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ABSTRACT

Time-resolved and spectroscopic in vivo measurements were performed to determine the optical properties of
the female breast in transmission. The time-resolved measurements were carried out at different positions on
the female breast with a Ti:sapphire laser (800 nm) using a synchroscan streak camera. A diffusion model was
used to calculate the absorption coefficient u, and the reduced scattering coefficient. In addition, spectro-
scopic in vivo measurements of more than 100 patients were performed in a wavelength range between 650
and 1000 nm. A variety of pathological alterations could be characterized by measuring patients of different
ages, different breast sizes, and at varying locations on the breast. The results indicate that besides the pure
detection of the amount of blood in the neovascular network, the volume concentrations of water and fat
seem to be of particular importance for discrimination. In order to quantify this observation, an analytical
model was developed that takes the volume percentages of fat and water, the concentration and oxygenation
of hemoglobin, and the relevant optical parameters into account. Experiments were carried out with volun-
teers and patients in a clinical environment: Typical observations are presented and analyzed statistically.
© 1996 Society of Photo-Optical Instrumentation Engineers.
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1 INTRODUCTION

This review summarizes the results of previous pa-
pers concerning in vivo breast transillumination
experiments.'™ In the first part, the time-resolved in
vivo measurements for determining the optical
properties of breast tissue are described.'™ In the
second part, spectral in vivo measurements ob-
tained by transilluminating the breasts of
volunteers*” and patients” in the diagnostic win-
dow (650 to 1000 nm) are presented. Important in-
formation about the wavelength-dependent trans-
mission characteristics of benign and malignant
lesions may be obtained in this way.

The determination of the absorption and scatter-
ing properties of tissue in vivo is of great interest for
the noninvasive diagnosis of organs by light. Of
particular interest in this area is the transillumina-
tion of the female breast for a preventive
checkup.®” Because of the potential hazards associ-
ated with x-ray exposure, harmless light-screening
techniques may be an alternative to conventional
x-ray mammography, or they may at least provide
additional diagnostic information.

Address all  correspondence to Hans Heusmann. E-mail:
hans.heusmann@zfe.siemens.de

Many papers have been devoted to the determi-
nation of the optical properties of excised tissue
specimens by means of extinction, absorption, and
scattering angular distribution measurements.®™!!
Besides these steady-state methods, time-resolved
reflectance and transmittance measurements have
been used for the noninvasive determination of the
optical properties of tissue.'>”® The temporal
spreading of a short light pulse in tissue due to
multiple light scattering allows the optical coeffi-
cients to be determined [Figure 1(a)]. Because of the
immense light scattering in tissue, most photons
travel more than ten times the geometric distance
between entering and leaving the tissue. The at-
tenuation of multiple scattered photons thus allows
the absorption and scattering properties of biologi-
cal tissue to be determined quantitatively.

Very few in vivo data on the female breas
have hitherto been available. We therefore per-
formed time-resolved in vivo experiments on volun-
teers using a Ti:sapphire laser at a wavelength of
800 nm. This wavelength is well suited for this pur-
pose because it is the isosbestic point of oxy- and
deoxyhemoglobin and the transmission is very
high. The optical properties are determined by fit-
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Fig. 1 Time-resolved (a) and spectroscopic (b) measurements on
breast tissue in vivo.

ting the resulting dispersion curves to solutions of
the diffusion model."

Optical breast imaging, known as diaphanoscopy
or diaphanography, is needed in clinical
practice.'®* The question as to whether (pathologi-
cally) altered tissue differs from the surrounding
(healthy) tissue, and whether criteria can also be
found for differentiating between benign and ma-
lignant lesions is of central importance for ap-
proaches to imaging. A good contrast is produced
when the optical parameters (absorption and scat-
tering coefficients) of different types of tissue differ.
It may also be due to physiological changes (tissue
oxygen-saturation monitoring®). Some tissues ex-
hibit a higher metabolic rate than others (many
breast cancers, for example). In order to analyze the
contributions from these physiological and mor-
phological factors, optical spectroscopy is required
[Figure 1(b)]. The goal is to optimize the contrast by
selecting the appropriate wavelengths.*?** Practi-
cally all previous breast-imaging systems were
equipped with measuring units for at least two
wavelengths  (diaphanography).!®*!  Prototype
breast scanners** which combine time resolution
and wavelength separation (an approach that has
been developed for other applications®**) are al-
ready undergoing clinical trials.

