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Near infrared diffuse optical spectroscopy and diffuse optical
imaging are promising methods that eventually may enhance or
replace existing technologies for breast cancer screening and
diagnosis. These techniques are based on highly sensitive, quan-
titative measurements of optical and functional contrast between
healthy and diseased tissue. In this study, we examine whether
changes in breast physiology caused by exogenous hormones,
aging, and fluctuations during the menstrual cycle result in signif-
icant alterations in breast tissue optical contrast. A noninvasive
quantitative diffuse optical spectroscopy technique, frequency-
domain photon migration, was used. Measurements were per-
formed on 14 volunteer subjects by using a hand-held probe.
Intrinsic tissue absorption and reduced scattering parameters were
calculated from frequency-domain photon migration data. Wave-
length-dependent absorption (at 674, 803, 849, and 956 nm) was
used to determine tissue concentration of oxyhemoglobin, deoxy-
hemoglobin, total hemoglobin, tissue hemoglobin oxygen satura-
tion, and bulk water content. Results show significant and dra-
matic differences in optical properties between menopausal states.
Average premenopausal intrinsic tissue absorption and reduced
scattering values at each wavelength are 2.5- to 3-fold higher and
16–28% greater, respectively, than absorption and scattering for
postmenopausal subjects. Absorption and scattering properties for
women using hormone replacement therapy are intermediate
between premenopausal and postmenopausal populations. Phys-
iological properties show differences in mean total hemoglobin
(7.0 mM, 11.8 mM, and 19.2 mM) and water concentration relative
to pure water (10.9%, 15.3%, and 27.3%) for postmenopausal,
hormone replacement therapy, and premenopausal subjects, re-
spectively. Because of their unique, quantitative information con-
tent, diffuse optical methods may play an important role in breast
diagnostics and improving our understanding of breast disease.

X -ray mammography is widely used for screening breast
cancer, the most common form of cancer in women. Because

of uncertainties associated with radiographic density, mammog-
raphy has up to a 22% false-negative rate as well as a high
false-positive rate (56.2% cumulative risk after 10 exams) in
women under 50 years of age (1, 2). A recent study found that
routine initial mammography was not clinically advantageous for
women under 35 years of age (3). Furthermore, the use of
hormone replacement therapy (HRT) in postmenopausal
women is known to increase mammographic density (4) and has
been shown recently to impede the efficacy of mammographic
screening (5, 6). Techniques such as MRI and ultrasound (US)
are used only as secondary procedures because of factors such as
high cost and poor specificity (MRI) or low sensitivity (US).

Currently, invasive procedures such as fine-needle aspiration
or surgical biopsy are implemented to provide a definitive
diagnosis. Given the suboptimal performance of x-ray mammog-
raphy in premenopausal and perimenopausal women, the ma-
jority of invasive follow-up procedures are performed on normal
or benign tissue that present no malignant disease (7). As a
result, the use of noninvasive, near-infrared (NIR) optical

methods as a supplement to present techniques for diagnosing
and detecting breast cancer has generated considerable interest.

Optical methods are advantageous, because they are nonin-
vasive, quantitative, and relatively inexpensive; do not require
compression; and pose no risk of ionizing radiation. A promising
NIR optical technique currently under development is frequency
domain photon migration (FDPM). FDPM methods have de-
tected successfully the presence of small palpable breast lesions
in vivo in women with previously diagnosed breast abnormalities
(8–10).

FDPM employs intensity-modulated NIR light to characterize
tissue quantitatively in terms of its optical parameters, i.e., the
reduced-scattering coefficient (ms9) and the absorption coeffi-
cient (ma). The concentration of significant NIR absorbers
[deoxyhemoglobin (Hb), oxyhemoglobin (HbO2), water, and
adipose] can be calculated by using measured ma values (11, 12).
Multiple scattering of light in breast tissue occurs as a conse-
quence of spatial variations in refractive index, which are influ-
enced by cellular and extracellular matrix density (13, 14). Both
ma and ms9 provide an understanding of changes in tissue
cellularity, metabolic activity, physiology, and host response
to cancer. Detection of lesions is based on the functional contrast
between normal and diseased tissue in the same patient.
However, the physiology of healthy breast tissue is complex,
influenced by multiple internal and external factors such as
menstrual-cycle phase, menopausal status, exogenous hor-
mones, lactation, and pregnancy. Consequently, to establish a
better basis for optical detection and diagnosis based on differ-
ential functional contrast, the optical properties of normal breast
tissue must be carefully examined and characterized.

