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Abstract. Near-infrared (NIR) diffuse optical spectroscopy and imag-
ing may enhance existing technologies for breast cancer screening,
diagnosis, and treatment. NIR techniques are based on quantitative
measurements of functional contrast between healthy and diseased
tissue. In this study we measured the spectral dependence of tissue
absorption (u,) and reduced scattering (u;) in the breasts of 30
healthy women and one woman with a fibroadenoma using a seven-
wavelength frequency-domain photon migration probe. Subjects in-
cluded pre- and postmenopausal women between the ages of 18 and
64. Multi-spectral measurements were used along with a four-
component fit to determine the concentrations of de-oxy and oxy-
hemoglobin, water and lipids in breast. The scattering spectral shape
was also quantified. Our measurements demonstrate that the mea-
sured concentrations of NIR analytes correlate well with known breast
physiology. Although the tissue scattering at a single wavelength was
found to have little value as a functional parameter, the dependence
of the scattering on wavelength provided key insights into breast com-
position and physiology. Lipids and scattering spectra in the breast
were found to increase and decrease, respectively, with increasing
body mass index. Simple calculations are also provided to demon-
strate potential penalties from ignoring the contributions of water and
lipids in breast measurements. Finally, water is shown to be a possible
indicator for detecting a fibroadenoma, whereas the hemoglobin satu-
ration was found to be a poor indicator. Multi-spectral measurements,
compared to measurements restricted to one or two wavelengths, pro-
vide additional information that may be useful in managing breast

disease. © 2002 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1427050]
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1 Introduction

1.1 Role of Optics

Near-infrared(NIR) photon migration spectroscopy provides
quantitative functional information from breast tissue that

cannot be obtained by conventional radiologic techniques.
NIR techniques are sensitive to several important physiologi-

cumbersome, and rely upon the use of contrast agents. On the
contrary, NIR techniques may be used with either endogenous
or exogenous contrast, and can be fashioned into inexpensive
and portable systems.

1.2 History of Early Breast Optics

cal components in tissue such as hemoglobin and water. In theAlthough white-light transillumination was introduced into

clinical management of breast disease, such functional infor-
mation suggests a variety of potential medical applications:
therapeutic monitoringangiogenesis, chemotherapgupple-

mental lesion characterizatighenign versus malignantand

risk assessmerorigins of breast densityA noninvasive op-

tical imaging technique that provides unique, quantitative
physiological information can greatly enhance current screen-
ing and diagnostic monitoring for the breast. Emerging tech-
niques for the breast such as magnetic resonance imaging an
positron emission tomography have shown promise in provid-
ing functional images. However, these techniques are costly,
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medicine in the early 1800's, it was not until 1929 that the
technique was formally applied as a tool to visualize the shad-
ows cast by breast lesioh&arlsen introduced spectral breast
imaging in 1980 by restricting the light source of a medical
transillumination imager to red and NIR barfdsnages con-
sisted of the ratios between red and NIR light traveling
through the breast. Throughout the 1980’s there were a variety
of clinical trials attempting to compare various
aransiIIumination/diaphanography instruments with mammog-
raphy as a screening tool; a potpourri of conflicting clinical
conclusions was the resulfThe literature is often vague in
distinguishing transillumination/lightscanning from diaphan-
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ography. Typically, transillumination refers to white-light illu- Early studies have shown that red and NIR light absorption
mination, whereas diaphanography refers to red and NIR illu- in breast is highly sensitive to hemoglo3i?? However, the
mination) Some studies, most notably those of Bartrum and presence of blood alone is not sufficient criteria for the diag-
Crow;? Wallberg et al and Budred et aP,have shown very nosis of cancer, a weakness that probably contributed to the
favorable results comparing optical and radiological devices high false positive rate of diaphanography. Neglecting scatter-
as screening tools. Other studies, most notably by Drexler, ing diminishes contrast even further. Additional information
Davis, and Schofieli,Monsees, Destouet, and Gersetind about metabolism and water content may be the key to avoid-
Alveryd et al® have shown quite the opposite. Such studies, ing poor sensitivity and specificity. Limiting measurements to
and in particular the one by Alveryd et al., dissuaded further a few wavelengths greatly limits sensitivity, and does not take
development of the technique, as evidenced by the refusal ofadvantage of the full capabilities of optical spectroscopy.
insurance companies to offer coverage for optical breast ex-

ams. 1.4 Modern Breast Optics

Many reasons have been cited to explain the failures of Continuous wave, fixed distance methdds., source detec-
these early optical methods to detect and to classify breasttor se aratiohmez;\sure light attenuation Récent advances in
lesions. Some cited study-dependent issues such as poor op; P 9 '