In this study, therefore, healthy and diseased
breasts are characterized in vivo over the whole di-
agnostic window. An analytical model was devel-
oped to quantify the differences in the spectra. The
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Fig. 2 Schematic setup for time-resolved transillumination of fe-
male breast tissue in vivo.

fitting parameters obtained are verified on the basis
of “medical plausibility factors” and initial statisti-
cal correlations are attempted. This procedure is
purely phenomenological and makes no claim to be
exact. However, there is some hope that approaches
to a specific diagnosis of breast carcinoma can be
found by means of spectral light transillumination.

2 TIME-RESOLVED MEASUREMENTS
2.1 EXPERIMENTAL METHOD

The experimental setup for time-resolved light tran-
sillumination is shown schematically in Figure 2
(for details see Reference 3). The laser system for in
vivo experiments consists of a mode-locked Ti:
sapphire laser at a wavelength of 800 nm with a
pulse width of 80 fs and a repetition frequency of 82
MHz.

Probe beam light is scattered in the female breast
(which is slightly compressed between two trans-
parent plates) and finally reaches the detection side
of the synchroscan streak camera (S1 photocathode,
Hamamatsu C3681) after many scattering events.
This diffuse light is imaged onto the slit of the
streak camera with a 1:1 magnification. The refer-
ence beam does not traverse the breast but is opti-
cally delayed and imaged on the streak camera slit
to provide a temporal reference. The slit has dimen-
sions of 50 umX6 mm and the numerical aper-
ture of the camera optics is 0.22. A trigger beam
synchronizes the streak camera. The temporal pro-
file of the incident light intensity is recorded with a
time resolution of about 10 ps and displayed as a
spatial profile. To correct the measured dispersion
curve, a precise shading correction and dark count
subtraction were performed for each measurement.



2.2 DETERMINATION OF OPTICAL
PARAMETERS

The optical properties of tissue can be deduced
from the temporal dispersion curve. The diffusion
model was used to determine the absorption coef-
ficient u, and the reduced scattering coefficient
me=us(1—g) (g is the anisotropy factor of scatter-
ing). A solution of the diffusion equation for a ho-
mogeneous medium of thickness d was applied ac-
cording to Patterson et al.'> The transmittance at a
radial position p is given by

1
T(p,d,t)= @nDo exp(—pact)

2 2
p (d—zg)
7 exp _4Dct)[(d_20)exp " 4Dt
(d+20)2
—(d+zg)exp ~ iDct
(Bd_Zo)z
+(3d—zo)exp —W
d (3d+Z0)2 1
—(8d+zg)exp ~~aDer |- (1)

The diffusion coefficient D is given by
D=[3(u,+ 1)1 !, and zo=(u!)"! indicates the
depth at which the incident photons are initially
scattered. ¢ stands for the speed of light within the
breast.

It turned out that the diffusion model describes
the light propagation in the breast fairly well as
long as the reduced scattering length (reciprocal
scattering coefficient) is smaller than 1/20 of the
specimen thickness (i.e., as long as the angular dis-
tribution of the scattered light is isotropic). Both the
reduced scattering coefficient u, and the absorption
coefficient w4 can be determined by fitting the mea-
sured curve with the calculated temporal disper-
sion curve.'?

2.3 IN VIVO EXPERIMENTS

For the in vivo measurements, the probe beam with
a total power of 100 to 150 mW was expanded to a
diameter of 10 mm to keep the power density be-
low the maximum permissible exposure (MPE)* of
2 mW/mm?, which corresponds to the solar con-
stant. This power density does not cause percep-
tible heating of the illuminated skin. A beam
blocker allowed the volunteers to interrupt the
probe beam during the measurements. The breast
was compressed to ensure a constant thickness, but
much less than in conventional mammography to
avoid any influence of changed blood perfusion on
the absorption properties. Measurements were car-
ried out with volunteers aged between 25 and 43
years.
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Fig. 3 Normalized in vivo dispersion curves of the breasts of three
volunteers—T1, T2, and T3—{thickness d) and corresponding theo-
refical fit curves.

