
the noninvasive estimate of collagen content in breast by optical
means, exploiting the unique spectral features of collagen ab-
sorption, could provide a powerful piece of information for risk
assessment, and deserves further investigation.

In summary, we show the direct correlation between mam-
mographic density and tissue composition, in terms of all the
main constituents (i.e., water, lipid, and collagen), as estimated
from optical data. Clinical work is still in progress to collect
data from a wider population. This will allow us to confirm
the correlation between optical parameters and mammographic
density, and to better investigate the potential role of collagen in
the assessment of breast cancer risk.
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