There has been increasing attention paid to the study of
normal breast tissue optical properties and changes that occur
with age, menopausal status, and HRT (15–17). During the
reproductive years, the breast is comprised mostly of glandular
tissue. With menopause, there is a progressive atrophy of
glandular tissue; mitotic activity slows down; and vascular re-
quirements decrease. Some of these changes have been moni-
tored qualitatively by mammography and MRI (3, 18–20).
Involution of breast glandular tissue can be impeded by the use
of exogenous hormones, such as estrogen and progesterone (21).
Presently, up to 20% of U.S. women use HRT to alleviate
symptoms of menopause. However, long-term use has been
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linked with increased risk for breast cancer (22). MRI studies
further suggest that fluctuations in endogenous hormones may
alter menstrual- cycle patterns and impact breast cancer risk
(23–26). In addition, the phase of the menstrual cycle has been
shown to influence mammographic accuracy and survival rates
after tumor resection (27, 28).

In this article, we provide initial results examining differences
in both optical and physiological properties of healthy breast
tissue of 14 women. Our results show that the population studied
can be well differentiated on the basis of quantitative NIR
spectroscopic measurements. Optical contrast is based on phys-
iological changes accompanying menstrual cycle variations, ex-
ogenous hormone levels, and menopausal status. We believe this
study is particularly important, because standard-of-care screen-
ing with x-ray mammography has diminished efficacy in two of
the populations we examine, i.e., premenopausal and HRT
subjects. The sensitivity of our technique to known biological
processes suggests our methods may provide important infor-
mation complementary to conventional diagnostic techniques,
particularly in the case of radiographically dense breast tissue.
Ultimately, this technique may enhance our understanding of
pathophysiological changes that accompany malignant transfor-
mation and provide insight into processes associated with in-
creased disease risk.

Materials and Methods
FDPM Instrument. A portable, multiwavelength, high-bandwidth
FDPM instrument has been designed and optimized for clinical
optical property studies (Fig. 1, quadrant a). The instrument
employs multiple diode lasers (box 1) to provide visible and NIR
light at six wavelengths (674, 803, 849, 894, 947, and 956 or 980
nm). The FDPM instrument is described in detail by Tromberg
et al. (10) and Pham et al. (29). A hand-held probe has been
designed to house an avalanche photodiode (APD) that records
the diffuse light signals after propagation through the tissue (box
2). This probe has multiple grooves on the casing to position
source optical fibers a fixed distance from the APD. A 100-mm-
diameter graded index optical fiber positioned 25 mm from the
APD detector delivers the diode laser output to the tissue
surface. The network analyzer (box 3) measures the phase and
amplitude of the electronic signal. A dc source (box 4) is mixed
with rf power provided by the network analyzer in a bias network
(box 5), which distributes power to each laser diode and produces
amplitude modulated light. An optical switch (box 6) delivers
light serially from each diode to the tissue. The optical power
launched into the subject ranged from 10 to 20 MW for each
wavelength.

Measurement Technique. Subjects were measured in the supine
position. Measurements were made in reflectance geometry by
placing the hand-held probe on the skin surface with light
pressure. The phase shift and amplitude of the photon density
wave was measured at each wavelength for 201 modulation
frequencies between 50 MHz and 1,000 MHz at a source-
detector separation of 25 mm. The range of modulation fre-
quencies was swept repetitively such that each amplitude and
phase value represents up to 12 measurements. Four to six
wavelengths were used for the measurements.

Subjects. A total of 14 subjects was studied: Pre subjects (Pre,
premenopausal) 1–6 were premenopausal subjects aged 18 to 33
years. Pre subject 4 (29 years old) was measured during the
proliferative phase of her menstrual cycle; Pre subject 1 (27 years
old) was measured around ovulation; and Pre subjects 2, 3, and
5 (aged 22, 26, and 32 years, respectively) were measured during
the secretory phase. Pre subject 6 (18 years old) was studied at
two different points in her menstrual cycle. One measurement
was performed near ovulation (day 14) of the subject’s regular

28-day cycle, and another measurement was performed during
the luteal phase (day 25) of the menstrual cycle. Post subjects
(Post, postmenopausal) 1–3 were postmenopausal women aged
57 to 67 years. The remaining five subjects were postmenopausal
women 51–60 years of age who were using HRT. HRT subjects
1 and 5 were on combination HRT (progesterone and estrogen),
and HRT subjects 2–4 were taking estrogen-only HRT. All HRT