Normalized dispersion curves for three volun-
teers T1, T2, and T3 and the corresponding theoreti-
cal curves which were calculated according to the
diffusion model [Eq. (1)] are shown in Figure 3. For
the mathematical fit, we assumed the refractive in-
dex of breast tissue to be 1.4.3°! The time origin is
given by the incidence of the laser pulse into the
breast. The dispersion curves range over a typical
period of 6 ns with a mean time of flight of more
than 2 ns. Accordingly, most photons travel ten
times the geometrical distance through the breast
due to the strong scattering and the relatively weak
absorption of the tissue. The signals T1 and T2
(d=45 mm) overcome the background noise after
a time of flight of 510 ps, which is more than twice
the minimum time-of-flight of a ballistic photon (re-
fractive index 1.4). For dispersion curve T3
(d=59 mm) this time shifts to 830 ps, which is
about three times longer than the minimum time of
flight. The lower signal-to-noise ratio of curve T3 is
due to the greater thickness of the compressed
breast compared with volunteers T1 and T2.

Measurements at different positions of the breast
were performed to show the influence of physi-
ological alterations (different types of tissue, differ-
ent blood volumes and oxygenation). Figure 4
shows measurements at the lateral, anteromedial,
and medial position of the breast of volunteer T3.
The normalized temporal dispersion curves of the
lateral and medial positions agree well, whereas the
curve of the anteromedial position is shifted to
shorter times and shows a slower exponential de-
cay. It is open to question whether this observation
could be due to the slightly different boundary con-
ditions of the anteromedial position. An identical
breast thickness (59 mm) was chosen at the three
measurement positions, but the enhanced antero-
medial position near the nipple of the breast could
reduce the mean time of flight.
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Fig. 4 Normalized temporal dispersion curves of the breast in vivo
at the lateral, anteromedial, and medial position (volunteer T3).

The corresponding optical parameters of the fit
curves are summarized in Table 1. Because breast
tissue is inhomogeneous, consisting of adipose,
glandular, and fibrocystic types of tissue, only
mean optical parameters of the breast are repre-
sented by these values. Reduced scattering coeffi-
cients for human breast tissue in vivo at a wave-
length of 800 nm range from u.=0.72 mm™ to
u.=1.35 mm™ and corresponding absorption coef-
ficients from u,=0.0017 mm™ to u,4=0.0045 mm.
The anteromedial position shows a lower scattering
and absorption coefficient than the lateral and me-
dial positions. This could be consistent with the
above-mentioned different boundary conditions of
the anteromedial position as well as with the

Table 1 Reduced scattering and absorption coefficients for breast
tissue in vivo at 800 nm (compressed thickness d).

Fit parameter

800 nm
Thickness
Age d s

Volunteer (yrs.) (mm) (mm™") {mm™")
T1 (Figure 3) 39 45 1.09 0.0032
T2 (Figure 3) 34 45 1.22 0.0022
T3 (Figure 4): 43 59

anteromedial 1.05 0.0031

lateral 1.35 0.0045

medial 1.33 0.0045
T4 (not shown) 26 49 1.10 0.0028
T5 (not shown) 42 59 0.72 0.0017
Té (not shown) 27 49 1.00 0.0019
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anatomy of the female breast: the lateral and medial
positions have a higher content of adipose tissue,
whereas glandular tissue dominates at the antero-
medial position. Consistent with our previous in
vitro results' and with the investigations of Key
et al.® we nevertheless assume that adipose tissue
shows a greater reduced scattering coefficient than
glandular tissue. This conclusion should be verified
by statistically more significant measurements.

The geometric conditions of the in vivo experi-
ments differ from the idealized condition of the dif-
fusion model. This source of systematic errors has
been minimized by positioning the probe beam in
the middle of the breast near the chest wall. More-
over, the compression varies from case to case.
However, the reproducibility of the maximum of
the temporal dispersion curve was about 4% when
the measurement was repeated at the same location
after repositioning. Thus the reduced scattering co-
efficient u; can be determined with a reproducibil-
ity of about *5%. Regarding the “geometrical
boundary conditions” of the breast, the absorption
coefficient mostly had too high values because of
lost photons; this effect limits measurable absorp-
tion coefficients to u,=0.001 mm!.

