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optical properties of breast tissue, which are in turn
associated with features that bear diagnostic potential.
This article reviews the sources of intrinsic optical
contrast featured by breast cancer, their biological,
physiological, and pathological correlates, their measurements reported in the literature, and typical optical
breast imaging methods.

Abstract—Optical methods to detect breast cancer on the
basis of its increased opacity have been explored for some
time. These methods have matured to a point in which they
are capable of quantifying the optical properties of breast
tissue and translating them into measures of concentrations
of relevant tissue components. In particular, near-infrared
spectroscopy has been employed to determine the concentrations of hemoglobin, water, and lipids, as well as oxygen
saturation of hemoglobin and optical scattering properties in
normal and cancerous breast tissue. Dynamic optical measurements can also identify abnormal hemodynamic patterns
associated with breast cancer. We review, in this article, a
number of results in the ﬁeld, which show that cancerous
tissue is associated with higher hemoglobin and water
concentrations, and a lower lipid concentration with respect
to normal breast tissue. Indications that breast cancers are
characterized by lower hemoglobin saturation and stronger
scattering decay as a function of wavelength are less robust,
with variable results reported in the literature. Intrinsic
sources of optical contrast associated with breast cancer can
also be used to monitor individual response to neoadjuvant
therapy.

SOURCES OF INTRINSIC OPTICAL CONTRAST
IN BREAST TISSUE
The useful spectral window for optical mammography, i.e., the wavelength range over which light
transmission is appropriate for transillumination of the
female breast, extends from ~600 to ~1100 nm. This
spectral region determines the sources of intrinsic
optical contrast in breast tissue, which are associated
with optical scattering and light absorption, either in
static or dynamic measurements. This section covers
such sources of optical contrast and associated biologic
features of normal and cancerous breast tissue.

Keywords—Breast cancer, Diffuse optical imaging, Photon
migration, Intrinsic optical contrast, Hemoglobin concentration.

Scattering Contrast

INTRODUCTION

At the wavelengths used for diﬀuse optical
mammography (600–1100 nm), breast tissue is highly
scattering, and the reduced scattering coeﬃcient (l0s ~
6–15 cm21) is signiﬁcantly greater than the absorption
coefﬁcient (la ~ 0.02–0.12 cm21). The reduced scattering coefﬁcient and its wavelength dependence are
optical parameters that reﬂect tissue structure at cellular and subcellular levels, as well as tissue architecture.42 For this reason, scattering amplitude
(associated with the value of the reduced scattering
coefﬁcient, and denoted with a) and scattering power
(associated with its wavelength dependence, and
denoted with b) are optical parameters that reﬂect

Optical mammography is a diﬀuse optical imaging
technique that aims at detecting breast cancer, characterizing its physiological/pathological state, and/or
monitoring the eﬃcacy of therapeutic treatment. The
basic idea is to illuminate the breast with red/nearinfrared light that is then detected after it has propagated through breast tissue. The detected optical signals
provide information on the spatial distribution of the
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intrinsic contrast associated with tissue structure as
well as size and spatial distribution of cellular and
subcellular units. The scattering amplitude and power
can be deﬁned by the following equation51:
 b
k
l0s ¼ a
;
ð1Þ
k0
where k0 is a reference wavelength. According to
Eq. (1), a has units of cm21 and represents the reduced
scattering coefﬁcient at k0, whereas b is dimensionless
and describes the wavelength dependence of the
reduced scattering coefﬁcient. A slightly different definition of scattering amplitude (A) and power (B) is
ubiquitous in the literature, namely, l0s ¼ AkB ; but
this deﬁnition raises the question: what are the units
and the physical meaning of A? Furthermore, it does
not decouple the two coefﬁcients (in fact A ¼
l0s ðk0 ÞkB0 ), which can explain the strong correlation
between A and B that has been reported.10 However,
the information content of the scattering power
according to the two deﬁnitions (b and B) is the same.
Values of the scattering power b in breast tissue vary
signiﬁcantly with tissue composition and are typically
within the range of 0.4–1.6.9,14
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oxy-hemoglobin and deoxy-hemoglobin, as well as the
absorption of fat,58 were taken from data tabulated by
Scott Prahl (http://omlc.ogi.edu/spectra), whereas the
absorption spectrum of water was taken from Hale
and Querry.23 Figure 1 also shows the reduced scattering spectrum given by Eq. (1), with k0 = 670 nm,
a = 10.5 cm21, and b = 0.8, which are typical values
for breast tissue (see references in Table 1).

