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A review of near infrared (NIR) spectroscopy of the female breast performed using time domain broadband systems is presented,

summarising the key studies performed at Politecnico di Milano. The time domain approach, based on pulsed tunable lasers and single-

photon detection, makes it possible to uncouple absorption from scattering contributions and to derive tissue optical properties in vivo

non-invasively. The basic tissue absorbers in the 600-1100nm range are discussed, together with the interpretation of the scattering

spectra. Inter- and intra-subject variations in breast optical properties are addressed based on in vivo measurements on different

women and on the same subject as a function of the menstrual cycle phase and of the measurement geometry. Results demonstrate

that a specific breast type can be identified for each woman, ultimately related to the water, lipid and collagen content and to the scat-

tering properties. As an example of the application of spectroscopy-derived information, we discuss the non-invasive optical detection

of breast density as an important risk factor for breast cancer, envisaging an attractive contribution of NIR spectroscopy to the fight

against breast cancer on both a medical diagnostics and research level.
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Introduction

Optical biopsy [i.e. the in vivo examination of biological tissues
using visible and near infrared light] is an attractive tool for
clinical diagnostics because of the intrinsic non-invasiveness of
low-power light and the richness offered by spectral measure-
ments providing chemical, morphological, structural and func-
tional information on the probed medium."? In the 600-1100nm
range, the so-called “therapeutic window”, for most biological
tissues the absorption coefficient (j,) is relatively low (<0.5cm™)
and light propagation is dominated by the reduced scattering
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coefficient (/). Thus, light can penetrate or traverse few centi-
metres of tissue, permitting non-invasive, in vivo investigations
into the human body. In this highly diffusive regime, a wealth
of methods, instruments? and theoretical models® have been
devised to uncouple absorption from scattering contributions
and to reconstruct spatial information from the visited struc-
tures smeared out by scattering interactions.

Different applications have been proposed, such as optical
mammography,* tissue oximetry,? functional imaging of the
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brain® and diagnosis of osteoarticular diseases.” More details
on applications can be found in Durduran et al. Basic broad-
band spectroscopy studies, i.e. the measurement of the
absorption and scattering spectra of tissues under physiolog-
ical and pathological conditions, are a useful support for the
onset and growing of a new application, since they can provide
basic information on light penetration in the specific organ, on
the optimal spectral windows offering best contrast, on the
identification and role of tissue constituents and on the altera-
tions of the absorption spectra under pathological conditions.

Time-resolved systems offer the great advantage of natu-
rally uncoupling absorption from scattering contributions due
to their different impact on the re-emitted photon temporal
distribution. Thus, they are optimal tools for basic spectros-
copy studies. Yet, designing a time-resolved broadband diffuse
spectrometer is not a trivial task, mainly due to the need
of a pulsed laser source tunable continuously over a wide
spectral range and suitable detectors which will achieve a
temporal resolution down to the picosecond level, together
with single-photon sensitivity. The very first systems required
complex laser sources and streak camera detection.® The
use of a super-continuum generated by a high-power laser
widened the usable spectral range and speed of acquisition,
but still required large laser systems.” Increased sensitivity
and dynamic range were attained by adopting time-correlated
single-photon counting detection approaches.'® Yet, it was only
recently, with the introduction of fibre-based super-continuum
lasers that time domain diffuse optical spectrometers could
be made compact and portable.!" Thus, in addition to basic
laboratory studies, they can also be employed for use in a
clinical environment.

In this paper, we will focus on diffuse optical spectroscopy
of the breast by the time domain approach. Breast cancer
is one of the most life-threatening pathologies in most
industrialised countries. About one in eight women in the
United States (12%) will develop invasive breast cancer over
the course of her lifetime. Breast cancer is by far the most
common cancer in women in the United States, accounting
for approximately 30% of all cases in women and breast
cancer death rates are higher than those for any other cancer,
besides lung cancer. Conversely, early diagnosis and conse-
quent therapy significantly reduce mortality.”> Even small
improvements in diagnosis and therapy can have a huge
impact in terms of reductions in both mortality and morbidity.
Breast screening essentially relies on X-ray mammography.
However, false negatives and false positives hamper the
efficacy of the screening and lead to unnecessary treatment,
with involved physical and psychological morbidity, besides
non-negligible social costs, due to the high number of treat-
ments. Mammography is also less accurate in patients with
dense glandular breasts, including young women,'® with
reported sensitivity as low as 48%.'* Other imaging modali-
ties (for example, magnetic resonance imaging, positron
emission tomography, ultrasound) offer additional diagnostic
potential, yet with great social cost, or with strong depend-
ence on the operator’s experience.