It is impossible to determine the scattering coeffi-
cient uy and the anisotropy factor g independently
of each other with the present experimental setup.
As a consequence, the optical parameters were fit-
ted only with respect to the reduced scattering co-
efficient u,=pu,(1—¢) and the absorption coeffi-
cient u, for all experiments. Published g values for
different types of human breast tissues vary
strongly. Values given by Key et al.’> (\=700 nm)
range from ¢g=0.92 for fibroglandular tissue and
0.95 for adipose tissue to 0.88 for carcinomas, while
Peters et al.” measured g for all types of tissue in
the range of 0.945 to 0.985 and showed it to be in-
variant with wavelength. However, the use of these
strongly varying g values is of limited value for a
calculation of wu,.

Cheong et al.'! gave an overview of the optical
properties of biological tissues. However, the litera-
ture offers few references to the optical parameters
of human breast tissue in vivo>'*™" and these were
determined only at fixed wavelengths. Some au-
thors distinguish between different types of breast
tissue in vitro®® although these measurements are
again limited to only a few wavelengths.

3 SPECTROSCOPIC MEASUREMENTS
3.1 EXPERIMENTAL

The spectral experiments were conducted using a
commercially available spectroradiometer (Merlin
from the Oriel Company) (Figure 5). The light
source was a 100-W tungsten-halogen lamp with a
uniformly high spectral radiation intensity inside
the relevant measurement range of 550 and 1050
nm; a monochromator was fitted with a 600
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Fig. 5 Schematic setup of the spectroradiometer system used for in
vivo measurements.

lines/mm grating and a linear reciprocal dispersion
of 12.8 nm/mm (at the blaze wavelength of 750
nm). All measurements were performed in trans-
mission mode. The breast was placed onto a trans-
parent plate and the illuminated optical fiber head
(b mm diameter) was placed directly onto the skin
under slight pressure. The light intensity of about 5
mW /cm? on the skin was far below the maximum
permissible exposure.”” The transmitted light was
detected by a 2-m long optical fiber cable coupled
to a silicon photodiode. The time required for a
single measurement was approximately 150 s, 50
points being measured (in 10-nm steps). The re-
corded intensities were divided by the input inten-
sities I/1(0) and plotted as the decadic logarithm of
the transmittance. This enables the spectral profile
of the instrument to be taken into account and pro-
vides a reliable measure of the total percentage at-
tenuation (optical density). Each spectrum was
measured at a fixed location, mostly at several po-
sitions on the same breast. Transmission spectra
from breasts measured in vivo vary by two to three
orders of magnitude for each curve, and the curves
cover an overall range of almost seven decades for
the investigated thicknesses from 26 to 80 mm’
(Figure 6; three selected spectra can be seen). How-
ever, each curve showed similar spectral character-
istics: (1) a decrease in transmittance by several or-
ders of magnitude below 600 nm (blood
absorption), (2) transmission minima at about 760
nm (superposition of Hb and weaker water and fat
signals), and (3) more or less pronounced minima
at 930 nm (fat) and 975 nm (water) with different
peak relationships that contain specific information
about the tissue composition (see Sec. 3.3).

3.2 ANALYTICAL MODELING

An attempt was made® to obtain an analytical fit of
the in vivo breast spectra by making use of highly
simplifying assumptions: First, the breast tissue is
regarded as a homogeneous mixture of four absorb-
ing media, namely, water, fat, deoxyhemoglobin,
and oxyhemoglobin. Second, the constituents of
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Fig. 6 In vivo spectra and the respective fits (see Table 3 for val-
ves) of three persons of different ages at the same measurement
site.

water and fat together amount to 100% by volume.
Third, the volumetric constituents of Hb and HbO,
are neglected (only 2.3 mmol per liter of blood).
Finally, the absolute values and the wavelength de-
pendence of the required absorption coefficients of
these constituents were obtained from the
literature® or were measured by the authors (Fig-
ure 7). The reduced scattering coefficients of the
breast tissue in vivo were obtained by extrapolating
the results of our time-resolved measurements in
vivo and in vitro (Figure 8).

In an exclusively absorbing medium with an ab-
sorption coefficient u, and thickness d, the attenu-
ation of a beam of light having an initial intensity
Iy can be described by the Beer-Lambert law:

0,02
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Fig. 7 Absorption coefficients of deoxy- and oxyhemoglobin,3?
water, and fat (vegetable oil).
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Fig. 8 Reduced scattering coefficients for human breast tissue in
vivo and in vitro measured at different wavelengths. By extrapolat-
ing in vitro values (Kolzer et al.'), scattering coefficients over the
whole spectral range are approximated (dotted line).