Optical Indices
A variety of optical indices have been introduced to
identify optical measurements that best correlate with
the pathological state of breast tissue or with tissue
density levels. For example, tissue optical indices (TOI)
aimed at enhancing contrast between cancerous
and healthy tissue have been deﬁned as follows:
Shah et al.47
ðcancerÞ

TOI1

The absorption of oxy-hemoglobin and deoxyhemoglobin dominates at the shorter wavelengths
(600–850 nm) of the spectral window for optical
mammography. The molar extinction coeﬃcient of
oxy-hemoglobin and deoxy-hemoglobin at the isosbestic point of ~800 nm is ~2000 cm21 M21 (for a full
hemoglobin molecule (four heme groups) and extinction coefﬁcients deﬁned to base e). The absorption of
lipids and water are relevant at longer wavelengths
(900–1000 nm) [as a result of absorption peaks at
925 nm (lipids) and 975 nm (water)], and collagen
content can be characterized by means of even longer
wavelengths (1000–1100 nm) as a result of a collagen
absorption peak at ~1,025 nm.51,53 Quantiﬁcation of
oxy-hemoglobin ([HbO]) and deoxy-hemoglobin
([Hb]) concentrations in breast tissue allows for measurements of tissue oxygen saturation {StO2 = [HbO]/
([HbO] + [Hb])} and total hemoglobin concentration
([HbT] = [HbO] + [Hb]). The absorption spectrum
resulting from typical concentrations of HbO, Hb,
lipids, and water in breast tissue, namely, [HbO] =
36 lM, [Hb] = 17 lM, [Water] = 16%, and [Lipid] =
66% (see references in Table 1) is reported in Fig. 1,
where one can appreciate the relatively low absorption
of breast chromophores at wavelengths between 600
and 1,000 nm. The molar extinction coefﬁcients of

½H2 O][HbT]
;
½Lipid]StO2

ð2Þ

½H2 O][Hb]
;
½Lipid]

ð3Þ

½HbT] l0s
:
StO2

ð4Þ

Cerussi et al.10
ðcancerÞ

TOI2
Absorption Contrast

¼

¼

Choe et al.12
ðcancerÞ

TOI3

¼

The deﬁnitions in Eqs. (2)–(4) are based on some
results indicating that, in comparison with healthy
tissue, breast cancer may feature (1) a greater hemoglobin concentration, water content, and reduced
scattering coefﬁcient; and (2) a lower lipid content and
hemoglobin saturation. These ﬁndings are described
below in ‘‘Optically Measured Features of Breast
Cancer’’ section and discussed in ‘‘Discussion’’ section.
A synthetic tissue optical index that is hypothesized, on
the basis of breast physiology, to correlate with
mammographic tissue density has been deﬁned by
Taroni et al.52 as follows:
TOIðtissue densityÞ ¼

½H2 O][Collagen] b
:
½Lipid]

ð5Þ

Dynamic Responses to Pressure Perturbations
and Physiological Challenges
Pressure-induced microvascular changes can diﬀerentiate tissue regions characterized by diﬀerent
mechanical properties. In fact, externally applied
pressure induces a spatial distribution of interstitial
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TABLE 1. Optically measured parameters of normal breast tissue and breast cancer.

Reference
37
11
50
22
25
10
16
12
61
65
18

Scatter power
(b)

[HbT] (lM)

StO2 (%)

[Water] (%)

[Lipid] (%)

n
Cancer

Scattering (a or l0s )
Cancer

Normal

Cancer

Normal

Cancer

Normal

Cancer

Normal

Cancer

Normal

Cancer

5
44
32
87
14
58
19
41
3
61
26

–
–
ﬂ
›
–
›
ﬂ ﬁ ›
›
ﬁ
–
›

–
–
~0.7
1.0(3)
0.5(2)
0.6(2)
–
–
1.0(2)
–
0.91(1)

–
–
ﬁ
1.4(7)
–
0.7(3)
–
–
1.3(2)
–
–

18(5)
–
12(6)
17(6)
20(4)
17(7)
–
–
17(2)
39(15)
19(6)

130(100)
›
›
53(30)
28(9)
24(9)
›
›
28(4)
70(18)
27(14)

69(6)
–
71(10)
74(7)
70(8)
68(9)
–
–
68(4)
–
73(6)

60(9)
ﬂ
ﬁ
72(4)
68(16)
68(8)
ﬂ ﬁ
ﬁ
64(5)
–
75(6)

–
–
–
–
38(21)
19(10)
–
–
15(4)
–
–

–
–
–
–
41(16)
26(13)
–
–
26(2)
–
–

–
–
–
–
–
66(10)
–
–
69(18)
–
–

–
–
–
–
–
59(15)
–
–
45(7)
–
–

Absorption or Reduced Scattering coeff (cm -1 )

n is the number of cancerous lesions investigated. Numbers in parenthesis indicate standard deviations. Arrows indicate whether the
corresponding parameter in breast cancer is smaller (ﬂ), comparable ( ﬁ ), or greater (›) than in normal breast tissue. Multiple arrows in a
cell indicate different results observed across subjects.