Fig. 1. Schematic drawing of FDPM instrument, hand-held probe, and
measurement map of healthy subjects. The components of the instrument are:
diode lasers (box 1), avalanche photodiode (box 2), network analyzer (box 3),
DC current source (box 4), bias T (box 5), and optical switch (box 6). See text for
detailed description. The breast is divided into four quadrants: upper outer
(a), upper inner (b), lower outer (c), and lower inner (d). FDPM measurements
are made in each quadrant, on the areolar border (e), and on the glandular tail
(f) that extends into the axilla.
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subjects have been taking exogenous hormone for at least 2
years. Experiments were conducted in adherence to University
of California, Irvine, Institutional Review Board-approved pro-
tocols 95-563 and 99-2183. The subjects were healthy with no
known breast diseases. After providing informed consent, sub-
jects filled out a brief questionnaire that surveyed pertinent
medical history.

When using four wavelengths, the time required for a single
measurement was approximately 90 seconds. A total of 12 sites,
six per breast, for each subject was measured during subject
visits. The measurement map is shown in Fig. 1. Measurements
were made in each of the four quadrants, approximately halfway
from the center of the breast to the edge of the breast, laterally
(a–d). Additional measurements were made on the superior
areolar border (e) and the axillary tail (f). Calibration measure-
ments were made approximately every 10 minutes on a tissue
phantom of known optical properties.

Model. The P1 approximation to the Boltzmann transport equa-
tion (30) was used to analyze the frequency-domain data and is
valid when probing homogeneous turbid media at source-
detector separations greater than 1 cm and modulation frequen-
cies less than a few GHz. The model uses an extrapolated
boundary condition for a semiinfinite geometry (31). The solu-
tion to the P1 approximation relates the frequency-dependent
phase and amplitude to the ma and ms9 coefficients (32). To
determine the optical properties from a given set of frequency-
dependent data, a Marquardt–Levenburg x2 minimization algo-
rithm was used to fit simultaneously the amplitude A(v) and
phase F(v) by minimizing the difference between the measured
values and those predicted by the P1 approximation.

Physiological properties were calculated from the determined
ma values assuming principal chromophores in breast tissue for
the NIR wavelengths used are Hb, HbO2, and water. The
concentrations in tissue of the three components were calculated
by using ma at four wavelengths: 674, 803, 849, and 956 or 980 nm.
The contribution of each component to the total ma at a given
wavelength is represented by the equation 2.303(«i ci) 5 mai,
where «i is the extinction coefficient in units of cm2ymol of a
particular chromophore at a given wavelength (l) and ci is the
concentration of the chromophore. The total absorption at a
given wavelength from the tissue chromophores is

«l
(Hb)@Hb# 1 «l

(Hbo2)@HbO2# 1 «l
(H2O)@H2O# 5 ma

l, [1]

where the brackets ([ ]) indicate concentration. The matrix
representation of the four equations is (11)

3
6.578 3 106 0.740 3 106 0.748
1,897 3 106 2.037 3 106 0.34
1.809 3 106 2.659 3 106 0.781
1.570 3 106 3.049 3 106 0.74

4 F @Hb#
@HbO2#
@H2O#

G 3
ma

674

ma
803

ma
849

ma
956
4. [2]

Given that there are more wavelengths than principle chro-
mophores, we have four equations, and three unknowns, and no
general solution for ci. The chromophore concentrations are
determined by using a least-squares solution to Ec 5 ma. In
matrix representation, the chromophore concentration is given
by using c 5 (ET E)21 ETma, where ET and E21 denote the
transpose and inverse of the matrix E, respectively.

Calibration. A measurement of the phase shift of intensity-
modulated light at source wavelength l propagating through a
turbid medium at a given source-detector separation can be
expressed as follows:

Fmeas 5 Fmedium 1 Finstrument. [3]

To extract Fmedium from Fmeas at a single source-detector
separation, Finstrument must be explicitly evaluated (Eq. 3).
Similar arguments can be made for amplitude data (A); however,
Amedium is determined by evaluating measured- and instrument-
response ratios. The instrument response was calculated by
making a measurement on a homogenous phantom with known
optical properties. A siloxane phantom cast from flexible sili-
cone (RTV 615y700, General Electric) and titanium diode in a
400-ml mold was used to calibrate the instrument response in
phase and amplitude measurements. Optical properties of the
phantom were determined by the two-distance technique de-
scribed by Fantini et al. (33). Reference measurements were
made on the phantom at the given source-detector separation
during the time of the subject measurement. Calibrations were
made at approximately 10-min intervals to account for ampli-
tude drift.

Results and Discussion
The results of raw data and simultaneous fits to the P1 approx-
imation for Pre subject 1 and Post subject 1 are shown in Fig. 2.
Clear differences are detected between the two subjects in both
amplitude and phase data.