Optical tools have raised much interest for the diagnosis of
breast cancer due to the non-invasiveness of optical radia-
tion and the potential low cost of photonic systems. Alongside
laboratory prototypes, a number of commercial continuous
wave systems have also been made available. A large number
of clinical studies have risen around the use of diffuse optics
for the fight against breast cancer, also fostered by support
given by the European Union and USA to large multi-labora-
tory research projects.* Different aspects have been investi-
gated, such as detection and diagnosis of breast lesions with
or without contrast agents,“'® monitoring of treatment efficacy
and prognosis in neoadjuvant chemotherapy'?" and assess-
ment of breast density as a risk factor for breast cancer.??%
A basic knowledge of the breast optical properties through
broadband spectroscopy can greatly help the optimal design
of such clinical applications.

The scope of this paper is to provide an overview on broad-
band optical spectroscopy of the breast, focusing on time-
resolved studies that were performed by our research group at
the Politecnico di Milano. Previous results will be integrated
with latest findings to provide a wider picture of this field, yet
with a deep focusing on the specific time domain approach.
In detail, we will first present the basic spectroscopy set-up
and related methods, then an insight into the interpretation of
absorption and scattering spectra will be given, with particular
emphasis on the role of key tissue absorbers. We will show the
spectral variety of breast optical properties among different
subjects and discuss its implications for optical imaging.
Intra-subject variations as a function of the measurement
geometry and of physiological changes will be addressed to
identify the range of applicability of clinical studies. Finally, an
example of an application to the assessment of breast cancer
risk will be presented with the latest clinical results.

Materials and methods
Experimental set-up

The measurement system, developed at Politecnico di Milano,
Department of Physics, is based on tunable pulsed lasers at
high repetition rates (= 100 MHz] as the illumination source
and time correlated single-photon counting (TCSPC) elec-
tronics for detection.?” Figure 1 shows a scheme of the
system set-up used in the following studies. Two different
lasers can be exploited for light injection, namely an actively
mode-locked Ti:sapphire laser, tunable in the 700-1100nm
range with pulses around 100 ps (full width at half maximum,
FWHM),% or a super-continuum source with broadband emis-
sion in the 550-1700nm range and pulses of a few tens of
picoseconds.'" Both sources were developed in the laboratory
starting from commercial lasers. In particular, a continuous
wave Ti:sapphire source was modified to achieve the mode-
locking regime via an acousto-optic modulator, continuous
operation in the whole spectral range by mirror flipping,and
tuning by a Lyot filter. Conversely, the super-continuum source
was coupled to a prism producing an angular dispersion of the
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Figure 1. A scheme of the system set-up used in the current studies. Illumination is supplied either by a Mode-locked Ti:sapphire laser
or by a pulsed super-continuum fibre source, with spectral selection achieved via a rotating prism. Detection is provided by time-
correlated single photon counting [TCSPC) with a temporal resolution of =70-200 ps.

spectrum. Tuning is accomplished by focusing the dispersed
light onto a slit and rotating the prism for wavelength selec-
tion, resulting in a spectral bandwidth =10 nm (FWHM). In both
sources, a rotating circular variable attenuator filter produces
an adaptable light attenuation to meet the requirements
of safety regulations (a few mWmm™2) and single-photon
counting statistics (counting rate <2-3% of the source repeti-
tion rate). These two sources present different advantages
and drawbacks, with the Ti:sapphire offering high power and
optimal spectral purity [FWHM <1nm and no side bands),
whereas the super-continuum source covers a wide spectral
range and allows smooth and easy operation.

Light is coupled into a graded index fibre for low temporal
dispersion (50pm core) connected to a 1m long, step index
fibre (1000 pwm core] for injection into the tissue. Re-emitted
light is then harvested by a second identical step index fibre,
which conveys photons to a microchannel plate photomultiplier
tube (MCP-PMT) with an S1 (Ag-0-Cs) surface sensitive up to
1100nm. The electronic pulses are then amplified and sent to
the STOP input of a TCSPC board. The synchronisation signal
(START]) of the board is taken either by splitting a small frac-
tion of the Ti:sapphire beam and detecting it with a photodiode
or directly from the super-continuum oscillator.