erator experience and inadequate statistical analysis. More seEhe understanding of the propagation of pulsed light in multi-

riously, there were physical limitations such as inadequate ply scattering media sqch as tissues havgz provided methods to
light penetration, poor dynamic range, inadequate spatial Zepar.atsz,fas ar:td s 1N Ibothftheb t'm% land frek?uencg
resolution, uncorrected geometrical and boundary effects, and®°™Man d ca (:rlr;)g \éatlr’]els g{gyzgeaj h.ef]ggjh ave been
tissue scattering. Clinically, the physical limitations of diapha- meﬁiure n '\I'”r:/o Ot € Of thow diff and ign taT nor-
nography manifested as very high false positive rates as wel| Ma! ISSU€. The nature of (NEse dillerences IS not ciear.

as low true positive rates. Although the highly scattering na- . tpro.tt‘;tg{gebcommef.‘;'?' mstrlljmen(tjs_have mplemgnted raw
ture of tissues could never allow resolution comparable to intensi ecause 1t IS Simple and Inexpensive. Une com-

radiography, the early stages of optical breast exams reliedm.erCiaI devicg used a frgquenpy-domain cqrrection for breast
upon direct visualization of the lesidrAlthough direct visu- th'thr.'eSS’ Wh:chddrarga?cally |mprgved Fhe&lssﬁﬁﬂ;ﬂtod-
alization of lesion anatomy is difficult, if not impossible with érn time-resolved and irequency-domain Spectroscopy

visible/NIR optics,spectroscopiwisualization of tissue func- can monitor tissue phyS|oqu|paI activity such as hemoglobm
tion is an entirely different matter. saturation and thereby distinguish between diseased and

healthy tissue upon a functional basis. Such techniques have
quantified the metabolism of small palpable lesionsivo in
1.3 Importance of Spectroscopy humans, thus demonstrating the feasibility of NIR methods
for breast cancer screening and detectibi? Simultaneous
acquisition of multi-spectral information is also being
considered®

In recent years NIR tissue spectroscopy has been used to
study healthy breast tissue and changes that occur with age,
hormone use, and other factors. Kang et al. apparently sup-
plied one of the firsin vivo optical measurements of breast
tissue®* Suzuki et al. performed time-resolved spectroscopy
at a single wavelength to detect changes in optical properties

Although water and lipid are weak NIR absorbers, their high as a factor of ag& menopause, and body mass index

36 . ’
abundance in breast tissue relative to hemoglobin translates(BMl)' Heusmann, Ktzer,_and Mmc_ mgasured the effe_cts
into significant absorption, particularly in the 900—1000 nm of water in normal breast tissues using incomplete published

range%l—lS Moreover, the balance of water and lipid in the scattering curve¥. Quaresima, Matcher, and Ferrari mea-

breast depend on factors such as age and hormonal status. Rured 'ghe intra- and inter-subje(;t variability of.the. optical
complete physiological picture of breast requires knowledge properties of _healthy women using secpnd-derlvatlve spec-
of this balancé*!® Restricting measurements to only two OSCOPY, again using published scattering dété:gbeddu
wavelengths to measure Hb-R ahit--O, compromises both et al. stl_Jdled ph)_/smloglcal changes in breast optical proper-
the accuracy and completeness of tissue characterization. t!es during the f"’": phases of the mensirual cycle using a
The spectral dependence of tissue scattering in its own time-resolved, multi-spectral approath.
right may also contain important functional information. Tis-
sues scatter NIR light very strongly, such that the separation 1.5 Scope of This Work
of reduced scatteringu.) from absorption is critical for ex-  We believe that the key to the success of optical methods in
tracting the true absorption spectrum of the tissue. Although breast lies in the spectroscopic content of the optical signals.
the distribution of NIR scattering centers in tissue is not well Common procedure has been to compare the optical proper-
understood, multi-spectral NIR measurements  df have ties of diseased tissue to “normal” breast tissue. Normal
shown a relationship between scattering and waveletidth.  breast tissue is a vague concept, given the frequency and mag-
Spectral measurements of tissue scattering may provide infor-nitude of changes that occur over a variety of time scales.
mation about the types of scattering centers found in a given Despite this fact, there is a scarce amount of information
region of tissue, and in turn provide information about tissue available on the optical signature of nondiseased breast tissue.
cellularity® compositiont® and disease stafé. The physiology of healthy breast tissue is complex, influenced