Physiological Basis for the Diagnostic Value of Intrinsic
Optical Contrast
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FIG. 1. The continuous line is the absorption spectrum
resulting from typical concentrations of HbO, Hb, lipids, and
water in breast tissue, namely [HbO] 5 36 lM, [Hb] 5 17 lM,
[Water] 5 16%, and [Lipid] 5 66% (see references in Table 1).
The dashed line is the reduced scattering spectrum given by
Eq. (1) with k0 5 670 nm, a 5 10.5 cm21, and b 5 0.8, which
are typical values for breast tissue (see references in Table 1).
The chromophores associated with specific absorption peaks
are indicated as O (oxy-hemoglobin), D (deoxy-hemoglobin), L
(lipids), and W (water). Absorption peaks of individual tissue
chromophores giving minor contributions to the overall
absorption spectrum are indicated in parenthesis [(D), (L)].

ﬂuid pressure (IFP) that reﬂects local tissue stiﬀness. In
turn, perturbations to the IFP determine transient
changes in the vascular architecture, blood ﬂow, blood
volume, and tissue saturation that can be measured
with non-invasive optical techniques to reveal tissue
dynamics characteristic of healthy tissue, benign
lesions, and cancerous tissue. An intrinsic spatial distribution of IFP in tissue can also result in a source of
contrast for the hemodynamic response to a number of
physiological challenges.

