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Abstract. Near-infrared (NIR) diffuse optical spectroscopy (DOS) and
diffuse optical imaging (DOI) show promise as noninvasive clinical
techniques for breast cancer screening and diagnosis. Since NIR
methods are based on optical contrast between healthy and diseased
tissue, it is essential to characterize the sources of endogenous con-
trast in normal subjects. We report intra- and inter-subject variation
and bilateral asymmetry of the optical and physiological parameters
of 31 women using a seven-wavelength NIR frequency-domain pho-
ton migration (FDPM) instrument. Wavelength-dependent absorption
and reduced scattering parameters (u, and w ", respectively) were
measured in four major quadrants and the areolar regions of left and
right breasts. These values were used to determine tissue concentra-
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Bruce ). Tromberg water concentration, and tissue ‘‘scatter power.” Mean total hemoglo-
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1.8-fold higher for PRE subjects (30 to 40%) than POST. These differ-
ences are most pronounced when comparing the areolar complex to
the other regions of the breast. In premenopausal women, the areolar
regions have 40 to 45% increased total hemoglobin concentration
(THC), 20 to 25% lower lipid content, and 30 to 60% higher scatter
power versus the quadrants. Small-scale (3 cm) changes in optical
properties are negligible compared to large-scale variations over all
quadrants, where the intrinsic spatial heterogeneity of healthy breast
tissue is 20 to 40% for w, and 5 to 12% for w," . Although no con-
sistent right-left differences are observed in the study population, rela-
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1 Introduction In this work, we employ a DOS instrument based on
A variety of near-infraredNIR) optical methods for the de- ~ freguency-domain photon migratiofFDPM) technology.
tection, diagnosis, and clinical management of breast cancer’, OF M utilizes intensity-modulated light to §ep§rat?2and quan-
are under development. In general, near-infraétR) meth- tify intrinsic tissue absorption and scatterimgvivo. Mea-

ods are based on photon migration models and technology, CETE S SRR TR REEe BTN ISR
such as diffuse optical spectroscaiOS) and diffuse optical 9 P P

) . . ) NIR breast tissue chromophores: deoxy-hemoglobin, oxy-
imaging (DOI). DOS and DOI methods provide unique quan- hemoglobin, lipids, and waté%vl“Measuremyents of?he Wc’slve-y
titative physiological information that can be used in conjunc- ' ’ '

. i . S . . length dependence of the reduced scattering para
tion with conventional medical imaging techniques, such as g P g parartele)

fi . g and ult 45 R i is related to the size and distribution of biological
Magnetic resonance imagmg and Uitrasound."Recent ap- . arerd516 Hence, the spectral behavior of both, and
plications of diffuse optical methods in breast cancer include

o 8 . s can be used for the noninvasive physiological character-
monltogl_nl% chemotheragyhormonal effectd® characterizing ization of soft tissues.

tumors,™and assessing disease risk. Several investigators have demonstrated the ability of DOS
and DOI methods to distinguish malignant from benign breast
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Network into four quadrants: upper outer (UO), upper inner (Ul), lower outer
(LO), and lower inner (LI). FDPM measurements are made in each
‘ quadrant and the superior areolar border (UA). Inset: Location of mea-
- surements for small-scale investigation of tissue for five subjects. A
Opflcal series of seven measurements over a 3-cm line were made in 5-mm
Diod Switch increments as shown. The probe is aligned so that the source (S) and
lode detector (D) are perpendicular to the scan line.
| | Lasers
Fig. 1 Schematic drawing of FDPM instrument and hand-held probe. nals after propagation through the tissue. The probe contains a
The main components of the instrument are: network analyzer, DC plastic attachment on the casing to secure the source fiber at a
current source, bias T, diode lasers, optical switch, and avalanche fixed distance of 21 mm from the APD. The network analyzer

photodiode. See text for detailed description. measures the phase and amplitude of the electronic signal.

Amplitude-modulated light traverses through tissue as a

photon density wave(PDW) with a distinct phase and

; in viva 9-11,17 i ; ;
lesionsin vivo. Preliminary studies have also described amplitude?® The phase shift and amplitude of the PDW after

the effects of biological factors such as age, menopausal Sta'propagation through tissue was determined at each wave-

tus, hormone use, and menstrual cycle fluctuations on Opticallength between 50 to 700 MHz at 1.375 MHz intervals. The

an?ﬁrt'iﬁfri': inorma;: tl'isffl'ti-r;"s ?tgfly fctx;iuses on tian?lyrz _range of modulation frequencies was swept repetitively so

ergt;iesein 31 ﬁ:aTtFr)]a :ub%c?so S orbreast tissue optical prop- a1 each amplitude and phase value represents an average of
y ) ‘ four measurements. The measurement time over all seven

Optical property variations across a small subsection of wavelengths is less than a minute. The optical power launched
tissue(3 cm) are compared to intrasubject variations over the . 9 : p P

entire breast. The effects of age and menopausal status on thént(; the SlibJeCt ranged from|5btot23 IT\]{V for eachh diode. The ;
spatial distribution of optical and physiological parameters are Instrument response was calibrated belore each measuremen

also examined. In addition, since bilateral asymmetry in session on a tissue phantom of known optical properties.