To establish the range of optical property values characteristic
of normal menopausal states, we examined nine subjects (six
premenopausal) not receiving exogenous hormone therapy. Fig.
3 shows a scatter plot of ma versus ms9 at all four wavelengths for
each subject. For comparative purposes, data from the right
upper-outer quadrant measurements are shown. Glandular tis-
sue is concentrated in the upper-outer quadrant of the breast,
and consequently, more lesions appear in this region than any
other (34). Fig. 3 shows that, in general, postmenopausal women
have substantially lower ma and ms9 values compared with
premenopausal women. Average premenopausal ma values at
each wavelength (0.0048–0.015 mm21) are 2.3- to 3-fold higher
than postmenopausal absorption (average ma 5 0.0016–0.0064
mm21). Furthermore, all postmenopausal ma values are less than

Fig. 2. FDPM measurements of phase lag (a) and amplitude vs. modulation
frequency (b) for Pre 1 and Post 1. Source-detector separation, 2.5 cm; wave-
length, 849 nm. Solid lines represent best diffusion-model function fits to
phase and amplitude data for each subject. Error bars are on the order of the
marker size.
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0.007 mm21. Premenopausal women have 16–22% higher scat-
tering values at each wavelength (average ms9 5 0.83–1.1 mm21)
than postmenopausal subjects (average ms9 5 0.67–0.86 mm21).
Because measurement uncertainties are less than 5% of the
optical property value (29), these valves constitute significant
and dramatic differences between menopausal states.

A deeper understanding of the underlying physiological rea-
sons for optical property contrast can be obtained by examining
ms9 spectra (i.e., ms9 vs. l) for three individuals. Results shown in
Fig. 4 highlight the impact of estrogen on breast structure. The
29-year-old premenopausal subject displays ms9 values that are
consistently greater than the 67-year-old postmenopausal sub-
ject’s values. Interestingly, ms9 values for the 52-year-old post-
menopausal subject receiving estrogen-only HRT fall directly
between premenopausal and postmenopausal data. The elevated
HRT valves may be caused by the fact that estrogen increases the
rate of mitosis within ductal tissue. Thus, optical property
differences between HRT and postmenopausal subjects could be
a consequence of epithelial tissue proliferation. Scattering con-
trast between premenopausal and postmenopausal subjects is
probably caused by a combined effect of the loss of glandular
epithelium as well as extracellular matrix remodeling. The more
gradual ms9 vs. l slope shown for the postmenopausal subjects
reflects large particle scattering consistent with a high percent-
age of fatty parenchyma found in this age group. In younger
women, the relatively steep ms9 vs. l slope is likely to be
influenced by the presence of extracellular collagen in addition
to cellularyepithelial factors.

These concepts are substantiated further by Fig. 5, which
illustrates an inverse correlation between ms9 and age for subjects
over 50. Whether the trend indicating increased scattering for
HRT women is caused by exogenous hormone use is not yet
clear. Premenopausal ms9 values seem to be independent of age,
most likely because of the timing of the measurements. The six
premenopausal subjects were measured at different points of
their menstrual cycles, which can significantly affect optical
properties.

Average tissue hemoglobin concentrations (HbO2, deoxy, and
total) and tissue water concentration are shown in Fig. 6. The
concentration of blood vessels and blood flow, indicated by total
hemoglobin concentration (THC) (THC 5 [Hb] 1 [HbO2]), is
greatest in premenopausal breast because of the high vascular
demands of the tissue. Blood vessel density and blood flow
decrease as a result of menopausal involution of glandular tissue.
This effect can be detected from the significant total hemoglobin
concentration difference between premenopausal and post-
menopausal subject groups.

Fig. 3. ma vs. ms9 for six pre- and three postmenopausal subjects at all
wavelengths. Values are calculated from best diffusion-model fits to phase
and amplitude data

Fig. 4. ms9 vs. wavelength for three subjects of varied hormonal and meno-
pausal status. Some values at 980 nm represent values extrapolated from Al2B

linear regression analysis of the data.

Fig. 5. ms9 at 674 nm vs. age for all subjects. Pre 6 (age 18) is represented as
an average of two points corresponding to two separate measurement dates.