Cellular organization, subcellular morphology, size,
and density of cellular organelles all contribute to the
tissue-reduced scattering coeﬃcient and to its wavelength dependence.42 Light scattering spectroscopy
(LSS), a single-scattering technique, has been
employed to detect early cancerous changes in a variety
of organs.38 Elastic scattering spectroscopy (ESS), a
diffuse reﬂectance technique, has been applied to
breast cancer diagnosis as an optical biopsy approach.3
These optical scattering diagnostic techniques reveal
cancer-induced structural changes at a cellular level, as
well as changes in size and density of subcellular
components (nuclei, mitochondria, etc.).34
Total hemoglobin concentration in tissue ([HbT]),
which is directly related to blood volume, is aﬀected by
vascularization changes induced by tumor growth.
Such vascularization eﬀects include (a) perturbations
to the morphology and functional viability of preexisting host vessels, and (b) neovascularization due to
tumor angiogenesis factors.1,59 The abnormal vascular
architecture of cancerous tissue (including dilatation of
blood vessel, vascular tortuosity, formation of cystiform blood vessel, etc.), neovascularization, and blood
cell extravasation (hemorrhage) all contribute to a
local increase in [HbT].
In healthy tissue, the oxygen saturation of hemoglobin (StO2) is the result of the balance of oxygen
supply (as determined by arterial saturation, blood
hemoglobin concentration, and blood ﬂow) and oxygen demand (as determined by the tissue metabolic rate
of oxygen). In cancerous tissue, there are a number
of complicating factors, such as the structural and
functional disruption of the microvasculature, altered
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diffusion conditions that may impair effective oxygen
transport to the tissue,24 and a right shift in the
hemoglobin dissociation curve as a result of tissue
acidosis,19,59 which determines lower hemoglobin saturation values for a given partial pressure of oxygen.
One has to keep in mind that the value of StO2 measured with optical methods reﬂects the oxygen bound
to hemoglobin or, more exactly, the fraction of
hemoglobin that binds oxygen within the volume
probed by the optical sensor. In a situation where the
vasculature is structurally and functionally disrupted,
cystiform, or tortuous blood vessels, unstable direction, and speed of blood ﬂow, obstruction of microvessels, arteriovenous shunts, and blood extravasation
are all elements that play a role in determining the
value of StO2. Consequently, blood ﬂow and oxygen
consumption are the only two of a number of factors
that determine StO2. Blood ﬂow in non-necrotic breast
cancer tissue has been reported to be greater (0.07–
0.40 mL g21 min21,2 0.35 mL g21 min21,49) than
blood ﬂow in post-menopausal normal breast tissue
(~0.04 mL g21 min21,2). The range of oxygen consumption rates in breast cancer (3–10 lL g21 min21)
has been reported to include higher values than that in
the postmenopausal breast (3–6 lL g21 min21), albeit
the two ranges overlap.59 However, the partial pressure
of oxygen (pO2), a measure of the amount of oxygen
actually available for cellular metabolism, was found
to be signiﬁcantly lower in breast cancers [median:
24 mmHg for pathological stages T1–T2 (n = 10);
median: 35 mmHg for pathological stages T3–T4
(n = 5)]60 than in normal breast tissue [median:
65 mmHg (n = 16)]. Furthermore, direct measurements of intracapillary oxygen saturation of hemoglobin in animal tumor models43 and in human tumors
of the oral cavity35 have been found to be signiﬁcantly
lower than hemoglobin saturation values measured in
normal tissues. Finally, diffuse reﬂectance spectroscopy performed by a biopsy-needle-based optical sensor in situ, before surgical resection of breast tumors,
has found signiﬁcantly lower StO2 values in malignant
tissues (~45%) vs. non-malignant tissues (~82%).4
An ex vivo magnetic resonance spectroscopy (MRS)
study in animal models has shown that cancerous tissue has a higher percent water content (~80 to 93%)
with respect to normal tissue (~66 to 277%).30 In vivo
MRS studies on human subjects have found that
breast cancer shows an elevated water-to-fat ratio with
respect to benign lesions and normal breast tissue.26,55
This ﬁnding is consistent with the [H2O]/[Lipid] factor
in the TOI of Eqs. (2) and (3) that are aimed at
enhancing tumor contrast in optical images. It has also
been reported that, with respect to normal tissue,
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breast cancer features a decreased tissue collagen
content.6
Invasive breast cancers are associated with higher
IFP than benign tumors and normal breast tissue,36
which affects local hemodynamics. Breast cancer is
also typically stiffer than normal tissue; Young’s
modulus values of ~3 kPa for normal breast tissue and
10–42 kPa for different breast cancers have been
measured ex vivo,44 and a cancer-to-normal tissue
elasticity contrast of ~6.4 has been reported in vivo.33
This contrast in the IFP and in the mechanical properties of cancerous tissue can affect cancer hemodynamics both at baseline and in response to
physiological challenges or externally applied
mechanical perturbations to the tissue.
OPTICALLY MEASURED FEATURES
OF BREAST CANCER
A near-infrared spectroscopy study has quantiﬁed
the concentration of the main chromophores in breast
tissue (oxy-hemoglobin, deoxy-hemoglobin, water, and
lipids), and their intra- and inter-subject variabilities in
healthy subjects.41 A review of clinical studies involving optical mammography has been recently published,
and it is a valuable reference for optical measurements
on healthy and diseased breasts.32 Table 1 reports a
number of optically measured parameters of normal
breast tissue and breast cancer taken from the recent
literature. Numbers in Table 1 are average values of
the parameters over multiple subjects, with associated
standard deviations indicated in parentheses. When no
speciﬁc values are provided, an arrow in the ‘‘cancer’’
column indicates whether the corresponding parameter
is smaller (ﬂ), comparable ( ﬁ ), or greater (›) in
breast cancer compared to normal breast tissue.
Scattering Properties
The two parameters that characterize scattering
properties are the scattering amplitude a (or the value
of l0s at a reference wavelength) which is mainly associated with the density of the scattering centers, and
the scatter power b (or the wavelength dependence of
l0s ), which is mainly associated with their size distribution. The scattering amplitude was found to be
smaller,50 comparable,61 or greater10,12,18,22 in breast
cancer compared with normal breast tissue.16 A more
consistent result of a greater scatter power in breast
cancer vs. normal tissue has been reported, even
though such cancer-induced increase in scatter power
may be small,10 and some studies have not detected
any scatter power contrast in malignant tumors.50
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Concentration and Oxygen Saturation of Hemoglobin
As discussed in ‘‘Absorption Contrast’’ section, the
absorption contrast provided by breast cancer at the
shorter wavelengths (600–850 nm) of the diagnostic
spectral window is mostly associated with the tissue
concentrations of oxy-hemoglobin and deoxyhemoglobin. In turn, their sum is associated with the
blood volume and their ratio is associated with the
oxygen saturation of hemoglobin. As shown in
Table 1, breast cancer is consistently associated with a
greater [HbT] with respect to normal breast tissue.
While this appears to be a strong optical signature of
breast cancer, it is also not highly speciﬁc as other
benign breast lesions can also be associated with higher
levels of blood volume. The oxygen saturation of
hemoglobin in tissue (StO2), with its functional information content related to blood ﬂow, tissue metabolic
rate, vasculature viability, and efﬁciency of oxygen
diffusion, holds promise for being a more speciﬁc
parameter for cancer detection. However, while there
are reports of oxygen desaturation in breast
cancer,11,37,63 a number of studies have reported
inconsistent results across subjects,16,61 or have not
detected a signiﬁcantly lower cancerous vs. normal
tissue StO2.10,18,22,25,50
Water and Lipid Content
Optical measurements, especially if spectrally
extended at wavelengths beyond 900 nm, can quantify
water and lipid content in tissue. As reported in
Table 1, these measurements have consistently found a
higher water content and a lower lipid content in
cancerous tissue vs. normal breast tissue. This is consistent with the MRS studies mentioned in ‘‘Physiological Basis for the Diagnostic Value of Intrinsic
Optical Contrast’’ section.26,30,55
Dynamic Features
Optical measurements, with their strong sensitivity
to hemodynamics and blood distribution, lend themselves to dynamic measurements under baseline conditions, in association with externally applied pressure
to breast tissue, or in response to physiological
challenges.
Diﬀuse correlation measurements based on the
temporal decay of the optical autocorrelation function
have shown a signiﬁcantly greater blood ﬂow in human
breast cancers with respect to measurements on healthy tissue.15 This is consistent with the results obtained
with dynamic positron emission tomography.2,49
Studies of the hemodynamics following breast
compressions in healthy volunteers have found that the
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externally applied pressure induces changes in [HbT]
and StO2,28,29 which can also be employed to estimate
tissue blood ﬂow and oxygen consumption.5 These
pressure-induced dynamic changes in the hemodynamics have the potential to provide additional physiological parameters of diagnostic value in optical
mammography. In fact, a study of the hemodynamic
changes induced by externally applied pressure has
found signiﬁcantly different rates of change of [HbT]
and StO2 in breast cancer vs. healthy tissue.62 Furthermore, a dynamic optical breast imaging study,
based on the optical transmission variability during
externally applied pressure to the breast (a sequence of
15 s at 5 mmHg, 30 s at 10 mmHg, 15 s at 5 mmHg),
found that a monotonic intensity change during pressure application (as opposed to oscillatory or no
change) is indicative of malignancy.20
A study of the response to a Valsalva maneuver
(named after the Italian physician Antonio Maria
Valsalva), which consists of forcibly attempting expiration with the nose and mouth closed, has found that
during such maneuver breast cancer features a greater
increase in deoxy-hemoglobin concentration than
normal tissue.45 The Valsalva maneuver is just one
example of a physiological challenge that can affect
tissue hemodynamics and identify tissue regions with
compromised vascularization, elevated IFP, and/or
abnormal metabolic rate such as the case for cancerous
tissue.