To track the effect of the system response, for each wave-
length, the instrument response function is recorded by directly
coupling the injection and collection fibres. A thin Teflon®
foil is inserted between the fibres to mimic a Lambertian
source (isotropic emission) and fill all modes in the collecting
fibre. Typically, the FWHM of the instrument response func-
tion—including laser pulse width, fibre optic dispersion, PMT
and electronic jitter, resolution of the TCSPC board—is in the

70-200ps range, depending on the wavelength, the laser used
and the operating conditions.

All operations involved in the measurement—wavelength
selection, mirror flipping and cavity adjustment, adaptive
attenuation, data acquisition and recording—are controlled by
a PC and fully automated.

Data analysis

The measured photon temporal distribution, or temporal point
spread function (TPSF), is interpreted using an analytical
solution of the radiative transport equation under the diffu-
sion approximation and applying the extrapolated boundary
conditions.® The TPSF at each wavelength is fitted with a convo-
lution of the theoretical model with the instrument response
function at the same wavelength. The free fitting parameters
are the absorption, p,, and the reduced scattering coefficient,
i’ =p.(1-gl, where p, is the scattering coefficient and g is the
anisotropy factor. In the following results, according to the
photon diffusion theory, only p./ will be used, as that repre-
sents an effective scattering coefficient assuming isotropic
scattering interactions in the medium. The fitting procedure is
implemented in an ANSI-C environment (LabWindows] using
the Levenberg-Marquardt algorithm.?’ Since the procedure is
relatively fast (<100 ms per wavelength) real-time visualisa-
tion of the absorption and scattering spectra is viable while the
measurement is in progress.

Measurement procedures

The breast is slightly compressed between two black PVC
plates. Amild compression is adopted just to provide controlled
geometry (slab) and boundaries [absorbing boundaries), and
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it is not expected to significantly affect the optical proper-
ties of breast tissue. The launching and collecting fibres are
inserted into holes made through the plates—normal to their
plane—so they reach the surface of the tissue. The fibres
can be either placed on the same plate at a fixed inter-fibre
distance [p), so as to explore the tissue beneath them (reflec-
tance), or on opposite plates on the same axis, probing the
medium between them (transmittance). The fibres are posi-
tioned in the centre of the compressed breast, so they are
sufficiently far from both the boundaries and the chest wall.
The compressed breast thickness typically varies in the 3-7cm
range, while reflectance measurements are performed at
inter-fibre distances of between 2cm and 4cm.

Measurements are typically acquired from 600-700nm up
to 1000-1100nm in steps of 5nm, averaging four acquisitions
of s each. Overall, in a given source-detector configuration, a
whole spectrum is obtained in about 15 min, including time for
wavelength tuning and automatic system adjustments.

All in vivo data reported in the following were obtained from
healthy subjects.

Interpretation of absorption and
scattering spectra

The absorption and scattering spectra, as obtained from the
fit of the TPSF, can be further analysed to derive information
on the visited medium. In particular, the absorption spectrum
is related to the chemical composition of the tissue through
the main constituents that absorb in this spectral range.

Conversely, the scattering spectrum is linked to the fine struc-
ture of the refractive index, due to small-scale heterogeneities
like cell membranes, intracellular organelles and structural
fibrils. In the following, we will briefly overview the absorption
properties of the key tissue constituents playing a major role
in the 600-1100nm range on one side and the relationship of
the scattering spectrum with the microscopic structure on the
other side.

Absorption spectra of tissue constituents

A good repository of the absorption spectra of some constitu-
ents in the visible-near infrared range is found in the website
created by Scott Prahl.* There is no unique information for
each component since literature studies are not always in
full agreement, and the absorption spectra can depend on
the environment and the temperature. Moreover, some rele-
vant spectral ranges are still missing. Thus, it is still an open
field for further improvements, given the impact of an inac-
curate pure substance spectrum on the estimate of tissue
composition. In Figure 2, we have reported the absorption
spectrum of the key tissue constituents we have considered
in the following analysis, namely water®! lipids,32 collagen,32
oxy- (Hb0,) and deoxy-haemoglobin (HHb].*® For water and
lipids, the spectrum refers to the pure substance, i.e. a mass
density of Tgcm™ and 0.9gcm™, respectively. HbO, and HHb
are referred to as molar concentration of 1uM, while collagen
was normalised to a reference density of 1gcm™.