Shah et al. PNAS u April 10, 2001 u vol. 98 u no. 8 u 4423

BI
O

PH
YS

IC
S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
30

, 2
02

1 



www.manaraa.com

Women using HRT exhibit Hb concentration values that are
intermediate between premenopausal and postmenopausal sub-
jects. Thus, FDPM measurements may be sensitive to subtle
HRT effects, including elevations in blood flow, fibroglandular
volume, and epithelial cell proliferation (35–38). The general
decrease in total Hb concentration with age after 50 (Fig. 7)
suggests that it is difficult to determine from limited existing data
whether the measured HRT Hb effect is real or simply a
consequence of age-related optical property changes.

Fig. 6 data show that the average water concentration for
premenopausal women (26 6 6%) is more than a factor of two
greater than the mean tissue water concentration for postmeno-
pausal women (11 6 2%). These differences reflect the high
water content of epithelial connective-tissue compartments in
premenopausal tissue, whereas the postmenopausal breast is
dominated by low water-content adipose. Water concentration
in HRT subjects is slightly greater than the postmenopausal
group’s concentration (15 6 7%). Differences may be caused by
hormone-induced accumulation of fluids, a commonly occurring
side effect from HRT (38).

Investigating positional variations in optical properties be-
tween pre- (Pre 1) and postmenopausal (Post 1) subjects reveals
a higher degree of variation in scattering for post- ('8% for all
wavelengths) vs. premenopausal women ('4%). These values
were calculated by normalizing the standard deviation of the
values from measurements in each of the four quadrants (n 5 4)
to the mean (data not shown). This difference may represent the
nonuniform glandular involution of breast tissue that accompa-
nies menopause and results in palpable differences in density in
the breast tissue of postmenopausal subjects (39). The positional
variation in the ma is greater for wavelengths corresponding to
hemoglobin absorption (674–849 nm) for the postmenopausal
subjects (23–33% vs. 17–20% for Pre). However, wavelengths
corresponding to fat and water concentrations (894, 947, and 956
nm) show a higher variability in premenopausal (13–16%) vs.
only 7–8% in postmenopausal subjects.

Figs. 3–7 strongly suggest that physiological changes caused by
hormonal fluctuations that occur over a period of many years can
be detected and quantified. Previous studies (40) show these
effects also are detectable within the menstrual cycle of pre-
menopausal women. To test FDPM sensitivity to menstrual-
cycle variations, we examined a premenopausal subject during
ovulation and before the onset of menses. Table 1 data summa-
rizing these results show that ma and ms9 are higher for the latter
part of the cycle (Day 25) than in mid-cycle (Day 14). Absorption
differences correspond to the calculated physiological proper-
ties. Our results show a 48.3% increase in Hb and 28.1% increase
in water concentration during the luteal phase, changes that are
consistent with the physiological effects caused by ovarian
hormone fluctuations during the menstrual cycle. After ovula-
tion, blood flow to the breast can increase by up to 50%; there
is an increase in breast volume; and parenchymal water content
changes by an average of 25% during the latter half cycle (24, 25).
Changes in scattering were 3–5% and not statistically significant.

Conclusions
A hand-held photon migration probe has been developed that
can detect significant differences in absorption and scattering
properties occurring with changes in age and menstrual-cycle
phase. The sensitivity of quantitative NIR spectroscopy to breast
biology is unique among radiological methods. Consequently,
optical techniques may eventually provide a practical, noninva-

Fig. 6. Mean Hb concentrations [mM, HbO2, deoxy, and total (THC)] and
water (H2O) concentration relative to pure water (%) for each subject group.
Values are determined from wavelength-dependent absorption values at 674,
803, 849, and 956 or 980 nm. Error bars represent the normalized standard
deviation to the mean for six premenopausal, five HRT, and three postmeno-
pausal subjects. Confidence values are '99% for Hb, HbO2, THC, and H2O.

Fig. 7. Total Hb concentration vs. age for all subjects. Pre 6 (age 18) is
represented as an average of two points corresponding to two separate
measurement dates.

Table 1. Variation in physiological properties during the
menstrual cycle

Parameter Day 14 Day 25

Hb, mM 3.07 6 0.04 4.72 6 0.05
HbO2, mM 7.56 6 0.04 11.04 6 0.06
Total Hb, mM 10.63 6 0.05 15.76 6 0.08
StO2, % 71.12 6 0.53 70.06 6 0.53
Water, % 16.49 6 0.11 21.12 6 0.15

Calculated physiological properties, Hb concentration (mM, HbO2, deoxy-,
and total Hb), blood oxygen saturation (StO2), and water concentration
relative to pure water (%) for a premenopausal subject at Days 14 and 25 of
a 28-day menstrual cycle.
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sive means for enhancing the accuracy of tumor diagnostics in
premenopausal and perimenopausal subjects and for increasing
our understanding breast pathophysiology.
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