OPTICAL IMAGING APPROACHES TO BREAST
CANCER DETECTION
Figure 2 gives a visual summary of the kinds of
images generated by optical mammography. In general, these are low-resolution images because of the
diffusive nature of light propagation in tissue. The
value of these images rests on the contrast provided by
breast cancer on the basis of a number of physiological
parameters as described above. The images of Fig. 2
are representative of the state of the ﬁeld, and we will
not attempt to describe them in great detail here.
Interested readers are directed to the references provided in the caption of Fig. 2 for their detailed
description (instrumentation, method of image reconstruction, study protocol, information content, etc.).
Nevertheless, it is useful to go over the major features
of those images, which are all based exclusively on
intrinsic contrast, to get a sense of the range of imaging
approaches in the ﬁeld of optical mammography.
Instrumentation for optical mammography employs
continuous-wave (CW) methods (i.e., time-independent illumination) (Fig. 2b, e, f, i, l, m), time-domain
methods (i.e., pulsed illumination) (Fig. 2c, g, h, j),
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FIG. 2. Representative optical mammograms from the published literature. (a) [HbT] image of a 0.6-cm invasive ductal carcinoma.65 (b) Dynamic optical image of an intraductal carcinoma during external pressure application to the breast.20 (c) Hemoglobin
saturation image of a 1.3-cm intracystic carcinoma.16 (d) [HbT] image of 3.4-cm infiltrating ductal carcinoma.61 (e) Dynamic [Hb]
image of a ductal carcinoma during a Valsalva maneuver.45 (f) Optical tomography image of a 1-cm adenocarcinoma.13 (g)
Absorption image of a 2-cm infiltrating carcinoma.25 (h) Absorption image of an invasive ductal carcinoma.21 (i) Absorption image
of an invasive ductal carcinoma.57 (j) Late-gated intensity image of a 1.5-cm lobular invasive carcinoma.54 (k) [HbT] image of 2.2-cm
invasive carcinoma.12 (l) Spatial second-derivative image and (m) hemoglobin saturation image of a ductal carcinoma in situ
(DCIS).63