I=IyXexp(—w,Xd). (2)

The total absorption u, can then be calculated as a
sum of the specific absorption coefficients «; (ab-
sorber i) multiplied by their respective concentra-
tions c;:

Ma=Ciater@water T Cfatfat + CHb¥Hb T CHHOXHBO - (3)
However, this simple law will no longer apply if
multiple scattering also occurs, because the path of
the individual photons is unknown. Patterson
et al.' have shown that with the assumption of a
plane-parallel geometry, the diffusion equation can
be used to calculate a mean path length L of the
photons:

du, }1/2
3(pg+ pg)

1
d+—,

s

PR 2 12
lexpy — [ma3 (ot )]
v Ms Ms

2 \1/2
exp _/[Mﬂ3(/'L[l+MS)] -1
M

(4)

In order to take the multiple scattering into ac-

count, we replaced the thickness d in the Beer-

Lambert law [Eq. (2)], by the mean path length

L(N\). The transmitted intensity may then be repre-
sented by:

I(N)=Ip(N)xq exp[ — pa(N)L(N)x,]. (5)

To fit the absolute values of the transmittance for all
spectra, another two wavelength-independent cor-
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rection factors were introduced: x; takes into ac-
count multiply scattered but not absorbed photons,
which do not arrive at the detector and the mea-
surement geometry, while x, compensates for mea-
surement errors of the thickness d and inaccuracies
in the reduced scattering coefficient. By varying the
concentrations of the four tissue components, the
measurement spectra could be fitted well by the
semiempirical formula (5). The correlation coeffi-
cients were better than 0.99 in all cases.

3.3 WAVELENGTH DEPENDENCY OF
OPTICAL PARAMETERS OF BREAST TISSUE

The prime absorbers, namely blood, water, and fat,
determine a diagnostic window for thick biological
tissue in vivo: the limit for shorter wavelengths is
approximately 600 nm (blood); that for longer
wavelengths is approximately 1.4 um (water). Be-
cause of our detector system (Si photodiode), the
measurement range in the long-wavelength region
is further limited to about 1.1 um. Figure 7 shows
the specific absorption coefficients of the two blood
pigments deoxy- and oxyhemoglobin (Hb and
HbO) between 650 and 1000 nm, as taken from the
literature.®® Within this wavelength range, the ab-
sorption maximum of Hb (760 nm) is significant.
The features of Hb and HbO below these wave-
lengths (not shown, cf. Horecker™) are not relevant
for in vivo applications to thick tissues. At the isos-
bestic point (805 nm), the absorption coefficients of
Hb and HbO are equal. In addition, we calculated
the corresponding absorption coefficients from the
measured transmission characteristics of water and
fat (vegetable oil). The main absorption feature of
water is the O—H resonance at 975 nm. Weaker
overtones of this resonance can be observed at 840
and at about 755 nm. The signal of fat (or the oil
signal shown here) differs from water primarily in
the infrared region. The main C—H resonance is
located at 930 nm, while some weaker signals can
be observed at 760 and 830 nm.** Thus the absorp-
tion coefficients in particular provide only a global
reference point for the total absorption of the het-
erogeneous tissue body and are therefore not useful
for the model described above.

The reduced scattering coefficients used are
based on our in vivo and in vitro measurements,'”
and on in vivo data published by other authors,'*!°
Figure 8. However, these data do not allow us to
distinguish meaningfully between different types of
tissue (water- or fat-containing tissues). The (weak)
wavelength dependence of the reduced scattering
coefficients shown in Figure 8 describes reality in
qualitative terms, and suffices for our purposes.

3.4 SPECTRA OF FEMALE BREASTS IN VIVO

The aim of these measurements was to gain com-
prehensive spectral information on the absorption
characteristics of the female breast in vivo. About
100 volunteers of different ages were examined in a



Table 2 Fit parameters of the in vivo spectra of younger and older
persons (see Figure 6).