Water is the dominant constituent in the region >900 nm
with a high peak around 980 nm and a shoulder in the 750nm
zone. Its relatively strong and broad absorption band is the
main cause of light attenuation in tissues beyond 900 nm.
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Figure 2. Absorption spectra of the major tissue absorbers: water (1gcm™), lipid (0.9 gcm™), collagen (1 gcm™), oxy- and deoxy-

haemoglobin (HbO, and HHb, 1pM).
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Lipids exhibit a narrow peak centred at 930nm that exactly
matches water absorption at the same wavelength (water-
lipid isosbestic point). HHb shows a generally decreasing
absorption upon increasing wavelength, yet with a relative
maximum at 760nm. The steep tail in the visible red, origi-
nated by a peak at 550nm, causes a severe light attenuation
below 650nm. HbO,, besides a decreasing tail in the red—yet
less pronounced with respect to HHb—has a broad maximum
around 900nm. Finally, collagen has a subtle spectrum, with
a decreasing tail in the red, which can often lead to cross-talk
with HHb; a minor peak around 910nm (largely masked by
lipids); and a main peak at 1020 nm, yet often overwhelmed by
the high water absorption. Indeed, collagen content in breast
tissue is often low (<0.1g cm™), thus its overall contribution to
the absorption spectrum is limited.

As previously noticed in the literature, the absorption spectra
of the main tissue constituents are not uniquely defined. As for
HHb and HbO, contributions, different spectra are reported,
mainly in the 750 nm region. The version in Figure 2 is derived
from Prahl's compilation,®® still lacking in information on
studies beyond 1000 nm.**** The measurement of the HHb and
HbO, spectra is not trivial since haemoglobin must be derived
from the lysis of red blood cells and complete deoxygenation
requires a specific chemical treatment.** Although apparently
trivial, water absorption measurements performed by different
researchers yielded different shapes around 980 nm.30:35-%7
Furthermore, a marked dependence of the water spectrum
upon temperature was observed, with appreciable variations
both in amplitude and shape when moving from room to body
temperature (i.e. 20°C to 37°C).*” Moreover, a different behav-
iour of bound water against free water was hypothesised to
lead to distinct absorption properties.®®% The lipids spectrum
reported in Figure 2 was obtained from the TRS measurement
of purified pig fat.*? It is worth noting that the derivation of
animal fat absorption from total attenuation continuous wave
measurements (for example, via a spectrophotometer) can
be severely affected by a residual scattering component, even
when the fat is melted down to its liquid phase. On the other
hand, the assessment of lipid absorption from transparent
vegetable fat (for example seed oil) can lead to artefacts due
to the important contamination of the chlorophyll contribution
around 670nm.*? In the case of collagen, quite a few data are
available. Its contribution in biological tissues, even in carti-
lage, is overwhelmed by water absorption, making its charac-
terisation awkward. It is available as a purified substance, in
the form of flakes*' which, due to the high scattering contribu-
tion, can be measured only using diffuse spectroscopy tech-
niques. It should also be remembered that different collagen
types exist in nature, with the most common one, collagen
type |, reported in Figure 2 but others with different abun-
dances in diverse tissues have yet to be studied.

Knowledge of the spectral features of the key tissue constit-
uents can be exploited to derive their abundance from a TRS
measurement. Assuming a uniform distribution of the different
absorbers within the probed volume, the recovered absorption
spectrum of the investigated tissue can be fitted with a linear

combination of the reference components’ spectra to retrieve
their concentration using Beer's law:

0 (\) = an () 0

where ¢, is the concentration of the /-th absorber and g\ its
extinction spectrum.

Scattering spectra

The interpretation of the scattering spectrum is not as
straightforward. In principle, the scattering properties of a
tissue could be derived from the study of the propagation
of the electromagnetic field within a locally inhomogeneous
medium. In practice, the complexity of the model, the huge
number of unknowns and the complex geometry of scattering
centres make it unfeasible to treat the problem rigorously.
Most of all, the microscopic heterogeneity of tissue causes
a smearing of the fine spectral details when a bulk meas-
urement is considered, resulting in a generally smooth and
monotonically decreasing scattering spectrum.