Recent developments in functional methods such as diffuse
optical spectroscopyDOY) and diffuse optical tomography
offer distinct advantages over traditional diaphanography.
DOS may be used to quantify tissue biochemical composition.
For example, dual-wavelength spectroscopy has been widely
used to determine the absorption coefficient) and hence

the concentrations of reduced hemoglokitb-R) and oxy-
genated hemoglobifHb-0,) in tissue!® However, NIR light
absorption in breast is due to more than just hemogl&bin.
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by multiple internal and external factors such as menstrual Im(U)
cycle, menopause, exogenous hormones, lactation and preg- ¢=arcta76 Re(U))'
nancy. Some of these changes have been monitored qualita-
tively by mammography and magnetic resonance The frequency-domain expression fdris given by theP;
imaging3¢-4° approximation to the Boltzmann transport equafioft We

This paper represents a continuing effort to quantify the selected thd®; model over the standard diffusion model be-
composition and function of breast tissue using NIR spectros- cause theP; approximation has a more accurate frequency
copy. All of the 30 healthy subjects we studied had not mani- response at higher modulation frequencies and introduces
fested any forms of breast disease at the time of the measurelittle additional complexity. The model geometry used in this
ment. We have shown that both absorption and scatteringpaper was a semi-infinite medium, where the solution was
spectral signatures provide important clues about the func- obtained by using the method of images for the infinite me-
tional state of breast tissue. Such information may prove criti- dium solution along with an extrapolated bound&¥he in-
cal to the advancement of modern biomedical optics in the dex of refraction mismatch was taken into account using the
breast, and improve upon measurements of intensity &fone. empirical polynomial fit of Groenhuis, Ferwerda, and Ten
In addition, we provide broadband spectroscopic measure-BoscH* and assuming a tissue index of refraction of ‘f.We
ment of a fibroadenomia vivo, demonstrating the enormous  assume that botjx, and ., represent a macroscopically ho-
contrast available to multi-spectral optical measurements. mogeneous average value of the tissue that is sampled by the

light.

)

2 Materials and Methods
2.3 Fitting Considerations
2.1 General Approach By fitting instrument-corrected data to the appropriate physi-
cal model, we can recover, independently fromu for the
tissue. We typically fit data from 100 to 700 MHz while keep-
ing r fixed at 22 mm in order to recoven, and .. A
Levenberg-Marquardt minimization algorithm was adapted to
fit simultaneously both the real and imagindig., phase and
amplitude analogsparts of the signal by minimizing a2
merit function. Several initial guesses were used in order to
erify that the minimumy? was not strictly a local minimum.
igure 1 presents an example of the fitting procedure. The
frequency-domairP; model of light transport was fit from
100 to 700 MHz to the imaginary and real parts of the mea-
= 2.303[c]. (1) sured PDW in pan_d_la). Application of Eqs(_2) and(3) trans-
forms these quantities into the more tangible wave amplitude
The factor of 2.303 originates from the base conversion be- gnd phase in panéb).

tween the logarithm for absorbance and the natural logarithm  |nstrumentation artifacts such as cable length and source

The dependence of the chromophore concentration on the ab
sorbance of light iAB= €[ c]l, wheree is the molar extinc-
tion coefficient(M~*cm™Y), [c] is the concentration of chro-
mophorec (ML 7%, andl is the photon path lengtftm). The
path lengthl is increased by scattering and is not knoan
priori. Time-resolved and phase-sensitive methods that mea-
sure the time course of photofs equivalently]) have been
used to separate the effects of absorption and scattering on th
attenuation of light>2* The absorption coefficients translate
into tissue chromophore concentrations using the equation

for pa. strength variability introduce additional unwanted phase shifts
and amplitude decreases. These artifacts may be removed by
2.2 Measurement of Absorption and Scattering calibrating the measured PDW phase and amplitude with the

phase and amplitude of light detected in a tissue-simulating
phantom with known optical properties. Such a calibration
scheme is similar in spirit to the lifetime referencing calibra-
tion that is routinely performed in frequency-domain
fluorescence-lifetime instruments.

Error bars in our results represent the result of many sepa-
rate measurements and calibrations. In a typical measurement,
we measured the tissue several times, and then measured the
phantom several times. This procedure provided precision er-
rors that emerge from coupling variability between the probe
to the phantom and from the probe to the tissue. The biggest
variation in our measurements was due to the variability in
coupling to the phantom.