frequency-domain methods (i.e., sinusoidally modulated illumination) (Fig. 2a), or hybrid frequencydomain/CW methods (Fig. 2d, k). Light sources and
optical detectors can be placed at a number of ﬁxed
locations (Fig. 2a–f, i, k) or can be mechanically
scanned over breast tissue (Fig. 2g, h, j, l, m). Measurements can be performed on the pendulous breast
immersed in an optically matching ﬂuid (a liquid with
optical properties similar to those of breast tissue)
(Fig. 2c, f, i, k) possibly involving a mild compression
between Plexiglas plates (Fig. 2g). A planar geometry
involving a slight breast compression between glass
plates is also common (Fig. 2b, h, j, l, m), as well as a
circular arrangement of optical ﬁbers brought in contact with the pendulous breast (Fig. 2d, e). Finally,
hand-held optical probes are also used, such as those
that generated (Fig. 2a).
Optical mammograms can be based directly on the
measured optical intensity after proper processing such
as late-gating in time-domain measurements (Fig. 2j),

spatial second-derivative ﬁltering (Fig. 2l), or tomographic back-projection reconstruction (Fig. 2f).
Absorption images can be obtained by an algebraic
reconstruction technique and a ﬁrst-order perturbation
to a diffusion model for a ﬂat (Fig. 2g) or circular
(Fig. 2i) geometry, or they can represent an effective
absorption coefﬁcient by means of a diffusion model for
a homogeneous, inﬁnite slab (Fig. 2h). By measuring
the absorption coefﬁcient at multiple wavelengths, it is
possible to generate images of hemoglobin concentration
and saturation, such as those of Fig. 2a (wavelengths:
780 and 830 nm), Fig. 2c (wavelengths: 780 and
815 nm), Fig. 2d (wavelengths: 661, 761, 785, 808, 826,
849, 903, 912, and 948 nm), Fig. 2k (wavelengths: 650,
690, 750, 786, 830, and 905 nm), and Fig. 2m (continuous spectrum 650–900 nm). Optical mammograms can
also be based on dynamic measurements reﬂecting the
temporal evolution of the transmitted optical intensity
through the breast (Fig. 2b), or of the tissue concentration of deoxy-hemoglobin (Fig. 2e).
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Instruments for optical imaging of the breast seek to
ﬁnd an optimal compromise between the requirements
of maximal information content of the collected data
and a clinically acceptable duration of the optical
imaging procedure. In particular, the information
content of the collected optical data determines the
ability to measure:

 tissue optical properties (time-resolved methods
are typically more powerful than CW methods);

 spatial features (planar raster scanning of
sources and detectors can achieve a higher
spatial sampling rate than ﬁxed source-detector
locations, at the possible cost of generating data
with limited information content toward
tomographic reconstruction);
 dynamic tissue responses (a fast temporal sampling rate from a ﬁxed set of sources and
detectors is ideal);
 spectral features (broadband spectroscopy can
be signiﬁcantly more powerful than measurements at a set of discrete wavelengths).

DISCUSSION
This review article has focused on sources of
intrinsic contrast for breast cancer detection using
optical mammography. It is well established that
breast cancer is consistently associated with an elevated hemoglobin concentration. However, the limited
speciﬁcity of this parameter has pushed the research
community toward the search for additional signatures
of breast cancer; a search that has gone even beyond
optical mammography as a stand-alone modality, or
beyond sources of intrinsic contrast. In fact, intrinsic
optical markers such as scattering properties and
hemoglobin saturation have not shown to be robust
indicators of malignancy, while optical measurements
of water and lipid content are prone to signiﬁcant
uncertainties as demonstrated by the standard deviations in Table 1. Given that cancerous tissue has a
reduced oxygen tension60 and a lower intracapillary
oxygen saturation of hemoglobin,35,43 it is somewhat
surprising that measurements of StO2 have not been
more efﬁcient at discriminating cancerous tissue from
normal tissue and other benign lesions. This may be a
consequence of the fact that macroscopic measurements of tissue StO2 represent some kind of spatial
averaging of a highly inhomogeneous blood and oxygenation distribution in cancer tissue. Furthermore, as
discussed in ‘‘Physiological Basis for the Diagnostic
Value of Intrinsic Optical Contrast’’ section, tissue
StO2 results from the interplay of oxygen supply,
oxygen demand, and oxygen delivery, which are
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affected by a number of physiological and pathological
conditions that can vary signiﬁcantly over cancer types
or stages, tissue location, individuals, subject’s age,
menopausal states, etc. The latter issues are generally
relevant for optical mammography studies, as it has
been demonstrated that the optical properties of breast
tissue are signiﬁcantly affected by subject’s age,7 premenopausal, postmenopausal, and hormone replacement therapy conditions,46 and phase of menstrual
cycle.14,39 These results indicate the importance of age
stratiﬁcation, and suggest the potential value of synchronizing optical mammography exams with the
subject’s menstrual cycle.
There is one application of optical mammography
that can take advantage of its high sensitivity to the
hemoglobin concentration of cancerous tissue, without
suﬀering from the limited speciﬁcity of this measure. In
fact, a non-invasive technology such as intrinsic-contrast-based diﬀuse optical imaging, which can be safely
performed repeatedly on the same subject at regular
time intervals, is particularly suited for monitoring
individual response to neoadjuvant cancer therapy.17 It
has been reported that, in patients who respond to
therapy, treatment induces a decrease in hemoglobin
concentration, water concentration, and scattering
power [b of Eq. (1)] at the cancer location,8,48 and an
increase in the lipid concentration64 (one study also
found an increase in StO227). Consequently, these
results suggest that optical measurements based on
intrinsic contrast may provide a valuable predictor for
individual response to neoadjuvant therapy.
In this article, we have speciﬁcally focused on
studies that aim at translating measurements of optical
contrast of breast cancers into a contrast in optical
absorption, scattering, hemoglobin/water/lipid content, or dynamic features. It is important to mention
that there are other alternative approaches that do not
attempt at translating optical measurements into
parameters that are then tested for their level of association with malignancy. For example, from broadband spectral measurements, one may introduce
dedicated metrics to classify spectral features associated with either benign and malignant tumors.31