Fit parameter

Age Water Hb HbO

Volunteer (yrs.) (vol.%) (mMol/L) (mMol/L)
S1 33 70 0,0020 0,0041

S2 37 65 0,0017 0.0042
S3 39 33 0,0012 0,0042
S4 64 12 0,0005 0,0018
S5 80 11 0,0002 0,0014
S6 85 17 0,0005 0,0030

clinical environment. The investigation concen-
trated on taking measurements at various sites on
the same breast as well as on comparative readings
at equivalent sites on both breasts. Differences in
tissue composition (age, measurement points, etc.)
result in a change of the absorption and scattering
coefficients and consequently in a modified spec-
trum. The analytical model described in Sec. 3.2,
which yields the concentrations of water, fat, Hb
and HbO as fit parameters, is needed to quantify
these changes.

3.4.1 Physiological Alterations

The changes occurring in the female breast with in-
creasing age are characterized by an involution of
the glandular body and an expansion of the fatty
tissue. The water and hemoglobin concentrations
calculated from the spectra using our model match
this physiological fact. Table 2 shows the fit param-
eter of the spectra of six volunteers at the same
measurement site but of different ages. The respec-
tive fits of three transmission spectra are shown in
Figure 6. High water and hemoglobin concentra-
tions are typical of the younger volunteers (S1, S2,
53), whose breasts have a glandular body that is
bigger, contains more water, and is better perfused
with blood. Higher fat content is correlated with a
lower metabolic rate and hence with a lower oxy-
gen consumption. The older women (54, S5, S6)
with breasts consisting mostly of fatty tissue conse-
quently show lower water and blood contents and a
higher tissue oxygenation (HbO/ (HbO+HD)).> The
water content of breasts of younger and older per-
sons determined according to our model is directly
compared in Figure 9. Each of the two groups of
patients examined consisted of more than 20 per-
sons. Those in the first group were aged between 30
and 45 years, and those in the second between 55
and 80 years. The water content of the breast tissue
varied between 5 and 75%, its relative distribution
being determined in steps of 10% (5 to 15%, 16 to

TIME RESOLVED AND SPECTROSCOPIC STUDIES OF THE BREAST

045

04 4 322 persons between 30
and 45 yrs. old

m 27 persons between 55
and 85 yrs. od

0.35

Relative distribution

il

5-15 16-25 26-35 3645 46-55 56-65 >66

Water content [ % ]

Fig. 9 Frequency distribution of water concentration for older and
younger women.

25%, etc.). The distribution shows significant differ-
ences in the two age groups. A relatively low water
content (<<35%) was seen with significantly higher
frequency in older breast tissue than in younger tis-
sue. The highest value that we found in the former
was below 45%, whereas the latter reached a water
content of 75%. The water-content distribution
function for younger breast tissue is generally flat
and covers the entire range between 5 and 75%.

In order to characterize local variations in water,
fat, oxy- and deoxyhemoglobin concentrations, the
spectra of eight volunteers were recorded at three
different sites on a woman’s breast. The spectra of
the lateral, anteromedial, and medial sites were fit-
ted as described above (Figure 10; only two curves
are shown), while the fit parameters (concentration
of water and hemoglobin) are shown in Figures 11
and 12. The increase in the water and hemoglobin
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Fig. 10 Two selected in vivo spectra of the female breast at differ-
ent sites from the same volunteer. The spectra of all three sites were
fited analytically (Table 2).
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Fig. 11 Water concentration of eight volunteers at three different
measurement sites on the breast. The anteromedial and the lateral
position, where the glandular body is located, show a higher water
content than the medial position.

concentration toward the anteromedial and lateral
side has a plausible physiological explanation. The
glandular body, which is situated at the lateral side
of the breast and extends to the nipple, has a higher
water content and blood perfusion than the sur-
rounding fatty tissue. The medial side of the breast
has a higher fat content, which seems to be corre-
lated with a higher blood oxygenation (fit param-
eter not shown).

3.4.2 Malignant and Benign Breast Lesions

In the clinical part of our project, in vivo spectra
were measured for several persons suffering from
breast cancer and benign breast lesions (mainly
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Fig. 12 Blood concentration (sum of oxy- and deoxyhemoglobin)
of eight volunteers at three different measurement sites on the
breast. The medial position shows in most cases a lower blood
concentration.
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Fig. 13 In vivo spectra and respective fits of a breast cancer pa-
tient. The reference spectrum represents a measurement at the mir-
ror position of the healthy breast.

mastopathies). A prior diagnostic finding (from pal-
pation, mammography, breast ultrasonography or
magnetic resonance imaging) was available in all
cases, allowing the lesion to be localized and
transilluminated at a fixed site with a high degree
of accuracy. Patients were subjected to two mea-
surements: one of the pathological breast and at
least one control measurement at an equivalent
point on the healthy breast. The breast tissue of pa-
tients undergoing biopsy and mastectomy was sub-
jected to histological classification. This procedure
allowed the selection of in vivo spectra that had
been measured preoperatively in a cancerous
breast. A measurement was always also performed
at the mirror position in the healthy breast, which
was compressed to the same thickness. This mirror
spectrum was used as a direct reference for the
spectrum of the carcinoma.