We also made use of sonaepriori information in order to
reduce fitting errors. In the NIR it is well known that scatter-
ing follows a simple power-law dependence of the form

The theory of frequency-domain photon migrati®fbPM) is
based upon the formation, the propagation, and the character
ization of density waves of individual photons inside a mul-
tiply scattering medium. The technical aspects of this theory
have been discussed in the literatté* The behavior of
these photon density wavéBDW) is mediated by two wave
characteristics[frequency,f (MHz) and distance traveled,
(mm)], and two media characteristidgt, and u.). The
modulation frequency is the rate at which a light source is
turned on and off and has nothing to do with the energy or
color of the light.

Our typical experimental configuration is to measure the
real and imaginary parts of this wave at a fixed distance be-
tween light source and optical detector over a range of source
modulation frequencies, ranging from 50 to 1000 MHz. For
the purposes of physical intuition, we may translate these real
and imaginary parts of the photon density, (photons per

: : : us=AN"SP, (4
cubic mm), into the amplitudé) and phasé¢) of the photon s
density wave whereA is a constant an®&P, the magnitude of the exponent,
is the scatter power. Outlier scattering points, as judged arbi-
y=+\Re(U)?>+Im(U)?, (2) trarily by a robust nonlinear fit of.; , were constrained to fit
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Fig. 1 Photon density waves. (a) Points represent measured real and
imaginary parts of the wave, and lines represent a fit of the frequency-
domain P; equation. The result of this fit provides both u, and u, .
Note that the real and imaginary parts of this wave are an analog to
the amplitude and phase, as described by Egs. (2) and (3). The direct
transformation is provided in panel (b).

the line described by Ed4).*® The real and imaginary com-
ponents were then refit, while keepipg fixed.

2.4 Calculation Tissue Physiology: Absorption
Knowledge of the absorption spectrum provides the informa-

Spectroscopy Enhances the Information Content . . .

2.303x10* Since it is difficult to quantify lipids in terms of
a concentration, the molar extinction coefficients were used as
cnPKg ™t

The general solution to the matrix problem expressed in
Eq.(5) is

c=(E'"E) ETu (6)
The extinction values for both Hb-R andb-O, were ac-
quired from the work of Wray et al., who used lysed cells in a
nonscattering mediuftl. The extinction values for water were
interpolated from the work of Hale and QuefAFinally, val-
ues for lipids were obtained from Eker, who measured the
absorption of soybean dif.We have found using continuous
wave spectroscopy that the water spectrum provided by Kou,
Labrie, and Chylek provides an overall better spectrum for
use in tissue optics studies, although it did not change the
essence of our results for the FDPM wavelengths used in this
work.>°
For each measurement we report four hemoglobin param-
eters: [Hb-R], [Hb-O,], total hemoglobin concentration
(THO), and the hemoglobin saturati¢®,0,), where
THC=[Hb—R]+[Hb—0y], 7)
Hb—O
5O2= [Hb—[R]+[H§—O T
2

Values for water and lipid content are reported as percentages.
The water fraction is the concentration of measured tissue
water divided by the concentration of pure watéb.6 M).

The lipid percentage absorption of lipid measured relative to
an assumed “pure” lipid density of 0.9 gmt. Thus, the
reported water and lipid percentages are relative figures of
merit compared to pure solutions of the substance, and neither
are strict volume nor mass fractions, nor add to 100%.

®

2.5 Measured Tissue Physiology: Scattering

The scattering properties of the tissue also may yield impor-
tant physiological information. As an example, when the par-
ticle size is much smaller than the optical wavelends,

tion needed to solve a weighted least-squares problem to re-approaches the Rayleigh limit 6f4. In this work, the mag-

cover the concentrations of the four principal NIR absorbers
in tissues: Hb-RHb-O,, H,O, and lipids. We assume that
other NIR chromophores such as myoglobin are negligible in
breast tissue. The term “weighted” refers to weighting the
value of u, with its measured error. The least-squares prob-
lem expressed as a matrix takes the general form

—

n=Ec,

¢ (5)

whereu is a vector of lengtiN containing the measured,
values andc is a vector of lengthM containing the chro-
mophore concentrations. The matrix has dimensiondN
XM and contains the extinction coefficientsm? M™% for
theM chromophores at each of thewavelengths. To convert
traditional literature molar extinction coefficiensm M)
into extinction coefficients for use in E@5), multiply e by

nitude of the slope is referred to as the “scatter power.” In-
tralipid, which is an intravenous fat emulsion that is com-
monly used as a tissue phantom, has globules of soybean oil
that are on average about 97 nm, and yield a value of scatter
power of 2.4>! Nilsson et al. provided an empirical link be-
tween scatter power and the average particle%iZais value

is not rigorous, but may provide meaningful insight into the
origin of the tissue scattering, and ultimately the composition
and structure of the breast.