Thus, an empirical macroscopic description is usually
adopted. It was observed, both from simulations using the
Mie scattering model and from experimental measurements,
that the scattering spectrum in most biological tissues in
the “therapeutic window” roughly follows a power law in the
form:4243

w' (N~ a [A] 2

where X\g is an arbitrary reference wavelength used for dimen-
sional requirements, b is often termed the scattering power
and determines the slope of the spectrum in a log-log scale,
while a is an amplitude factor. Incidentally, a represents the
reduced scattering coefficient extrapolated at X\;. A useful
physical meaning of b can be hinted at by analysing a set
of Mie simulations for homogeneous spheres with different
radii using Equation (2). In this case, b can be related to the
radius [dimension) of the sphere, while a is related to the
volume concentration.*® Thus, a and b derived for a biological
tissue can be converted to an effective concentration and
dimension of the scattering centres. It must be underlined
that these figures are not the “real” average size and density
of the tissue scatterers, but rather effective parameters for a
sphere distribution yielding an equivalent scattering spectrum.
Nonetheless, these empirical quantities can be profitably used
to quantify microstructure-related features and possibly clas-
sify different tissue structures.

Equations (1) and (2] can also be exploited in a different way.
Instead of fitting the TPSF individually at each wavelength to
recover the absorption and scattering spectra, the whole set of
TPSFs, atall wavelengths, can be globally fitted with a diffusion
equation model where the absorption and reduced scattering
coefficients are linked [through Equation (1) and Equation
(2)] to the absorber concentrations and the structural a and
b parameters.* This a priori condition greatly reduces the
number of unknowns and improves the robustness of the fit
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at low signal levels. The drawback is that the spectra of the
components must be known in advance and it is not possible
to directly identify some hidden missing components or spec-
tral alterations in the primitive absorption spectra. Also, the
single exponent component in the scattering spectrum might
be an oversimplification in real tissues, where bi-modal distri-
butions could be identified.

In vivo breast spectroscopy
Inter-subject variations

The variety of breast optical properties that can be seen
among different women is represented in Figure 3. The in vivo
spectra of the absorption [Figure 3(a)], the reduced scattering
[Figure 3(b]] and the effective attenuation coefficient [Figure
3(c]] are presented for 10 healthy subjects (age range 26-63
years). Data were obtained averaging the optical properties
measured on both breasts in transmittance geometry right in
the central region, with the breast being slightly compressed
between two black PVC plates (thickness range of compressed
breast 2.9-6.3cm, median 4.0cm).*2 The absorption spectrum
[Figure 3(a)] shows large variations both in wavelength and
among subjects. The main spectral features that can be easily
identified are the decreasing tail of HHb and HbO, in the red,
the lipid peak at 930nm and the water absorption maximum
around 980nm. The region around 760 nm is quite complex
due to the overlapping of minor water, lipid and HHb peaks.
The broad absorption band of HbO, at about 900nm can not
be identified since it is overwhelmed by the marked water and
lipid peaks; conversely, it contributes to the overall absorption
in the NIR region. Also, collagen features are not visible since
the intrinsic absorption of collagen is rather low, thus making
its accurate quantification often non-trivial. The key differ-
ences among women can easily be seen in the 900-1000nm
region where different abundances of lipids and water yield
substantially diverse absorption properties. It is worth noting
that, at 930nm (the water-lipid isosbestic point], all subjects
show a similar absorption, not surprisingly since at this wave-
length water and lipids are the main constituents, thus breast
absorption will depend mainly on the water+lipid total content
(accounting for almost 100% of the total volume) and not on
their relative abundance.

The scattering spectra [Figure 3(b]] exhibit lower varia-
tions. At 800nm p./ ranges between 10cm™" and 17cm™ for all
subjects. The spectra can vary both in amplitude and in slope,
the latter being generally higher in water-rich breasts. The
reason is that the breast with a prevalence of glandular and
fibrous tissue has an important water content compared to a
more adipose breast and also, due to the presence of collagen
fibrils, a steeper descendent scattering spectrum.

The knowledge of both p, and p.’ can be used to derive an
effective attenuation coefficient . =4/3pp’, which yields the
total light attenuation while travelling through the medium.*
As a rough approximation, light injected as a collimated pencil
beam of intensity /; into a homogeneous slab of thickness d

(for example, the breast compressed between two parallel
plates] is re-emitted on the opposite side along the axis with
an intensity / o /; expl(-ji.d).”® Using the absorption and scat-
tering spectra shown above, the effective attenuation spectra
[Figure 3(c)] can be derived for the 10 subjects. Again, large
spectral and inter-subject variations are observed. The region
between 650 nm and 850 nm shows the lowest attenuation and,
indeed, the vast majority of studies involving breast imaging
and tomography have explored that spectral range. Conversely,