The following observations were typical (Figure
13): first, most carcinoma curves exhibit a lower
transmittance than the reference curve (for the
same breast thickness). The fits show in an exem-
plary way that this is generally due to an increased
perfusion (higher Hb/HbO values of the carcinoma
curve). Second, the different curve profile in the
wavelength region between about 900 and 1000 nm
is striking. This is clearly due to an altered water
and fat content compared with that of the healthy
breast. In Figure 14 we summarize these results by
splotting the difference in water concentration be-
tween the healthy and diseased breast versus the
respective difference in blood volume. Each pixel
represents an individual patient. If a higher water
and blood content (sum of Hb and HbO concentra-
tion) is present at the lesion site, a measuring sym-
bol will appear in the lower right quadrant. Masto-
pathies are represented by crosses, carcinomas by
filled squares. The majority of mastopathies and
carcinomas show a higher water concentration and
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Fig. 14 Difference in water concentration between diseased and
healthy breast versus respective difference in blood volume. Most
carcinomas and mastopathies show higher water and blood con-
tent (upper right quadrant).

a higher blood volume at the lesion site (upper
right quadrant). Only very few lesions have a lower
water and blood concentration (lower left quad-
rant). Additional information could be obtained by
calculating the degree of blood oxygenation from
the concentrations of oxy- and deoxyhemoglobin.
A comparison of healthy and cancerous sites
yields a slightly lower degree of oxygenation for
the tumor. Note that the fit parameters are based on
the very simplified assumption of our semiempir-
ical model as mentioned in Sec. 3.2. This means that
the local change of water and blood concentration
at the lesion is underestimated by our assumption
of a homogeneous mixture of constituents, which
leads to an integral volume sampling procedure.
Considering this restriction, it is astonishing that a
high sensitivity in the detection of lesions by mea-
suring water concentration, blood volume, and
blood oxygenation seems to be within reach. Unfor-
tunately, however, the specificity is worse because
it is not possible to discriminate between benign
mastopathies and malignant carcinomas by means
of water content, blood volume, and oxygenation.

4 SUMMARY

The optical parameters of the female breast were
determined by time-resolved in vivo experiments at
a wavelength of A=800 nm. In brief, the reduced
scattering coefficients range from u.=0.72 mm™!
to #.=1.35 mm™ ' and the corresponding absorp-
tion coefficients from w,=0.0017 mm ! to
#4=0.0045 mm~'. The absorption coefficient of
breast tissue is nearly three orders of magnitude
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smaller than the corresponding reduced scattering
coefficient. Similar results have also been found by
Kang et al. from measurements of the time-resolved
reflectance of breast tissue in vivo.'* The advantage
of time-resolved measurements is that they allow
direct detection of the extremely weak absorption
of highly scattering media. The procedure is sensi-
tive enough to detect variations in tissue composi-
tion, as demonstrated by measurements on differ-
ent positions of the breast.

Furthermore, female breasts were characterized
by spectroscopic measurements in the wavelength
range between 650 and 1000 nm. All the experimen-
tal spectra can be sufficiently fitted by an analytical
model. Physiological, age-related tissue changes in
the breast and local variations in composition can
be verified quantitatively. Moreover, a changed
metabolic rate (higher perfusion, reduced oxygen-
ation) can also be identified. Lesions in the breast
can be detected by identifying the relative water
(and fat), Hb, and HbO contents of the pathological
tissue. Since benign lesions (mastopathies) show
spectroscopic features similar to carcinomas, it will
be difficult to discriminate between them. How-
ever, the implementation of ““specific’” wavelengths
such as 930 and 980 nm in NIR imaging systems
would improve the sensitivity and probably also
the specificity of this technique. It is currently still
uncertain whether this suggestion would enable a
distinction to be made between malignant and be-
nign lesions.
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