2.6 Instrumentation

The specific details of this FDPM instrument has been de-
scribed in detail elsewheré but the relevant technical infor-
mation is mentioned here. The instrument employs seven di-
ode lasers that provided visible and NIR ligh&#2, 800, 806,
852, 896, 913, and 978 nmA hand-held probe housed an
avalanche photodiod@&PD) that recorded the modulated dif-
fuse light signals after propagating through the tissue. This
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probe has a plastic attachment on the casing to position a (@
source optical fiber 22 mm away from the APD. The optical
power launched into the tissue ranged from 5 to 25 mW. A
sweep over all seven wavelengths ranged from approximately
35 to 60 s. The system acquired data in lessitBas per
wavelength, wit a 2 sdelay between each laser diode in the
system because of switching considerations. The system was
wheeled into a medical clinic for each measurement.

One additional measurement was performed using a
steady-statéSS spectrometer system in conjunction with the
FDPM instrument. The technigue, known as steady-state
FDPM (SSFDPM, has been described in detail elsewh¥ére.

In short, the SS system interpolates valueggfbetween the
discrete FDPM measurement3he NIR scattering spectrum
power-law dependendee., Eq.(4)], rendersu, known at all
wavelengths of interest. Removing, from the problem fa-
cilitates the calculation oft, from the steady-state spectrum.
See Ref. 54 for details.The SS system utilizes a separate
plastic hand-held probe in which were embedded a source
fiber and a detector fiber. The probe fixed the distance be-
tween these fibers at 22 mm. Spectra were recorded from 650
to 1000 nm in 2 nm increments, using a 1 s integration time.
The system was calibrated using an integrating sphere.

Normal site Fibroadenoma

®

2.7 Measurement Procedure

All of the subjects we measured in this study provided in- S

formed consent to participate in one of two trigho. 95-563

and No. 99-218Bthat were approved by the Internal Review

Board of the University of California at Irvine. All 31 subject

ages ranged between 18 and 64. Each subject was in a supingig. 2 SSFDPM measurement locations. Panel (a) displays the mea-

position during the measurement. As outlined above, the in- surement grid for placement of the probes. The site of the fibroad-

strument probe was the only item placed in contact with the €noma was d_etermi_ned via stanglard clinical uItrasoun_d. Panel (b)_in-

subject. All measurements were performed in a reflection ge- ?Afjtisetgjgg'vmvzgiﬁzsg;hni fibroadenoma. The axis of the lesion

ometry, where we estimate the average depth of penetration '

was approximately 1 cm below the skin. The probe was

placed onto the breast by using the force of gravity as pres- 3 Results

sure. No compression was used during the measurement. We

performed measurements on normal subjects in the center of .. "

each of the four quadrants of each breast. Data from the Ieft3'1 Measurement of We_lter . L|p|d_s _I" V'V‘?

upper outer quadrant are presented here, although the datd‘9€-dependent changes in water and lipid fractions are pre-

presented here are representative of other sites. _sente(_j in Figures 3 _and 4, resp_ectlvely. Premenopausr_:ll sub-
One SSFDPM measurement was also performed upon aject_s(].e., gge<50) display a variety of values. Inter-subjegt

37-year-old woman with a lesion located in the upper inner variations include, but are not limited to, menstrual cycle dif-

quadrant of her left breafFigure Za)]. The subject was post- ferences and gynecological age. The same general trend oc-

. - T ._curs in the THC.Y® The water seems to increase in pre-
menopausal surgically since age 28. Prior fine-needle aspira- oo usal subjectages 18—39 perhaps reaching a peak
tion confirmed the lesion to be a fiboroadenoma. The lesion P ) g P P gap

) . . . . value near the age of 30. Between the ages of 40—49, water
dimensions were determined by conventional clinical ultra-

) _seems to decline. After age 5@redominantly postmeno-
sound at the time of the SSFDPM measurement to be approxXi-nausal there is a general decrease with age in water, and an

mately 19 by 19 by 10 mm at a depth of 11 mm below the j,crease in lipids. Error bars represent the results of repeated
skin. SSFDPM measurements were performed at seven dis-neasurements. The late decreas@HC and water correlates
crete positions in a line on the skiFigure 2b)]. FDPM well the atrophy of well-vascularized lobular tissue and the
measurements were first performed along the seven points,ncrease of the fat-to-collagen ratio after menopasgom-

and then followed by SS measurements at the same locationspositional analysis data show lower blood and water content
This process was repeated for the same location on thefor fat versus glandular tissge.