0.6

0.4

0.2

0.1
0.08

0.06

absorption (cm‘1)

0.04

T T T T 1
600 700 800 900 1000 1100

reduced scattering (cm™)

600 700 800 900 1000
5
4.5

(C)
35

25

1.5

effective attenuation (cm'1)

T T T 1
600 700 800 900 1100

Wavelength (nm)

1000

Figure 3. Optical spectra collected in transmittance geometry
from the breast of 10 subjects: absorption (a), reduced scatter-
ing (b) and effective attenuation (c) coefficient.
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the region around 1100nm is largely unexplored, despite
light penetration being comparable to the 650-850nm range
and the main tissue absorbers show quite distinct spectral
features. Clearly, beyond 900-1000 nm, detectors are noisier
and less efficient, although, also for time-resolved measure-
ments, InGaAs single-photon detectors are reaching quite
useful performances.*

The absorption and scattering spectra can be further
analysed to derive tissue composition and structure, as
described in the section “Scattering spectra” and as shown
in Figure 4. The concentrations of the main tissue absorbers
in this spectral range (water, lipids, collagen, HHb, HbO,) for
the 10 volunteers are shown in Figure 4(a), where subjects
are ordered according to decreasing water content. Clearly,
upon decreasing water, lipid abundance increases. In contrast,
collagen is a main structural protein in fibrous-glandular
tissue, which is also rich in water. Thus, the amounts of
collagen and water are positively correlated. HbO, and HHb
contents are in the 7-20pM and 2-10pM range, respectively.
The corresponding a and b values derived from an empirical
Mie model of scattering spectra are shown in Figure 4(b) for
the same subjects in the same order. Higher b values, implying
smaller scattering centres, are seen in water-rich breasts and
are indicative of more fibrous tissue.

Effect of measurement geometry

The effect of the measurement geometry on the retrieved
absorption spectrum is shown in Figure 5 for two healthy pre-
menopausal subjects (#1, 40 years and #2 50years). Reflectance
measurements at source-detector distances of 2cm, 3cm and
4cm are shown, together with transmittance measurements
along the axis, always with the breast slightly compressed
between two black PVC plates (thickness 3.1cm and 4.3cm for
subjects #1 and #2, respectively).*” With regards to the absorp-
tion spectra [Figure 5(a)], the water peak is more prominent
for reflectance measurements at larger inter-fibre distances,
whereas transmittance measurements are more similar to
reflectance at 2cm. A similar trend is also observed in other
subjects, while transmittance measurements can yield a water
peak intermediate compared to reflectance spectra (data not
shown). This is in agreement with the uneven distribution of the
mammary gland, denser in the centre of the breast, and covered
by fatty tissues. In the case of reflectance measurements, the
maximum depth sensitivity increases upon increasing the
photon transit time. Thus, larger inter-fibre distances are often
more sensitive to the mammary gland and detect a higher water
content. Conversely, transmittance measurements probe the
whole thickness and are thus possibly more representative of
the average breast properties. The scattering spectra [Figure
5(b]] show larger dependence on the measurement geometry,
with changes in amplitude and, in the case of Subject #2, also
in slope.

Physiological changes

As for otherimaging and diagnostics modalities (for example
ultrasound, X-ray), an issue is the potential variation of the
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Figure 4. Tissue composition in terms of water, lipid, collagen,
HbO, and HHb (a) and scattering parameters (b) for the 10
subjects shown in Figure 3. Increasing subject identification
number corresponds to decreasing water content.

measurements over time, particularly related to the physio-
logical changes within the breast. This aspect is particularly
relevant for comparing breast measurements on different
women. In line with this, we tracked the breast absorption
and scattering spectrum on a healthy subject (age 36) over
two months, with measurements performed every four to
five days.*® The spectra were then grouped according to the
phase of the menstrual cycle, as defined in Table 1.4’ Figure
6 shows the absorption and scattering spectra in trans-
mittance geometry, averaged over the cycle phases. The
absorption spectrum [Figure 6(a)] shows very little variation,
apart from some increase in water content in phases IV and
V, which can be explained because of the water retention
leading to higher water concentration.
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Figure 5. Absorption (a) and reduced scattering (b) spectra
obtained in transmittance geometry (T) or in reflectance
geometry with inter-fibre distance of 2cm (R2), 3cm (R3), or
4cm (R4) for two subjects (for example #1_R2 refers to spectra
obtained from Subject #1 in reflectance geometry with inter-
fibre distance of 2cm).