CONCLUSION
The potential of diﬀuse optical imaging does not
rest on its spatial resolution, which is intrinsically
limited by tissue scattering, but rather on the combination of its high sensitivity to several physiologically
relevant tissue components, its safe and non-invasive
applicability, and the relatively compact and costeﬀective instrumentation. There is certainly research
value in exploring synergistic combinations of optical
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mammography with other medical imaging techniques.40 Such synergy is particularly appealing when
it involves techniques like ultrasound imaging that
feature safe and compact instrumentation similarly to
optical imaging, or when it seeks to acquire subjectspeciﬁc spatial priors that are applicable to a series of
optical investigations on the same subject. The quest
for optical contrast agents to enhance the sensitivity
and speciﬁcity of optical detection of breast cancer is
also signiﬁcant, as it may introduce a new level of
molecular speciﬁcity that is not achievable with
intrinsic contrast.56 However, the realization of diffuse
optical imaging into a stand-alone modality based on
intrinsic contrast would maximize the fulﬁllment of its
potential as a safe and non-invasive technology, and
would allow for its development into a widely applicable diagnostic tool.

ACKNOWLEDGMENTS
The authors wish to acknowledge the ﬁnancial
support from the National Institutes of Health, Grant
No. R01 CA154774.

REFERENCES
1

Andres, A.-C., and V. Djonov. The mammary gland vasculature revisited. J. Mammary Gland Biol. Neoplasia
15:319–328, 2010.
2
Beaney, R. P., T. Jones, A. A. Lammertsma, C. G.
McKenzie, and K. E. Halnan. Positron emission tomography for in vivo measurement of regional blood ﬂow,
oxygen utilisation, and blood volume in patients with
breast carcinoma. Lancet 323:131–134, 1984.
3
Bigio, I., S. G. Bown, G. Briggs, C. Kelley, S. Lakhani,
D. Pickard, P. M. Ripley, I. G. Rose, and C. Saunders.
Diagnosis of breast cancer using elastic-scattering spectroscopy: preliminary clinical results. J. Biomed. Opt.
5:221–228, 2000.
4
Brown, J. Q., L. G. Wilke, J. Geradts, S. A. Kennedy,
G. M. Palmer, and N. Ramanujam. Quantitative optical
spectroscopy: a robust tool for direct measurement of
breast cancer vascular oxygenation and total hemoglobin
content in vivo. Cancer Res. 69:2919–2926, 2009.
5
Carp, S. A., J. Selb, Q. Fang, R. Moore, D. B. Kopans,
E. Rafferty, and D. A. Boas. Dynamic functional and
mechanical response of breast tissue to compression. Opt.
Express 16:16064–16078, 2008.
6
Cechowska-Pasko, M., J. Palka, and M. Z. Wojtukiewicz.
Enhanced prolidase activity and decreased collagen content in breast cancer tissue. Int. J. Exp. Pathol. 87:289–296,
2006.
7
Cerussi, A. E., A. J. Berger, F. Bevilacqua, N. Shah,
D. Jakubowski, J. Butler, R. F. Holcombe, and B. J.
Tromberg. Sources of absorption and scattering contrast for
near-infrared optical mammography. Acad. Radiol. 8:211–
218, 2001.