healthy breast. Only the line scan from medial to lateral is Measured lipid and scatter power are presented as func-
presented here. tions of body-mass indefBMI) in Figures 5 and 6, respec-
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Fig. 3 Water vs age. The water fraction is the water concentration in
tissue relative to the concentration of pure water (55.6 M). Pre-
menopausal volunteers (<age 50) show considerable variation over
age because of intra-subject variations such as menstrual cycle varia-
tions and overall hormone production differences. Postmenopausal
and peri-menopausal (>age 50) volunteers appear to show a decrease
in water content.

tively. The BMI scale is determined by dividing body mass
(Kg) by height square@m?), and numbers between 20 and 25
are considered norm3i.The histograms represent an average
over all BMI values within a single BMI unit. The error bars

represent the subject variation within a given BMI bin. There
is a general correlation between lipid mass density with BMI.

Overall body mass and breast mass are not perfectly corre-
lated, so that this correlation is not expected to be perfect.
Collagen-rich glandular tissue scatters light with a higher

scatter power than adipose tissi@hus, smaller scatter pow-
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Fig. 5 Lipid fraction and BMI. A general check of our ability to mea-
sure lipids in breast tissue is to scale them against BMI. Women within
a single BMI unit were averaged together to form the histogram. This
is a general (not absolute) trend that we would expect to find in breast.

sized that the scattering and the absorption information to-
gether provide a consistent picture of the components in the
breast.

3.2 Spectral Content in Scattering

Figures 7 and 8 further support the idea that tissue scattering
spectra provide important physiological content. In Figure 7,
the measured scattering at 800 nm does display a clear pattern
that may provide any significant information content. The
scattering spectral dependence, however, tells a different
story. Figure 8 clearly demonstrates that the scattering spec-
trum (i.e., scatter powey shows a marked decrease as a func-
tion of age. Again, we expect that breasts full of highly scat-
tering, collagen-rich tissue would display a higher scatter
Power than breasts with more adipose.

ers are expected in fatty tissue. In the postmenopausal breas
the ratio of adipose to glandular tissue generally decreases,3 3 Effect of Water and Lipids in Breast
which should result in a lower scatter power. Such an inter-
pretation may not be valid given that the amount of collagen
in each breast is not known. However, it should be empha-

All of the previous figures demonstrate the highly variable,
but physiologically intuitive, amounts of water, lipids, and

scattering found in normal breast tissue. The next two figures
demonstrate how neglecting an individual’s water and
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Fig. 6 Scatter power and BMI. Complementary information is pro-

Fig. 4 Lipids vs age. The lipid fraction is the lipid mass density
(g mL™) in tissue relative to a lipid mass density of 0.9 g mL™". Again,
variations exist, although there is a general increasing trend with age.

vided by the scattering properties of the tissue. Women within a single
BMI unit were averaged together to form the histogram. Note that we
would expect in general a lower scatter power in fattier tissue.

Journal of Biomedical Optics ¢ January 2002 « Vol. 7 No. 1 65



Cerussi et al.

1.2 r
1.0 -
0.8 -

06

B mm’)

04f

02

0.0- U [ S S S TN (SN SR ST SO TR NN Y TR S S N TR S S S S 1]
20 30 40 50 60 70

AGE (years)

Fig. 7 Scattering in breast at 800 nm. These points represent the av-
erage measured u; values in 29 healthy volunteers as a function of
age. No obvious distinctive pattern emerges.

lipid content affects measurements of bre@ktC and SO,.

The following calculations represent the percent deviation be-
tween the “true” values and the values one would measure
using onlyu, at 672, 806, and 849 nm, three abovementioned
wavelengths; note that the “abs %" refers to an absolute
change inrS0O,, i.e., 80%—-85%. Panels) and(b) present the
THC and SO,, respectively, of a pre-menopausal breast, as-
suming thatTHC=27.4uM and SO,=76.6%. Panels(c)

and (d) provide the same information, but for a postmeno-
pausal breast usingTfHC=14.6uM and SO,=82.2%.
(These average values are based upon averages measured
our trial). Figure 9 ignores entirely the contribution of water

and lipids, whereas Figure 10 assumes a background value o
water and lipids, using 33% and 44% for the pre-menopausal

breast in(a) and (b), and 19% and 61% for the post-
menopausal breast iiw) and(d), respectively.