Figure 6. Absorption (a) and reduced scattering (b) spectra
obtained from a subject in the different phases of the men-
strual cycle (see Table 1).

The scattering spectrum [Figure 6(b]] shows somewhat
larger variations, with higher scattering values during phases

I and I, possibly related to the changes in structure occurring
in the mammary gland (see Table 1). In any case, the slope

Table 1. Definition of menstrual cycle phases (according to Vogel et al.*’).

Phase number Phase name Days Structure
| Proliferative 3-7 Dense cellular stroma
I Follicular 8-14 Dense cellular-collagenous stroma
l Luteal 15-20 Loose broken stroma
v Secretory 21-27 Loose oedematous stroma
V Menstrual 28-2 Dense cellular stroma
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of the spectrum is largely stable all over the phases. More
specifically, changes in the absorption and scattering proper-
ties that are related to the menstrual cycle are smaller than
differences observed among subjects with different breast
type (Figure 4 compared to Figure 5). Thus, a classification of
breast type based on the average optical properties is feasible
with a large tolerance on the timing of the examination and
longitudinal studies on the evolution of breast optical proper-
ties (for example, following neoadjuvant chemotherapy)'%
are also feasible.

It is worth mentioning here that time-resolved diffuse spec-
troscopy provides absolute values of p, and p./ without the
need of calibration or a priori modelling of the optical spectra.
Also, since the retrieval of p, and .’ depends on the temporal
shape of the photon distribution and not on its amplitude, the
measurement is completely unaffected by optical coupling
or skin pigmentation. This leads to a greater robustness of
the technique and entitles one to use absolute thresholds for
breast or lesion classification.

Breast cancer risk prediction

As an example of the potential of breast spectroscopy for the
fightagainst breast cancer, we present the results on an ongoing
clinical study for the non-invasive assessment of breast cancer
risk by diffuse optical spectroscopy.?? The goal is to ascertain
if optical measurements can be effectively used to derive the
breast density (defined by X-ray mammography), which is an
important risk factor for the onset of breast cancer.® Details
on the system set-up, on the clinical procedures, and on data
analysis are given in a report on the preliminary results of the
study.” Here, we just summarise those preliminary results that
were obtained on the first 49 women (age range 31-78 years,

median 51) and confirmed later on a higher number of subjects
(71 subjects, data not published). Briefly, the clinical system
is operated at seven discrete wavelengths (635nm, 685nm,
785nm, 905nm, 930nm, 975nm, 1060nm) and an XY translation
stage makes it possible to scan the whole breast in transmit-
tance geometry while softly compressed between two trans-
parent glass plates [median thickness of the compressed breast
5.2cm). The scan time depends on the size of the scanned area,
ranging typically from 5 min to 10 min per image. The optical
properties averaged over the whole scanned area, excluding the
borders that might be affected by artefacts, are used to retrieve
the average tissue composition (HHb, HbO,, water, lipids,
collagen) and structure (a, b) of the breast. Mammographic
breast density was graded applying the Breast Imaging and
Reporting Data System (BI-RADS), which classifies breasts as:
(i) almost entirely fat (category 1); (i) scattered fibroglandular
densities [category 2J; (i) heterogeneously dense (category 3);
and (iv) extremely dense (category 4).

Figure 7 shows the correlation of the different optical param-
eters with the BI-RADS categories. Since X-ray attenuation is
mainly due to water and also to glandular and stromal tissues,
a strong correlation is observed between breast density and
different optically retrieved parameters (water, collagen, b and,
inversely, lipids). The correlation is even stronger using the
synthetic optical index, Ol defined as:

Water][cotlagen]xb

fipid &

o1

where parameters that are expected to increase with breast
density (i.e. the concentrations of water and collagen, and
the scattering slope b) are all multiplied and divided by lipid
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Figure 7. Optically derived parameters as a function of BI-RADS categories: water (a), lipid (b), collagen (c), tHb (d), SO, (e), a (f), b (g),
and Ol (h). Results are expressed as mean+SD. Statistical significance of the difference between different categories was estimated
with the Mann-Whitney test. P values <0.05 were considered significant and are reported in the figure. (Reproduced, with permission,

from Taroni et al.??).
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concentration, which conversely is expected to decrease upon
increasing breast density.