8

405

Cerussi, A., D. Hsiang, N. Shah, R. Mehta, A. Durkin,
J. Butler, and B. J. Tromberg. Predicting response to breast
cancer neoadjuvant chemotherapy using diffuse optical
spectroscopy. Proc. Nat. Acad. Sci. USA 104:4014–4019,
2007.
9
Cerussi, A. E., D. Jakubowski, N. Shah, F. Bevilacqua,
R. Lanning, A. J. Berger, D. Hsiang, J. Butler, R. F.
Holcombe, and B. J. Tromberg. Spectroscopy enhances the
information content of optical mammography. J. Biomed.
Opt. 7:60–71, 2002.
10
Cerussi, A. E., N. Shah, D. Hsiang, A. Durkin, J. Butler,
and B. J. Tromberg. In vivo absorption, scattering, and
physiologic properties of 58 malignant breast tumors
determined by broadband diffuse optical spectroscopy.
J. Biomed. Opt. 11:044005, 2006.
11
Chance, B., S. Nioka, J. Zhang, E. F. Conant, E. Hwang,
S. Briest, S. G. Orel, M. D. Schnall, and B. J. Czerniecki.
Breast cancer detection based on incremental biochemical
and physiological properties of breast cancers: a six-year,
two-site study. Acad. Radiol. 12:925–933, 2005.
12
Choe, R., S. D. Konecky, A. Corlu, K. Lee, T. Durduran,
D. R. Busch, S. Pathak, B. J. Czerniecki, J. Tchou, D. L.
Fraker, A. DeMichele, B. Chance, S. R. Arridge,
M. Schweiger, J. P. Culver, M. D. Schnall, M. E. Putt,
M. A. Rosen, and A. G. Yodh. Differentiation of benign
and malignant breast tumors by in vivo three-dimensional
parallel-plate diffuse optical tomography. J. Biomed. Opt.
14:024020, 2009.
13
Colak, S. B., M. B. van der Mark, G. W. ‘t Hooft, J. H.
Hoogenraad, E. S. van der Linden, and F. A. Kuijpers.
Clinical optical tomography and NIR spectroscopy for
breast cancer detection. IEEE J. Sel. Top. Quant. Electron.
5:1143–1158, 1999.
14
Cubeddu, R., C. D’Andrea, A. Pifferi, P. Taroni,
A. Torricelli, and G. Valentini. Effects of the menstrual
cycle on the red and near-infrared optical properties of the
human breast. Photochem. Photobiol. 72:383–391, 2000.
15
Durduran, T., R. Choe, G. Yu, C. Zhou, J. C. Tchou,
B. Czerniecki, and A. G. Yodh. Diffuse optical measurements of blood ﬂow in breast tumors. Opt. Lett. 30:2915–
2917, 2005.
16
Enﬁeld, L. C., A. P. Gibson, N. L. Everdell, D. T. Delpy,
M. Schweiger, S. R. Arridge, C. Richardson, M. Keshtgar,
M. Douek, and J. C. Hebden. Three-dimensional timeresolved optical mammography of the uncompressed
breast. Appl. Opt. 46:3628–3638, 2007.
17
Enﬁeld, L. C., A. P. Gibson, J. C. Hebden, and M. Douek.
Optical tomography of breast cancer-monitoring response
to primary medical therapy. Target. Oncol. 4:219–233, 2009.
18
Fang, Q. Q., J. Selb, S. A. Carp, G. Boverman, E. L.
Miller, D. H. Brooks, R. H. Moore, D. B. Kopans, and
D. A. Boas. Combined optical and X-ray tomosynthesis
breast imaging. Radiology 258:89–97, 2011.
19
Fenton, B. M., E. K. Rofstad, F. L. Degner, and R. M.
Sutherland. Cryospectrophotometric determination of
tumor intravascular oxyhemoglobin saturation: dependence on vascular geometry and tumor growth. J. Natl
Cancer Inst. 80:1612–1619, 1988.
20
Fournier, L. S., D. Vanel, A. Athanasiou, W. Gatzemeier,
I. V. Masyukov, A. R. Padhani, A. Dromain, K. Galetti,
R. Sigal, A. Costa, and C. Balleyguier. Dynamic optical
breast imaging: a novel technique to detect and characterize
tumor vessels. Eur. J. Radiol. 69:43–49, 2009.
21
Grosenick, D., K. T. Moesta, H. Wabnitz, J. Mücke,
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