Figure 9 readily displays that serious errors may result by
ignoring contributions from water and lipids. Values of water
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Fig. 8 Scatter power in breast. The effect of the spectrum of the tissue
scattering is more clearly demonstrated. Scatter power is the exponent
of the scattering vs wavelength dependence, as shown in Eq. (4). This
time, there is a distinctive general decrease with age, which is not
obvious at any single wavelength. This general pattern is also true of
mammographic density.
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are provided over a wide range for three different lipid frac-
tions; the three lines represent lipid fractions of 20%, 45%,
and 70%, in ascending order. Water is highly variable in
breast, leading from anywhere between 10% and 30% over-
estimation ofTHC [panel(a)] and 2%—6% rise 15,0, [panel

(b)]. The effect is even more pronounced in the postmeno-
pausal casgpanels(c) and(d)], where the error inTHC and
SO, jump to higher errors.

Figure 10, which assumes reasonable background water
and lipid values reflective of our measurements in both pre-
and postmenopausal cases, has some definite improvements.
Of course, if the true water and lipid content is close to the
assumed background value, the error is small. The effect of
the background is to shift the error curves from always posi-
tive, to both positive and negative estimationsTd#iC and
SO,. The errors may be significant if the assumed value dif-
fers significantly from the true value.

3.4 Fibroadenoma as an Example

Figures 11 and 12 display the results of SSFDPM measure-
ments performed over regions of normal and diseased tissue.
In both figures, triangles represent measurements performed
on or near the site of the fiboroadenoma, whereas the squares
represent measurements performed on the healthy breast in
the same anatomical site as the fibroadenoma. THE in
Figure 11 is higher over the fibroadenoma, and slightly de-
creased relative to normal outside the lateral extent of the
lesion. Figure 12 provides a more convincing case, but this
time in water fraction. Although not shown, the lipid fraction
takes a similar course, though to a lesser extent; the lipid
ffaction on the fibroadenoma was about 5% lower than over

ormal tissue. Equally important is the fact tH0, (i.e.,

igure 13 decreases only slightly over the fibroadenoma site,
and may not provide enough contrast by itself for detection.
Interestingly, the largest decreasesS@, occur near the fi-
broadenoma boundaries.

4 Discussion

4.1 Spectroscopy is the Key

The results presented in this work strongly suggest that the
spectral signature of diffuse optical signals provides distinc-
tive functional information in the breast. It is not surprising
that the pre- and postmenopausal breast display the physi-
ological trends that we have observed. Regardless, it should
be stressed that we have been able to quantify these functional
changes noninvasively.

A single wavelength of light may be used to detect some
breast lesions, but it will not compete with the spatial resolu-
tion offered by conventional techniques. However, by provid-
ing spectroscopic information about a suspicious region of
tissue, optics may prove useful in the management of breast
disease. Note that the advantages of spectroscopy are not
solely restricted to measurementsof; the spectral depen-
dence ofu. also contains important information. Tissue ab-
sorption and scattering information together appear to paint a
more complete picture of the tissue composition than direct
measurements of optical attenuation.
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Fig. 9 Effects of ignoring water and lipids. Panels (a) and (b) represent a pre-menopausal woman with THC=27.4 uM and $0,=76.6%. Panels
(c) and (d) provide the same information, but for a postmenopausal breast using THC=14.6 uM and S 0,=82.2%. The percent errors are
determined by calculating the THC and S,O, perceived by using only absorption values at 672, 806, and 849 nm and comparing them to the true
values listed above. The three lines represent values of 20%, 45%, and 70% lipids in the calculation, in ascending order.

We have demonstrated that our measurements at seven distion. It is fortunate that two of the diodes, namely at 913 and
crete wavelengths seem enough to account for the blood, wa-978 nm, lie very close to the absorption peaks of lipids and
ter, and lipid content of breast. Instruments restricted to two or water, respectively. The SSFDPM technique adds tremendous
three wavelengths sacrifice important spectroscopic informa- spectral bandwidth to a discrete wavelength measurement, but
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Fig. 10 Effects of assuming water and lipid values. Same description as Figure 9, but this time assuming water and lipid fractions of 33% and 44%
for the pre-menopausal breast [panels (a) and (b)], and 19% and 61% for the postmenopausal breast [panels (c) and (d)], respectively.

it is still reliant upon discrete measurementsudf. The topic work has also suggested that ignoring water in NIR measure-
of determining the optimal selection of wavelengths is cur- ments will lead to significant errors in some conditions.
rently under investigation. Franceschini et al. asserted that knowledge of the water con-
. . centration was required in order to determine accurately the
4.2 Normal Optical Properties Needed S0, of 23 uM of blood suspended in a scattering medium
Ignoring the contributions of water and lipids in the breast using a two wavelength techniqu@15 and 825 nm® He-
leads to errors in the measurementTéfC and SO,. Earlier moglobin concentrations in adult muscle can easily be on the
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Fig. 11 THC in a fibroadenoma. SSFDPM measurements of a fibroad- Fig. 13 5,0, in a fl:broadenoma. The de.tails of this figure are the
enoma (triangles) vs-same-site normal tissue on the opposite breast samg as for the P”?V'OU? two figures. A minor decrease in SO, over
(squares) in a 37-year-old postmenopausal woman. Measurements the fibroadenoma is noticeable.