Overall, the optical index can significantly separate category
4, the highest density (highest cancer risk], from category 3 (P
< 0.0001) and category 4 from all the others with even higher
confidence. Comparable conclusions were drawn in another
large clinical study based on diffuse transmittance spectros-
copy yet with continuous wave acquisition.? Instead of extrac-
tion of tissue constituent concentrations, the study treated the
whole spectra with principal component analysis, deriving a
good separation of breast density classes using statistically
inferred spectral features.

All these findings indicate a fascinating perspective. Breast
cancer is impressively impacted by early diagnosis. If the tumour
is diagnosed in the early stage [nodule < 1cm, and no lymph
node involvement], complete cure is gained in 95% of cases.
Thus, optical tools could be used to identify a restricted cluster
of women at higher risk for whom a personalised diagnostic
path (for example, recurrent clinical examination, ultrasound,
magnetic resonance imaging, prevention) could be foreseen
and to hit cancer at its early onset or even prevent it. Since
light at such a low power is completely safe, screening can be
performed at a young age, different from X-ray mammography,
in order to also address young women, in whom tumours are
often aggressive and with even harsher impact on life quality
and society. Further, quite recently, breast density was found
to correlate more strongly with some specific tumour types,
generally with higher index of malignancy.®"** Thus, knowledge
of breast classification can help clinicians to set up an opti-
mised diagnostic strategy. So far, only the direct correlation of
optical parameters to mammographic breast density has been
considered. Yet, the direct correlation of single parameters,
such as collagen content or b value (related to microstructure)
to cancer risk could prove valuable. Indeed, it has been hinted
that collagen itself is directly related to breast carcinogen-
esis. % Thus, its detection could lead to a better demarcation
of risk clusters, with better affordability for society and more
targeted interventions. Last, but not least, easy non-invasive in
vivo assessment of collagen and structure can greatly benefit
clinical research, trying to elucidate the aetiology of breast
oncogenesis with respect to the proven correlation with breast
density.

Conclusions

In conclusion, we have presented an overview of in vivo breast
spectroscopy using time-resolved broadband diffuse optical
spectroscopy, in view of the potential use of optical tools for
diagnosis and treatment monitoring of breast cancer. The
key advance of the time-resolved approach is the capability
to uncouple absorption from scattering contributions, leading
to the estimate of tissue absorption and scattering spectra
with no need for external calibration or statistical gauging on
a large population. Working in the 600-1100nm range, the
main spectral features related to HHb, HbO,, water, lipids

and collagen can be identified from the absorption spectrum,
together with tissue-structure parameters from the scat-
tering spectrum. A large variability in tissue composition
and structure is observed among different women, leading
to the classification of different breast types, namely mainly
lipid patterns on the one hand and fibrous and water rich
patterns on the other. Due to the heterogeneous structure
of the breast, reflectance measurements can yield different
results for increasing inter-fibre distances because of larger
depth sensitivities for longer distances. Conversely, transmit-
tance measurements provide an average picture through the
whole breast, and could be preferable to derive average infor-
mation. Intra-subject physiological variations arising from
different phases of the menstrual cycle are much smaller than
inter-subject differences, thus allowing one to perform inter-
subject classification and grading and longitudinal studies on
the same women, for example for treatment monitoring. After
presenting the basic knowledge of physiological breast optical
properties, an attractive use of optical tools for non-invasive
assessment of breast cancer risk was presented.

Despite a large number of studies on breast imaging and
spectroscopy, the field is still quite open both for new research
directions, as tumour detection with contrast agen‘[s,w5
dynamic breast imaging,® assessment of tumour-related
spectral alterations,*” monitoring of neoadjuvant chemo-
therapy,18 assessment of cancer risk? and also for novel tech-
nical approaches, such as exploring the spectral range well
beyond 1000nm, or exploiting dense high-throughput source-
detector arrangements.

Time-resolved diffuse optical spectroscopy has particularly
benefited from the impressive growth of photonics during the
last decades. What once required ultra-fast laser laborato-
ries hosted at large-scale facilities’ can now be squeezed
into portable clinical prototypes.'" Furthermore, research
is moving at an impressive pace, mainly towards miniaturi-
sation, integration, multiplexing and cost reduction. Novel
detection schemes are being proposed, making feasible new
approaches that were just unthinkable, such as deep tissue
spectroscopy using a null inter-fibre distance.” The real clue
now seems to be the identification of clear endpoints that are
meaningful for physicians. To this end, basic spectroscopy
studies can still play an important role.
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