spanned the region from 650 to 1000 nm, using a four-component fit
as described above. The fibroadenoma covers the region between

approximately =10 to +10 mm (as indicated by the bar), where there 4.3 Necessity of Control Values

is a general increase in THC. Although the fibroadenoma is “visible,” . .

would this be enough information to distinguish it from other lesions _In general, pre-menopausal breast is more optlcglly attenuat-

or breast components? ing than postmenopausal breast, both in absorption and scat-
tering. It is important to note that this trend, particularly in

scatter power, is also true for mammographic density. The

order of 100uM as determined by deep-tissue measurements Palance between fat, collagen, epithelium, and water is re-
in a reflection geometry. Neglecting water in high Hb concen- SPonsible for changes in mammographic derfSiQur mea-
tration environments translates into errors less than 5% in Surements suggest that the collagen to lipid ratio strongly in-
SO, for values above 5095 However, the breast is a totally ~ fluénces NIR optical scattering. NIR spectroscopy has unique
different matter. The overall measured concentrations of Hb Potential for quantifying the specific elements of breast tissue
are much lower in breast than in muscle. Hull, Nichols, and that contribute to mammographic density. This observation
Foster point out clearly that two or three wavelength systems May be of importance in risk assessment, since mammo-
can produce significant errors as well, although their three graphic density has been cited as a risk for breast cahcer.
wavelength system did not include a water p&khus, itis ~ Thus, optical methods may identify breast tissue at physi-
not just the number of wavelengths, but also the sensitivity of 0logical risk for malignant transformation and can be per-
those wavelengths to selected chromophores that are imporformed easily in all women at any age.

tant in discrete wavelength measurements. Adding wave- _Knowledge of the normal values of NIR chromophores
lengths more sensitive to watésuch as 980 nincan help will play an important role in evaluating the usefulness of

quantify the water concentration. The SSFDPM technique OPtical methods in detecting and characterizing lesions in the
adds even more bandwidth. breast. Several investigators have reported a two-to-fourfold

THC contrast between normal and tumor structuiasyivo
tumor SO, values are also typically lower than normal

30 - tissue?®~3! Neglecting the effects of water and lipids further
: = NORMAL complicates efforts for accurate quantitative diagnosis. The
2k 1 + FIBROADENOMA effect of falsely ascribing lipid and water absorption to hemo-
9 f globin will inflate measured values 6fb-O,, and thus inflate
= 20f Iy 1 measurements afHC and SO,. This change in contrast will
g decrease the probability for success of noninvasive optical
O 150 T T lesion characterization. For every woman, the effect of water
é r & w L] L] ] (] T and lipids will vary so that the error in measured hemoglobin
B 10F levels will be different, and potentially unpredictable. The ef-
> [ fect will be more severe for patients with low&HC levels,
B sf i.e., older women. There is also no reason to assume that the
[ distribution of water and lipids will be uniform across the

1 1 1 n 1 1 1 n L L 1
-5 .10 -5 0 5 0 15 whole b'reast. . . .
Detailed studies of normal tissue are essential for deter-
POSITION (mm) mining the sensitivity required of optical instrumentation for
Fig. 12 Water concentration in a fibroadenoma. The details of this detecting Iesu_)ns in women of Varym_g age and hormo_nal_ S_ta'
figure are the same as for Figure 11, except water is plotted instead of tus. As base line levels are characterized, data on an individu-
THC. Notice the high contrast available from water. al's absorption and scattering variations could provide impor-
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tant insight into disease appearance and progression. WherBreast Cancer Research Program, and Avon. A.E.C. cheer-
applied to patients receiving chemotherapy and/or hormone fully acknowledges support from the U.S. Army Medical Re-
replacement therapies, this information could also be used tosearch and Material Comman@o. DAMD17-98-1-8188.
generate feedback that would permit customized treatmentThe authors also acknowledge additional support from the
planning based upon individual physiologic response. Experi- George E. Hewitt FoundatiofA.J.B.) and the Swiss National

ments such as these are currently under way.

Science FoundatiofF.B.). The authors also thank the helpful

patients who volunteered their valuable time to participate in

4.4 Additional Comments
For the case of fibroadenoma versus normal the water content

this study.

differences were substantial. This is in part due to the low References
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