breasts is common in women, we present data on the typical FDPM data was collected from a total of 31 volunteers: 18

differences in optical properties between left and right breasts. Prémenopausal volunteers ages 18 to 48 years ofRB&

Our results provide insight concerning the glandular distribu- @nd 13 postmenopausal women ages 52 t¢F8aST), six of

tion, vascular patterns, and asymmetry within healthy breast Whom were using hormone replacement therapy. Measure-
tissue. These factors play an important role in characterizing Ments on 28 of the subjects were performed at five distinct

normal breast tissue physiology and understanding the appearPositions on each breaffig. 2): one position at each of the
ance of disease. four quadrants midway between the nipple and the edge of the

breast and the superior areolar border. The measurement lo-
. cations were abbreviated as followR=right, L=Ieft, U
2 Materials and Methods =upper, L=lower, O=outer, l=inner,andA=areolar,thus
2.1  Clinical FDPM Measurements LUO denotes the left upper outer quadrant. Three repeat mea-
A 1-GHz portable, multiwavelength, high-bandwidth surements_were made by removing and replac_ing the probe in
frequency-domain photon migration instrument has been de- €ach location to ensure accuracy. Data from five normal pre-
signed and optimized for clinical optical property studig. menopausal volunteers ages 27 to 47 were obtained to provide
1). The FDPM instrument and theory has been described in information on variations in a small region of tissue. A series
detail elsewheré? Briefly, the network analyzer is used to ©Of seven measurements were acquired in 5-mm increments
produce modulation frequencies from 50 MHz to 1 GHz. A over a 3-cm line in the upper outer quadrants of both breasts
DC current source is mixed with RF power provided by the (Fig. 2, insel. Two repeat scans were performed. To ensure
network analyzer in a bias network, which distributes power reproducible and accurate probe placement, all sites were
to one of seven laser diod€674, 780, 803, 849, 894, 915, measured and marked with a surgical pen. All data was col-
and 980 nmto produce amplitude-modulated light. An opti- lected with subjects resting in the supine position. Experi-
cal switch delivers light serially from each diode to a 100+ ments were conducted in adherence to University of Califor-
graded index optical fiber that delivers diode laser output to nia (UC) Irvine IRB approved protocols 95-563 and 99-2183.
the tissue. A hand-held probe has been designed to house arfter providing informed consent, volunteers filled out a brief
avalanche photodiod@PD) that records the diffuse light sig-  questionnaire, which surveyed pertinent medical history.
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Table 1 Variation of optical and physiological properties in a small volume of tissue for five subjects.
Values represent the normalized standard deviation of seven measurements made over a 3-cm span of
tissue in the right upper outer quandrant.

Normalized standard deviation (%)

Optical/physiological
parameter Subject 1 Subject 2 Subject 3 Subject 4 Subject 5

Age 27 35 35 40 47

) 3 3 3 6 4

Scatter power 9 16 9 15 2

5,0, 1 1 1 1 1

THC 9 16 9 14 2
Water 14 12 9 3 12

Lipid 3 5 5 5 4

2.2 Theoretical Model 3 Results

The P, approximation to the Boltzmann transport equation To measure the variability in physiological and optical prop-
was used to extract tissue absorptign,) and reduced scat-  erties within a small subsection of tiss(@ cm), a series of
tering (') coefficients from frequency-dependent phase and Seven measurements were made in 5-mm increments in the
amplitude curve€-? The model employs an extrapolated UPPer outer quadrants of five normal premenopausal subjects.

boundary condition for a semi-infinite geomet?yTo deter- The_ variability of each pgrameter was assesseq using the nor-
mine the optical properties from a given set of frequency- malized standard deviation. The results of the right breast are

dependent data, a Marquardt-Levenbyfgminimization al- displayed in Table 1. The change over a 3-cm span 's small
gorithm was used to simultaneously fit the amplitude and for 5" (less than 10% SO, (less than 5% and lipid con-

phase by minimizing the difference between the measuredtem(less. than 1196 Scatter powir and water 9°”te’.‘t are the
values and those predicted by tRg approximation. most variable parametef$0 to 20%. Hemoglobin variability

. . . -, d -, and totalfor the fi bject: f 2t
Physiological properties were calculated from the deter- (1%):% eoxy-, and totalfor the five subjects ranges from 2 to

minedu, values measured at seven wavelengths by assuming 1 gpatial variations of healthy breast tissue over the en-

breast tissue is composed of four principal NIR absorbers: tjre preast and age-dependent trends in tissue heterogeneity
deoxy-hemoglobin(Hb-R), oxy-hemoglobin(HbG,), lipids, are displayed in Figs. 3—6. Figure 3 illustrates the mean total
and water. Melanin was not included as an absorber, since the

contribution of the epidermis to the total sampled volume of

tissue is small. 50 I
Hemoglobin concentrations are measured x4, lipid : ‘

content is measured as a mass density percentage, and water  ao

is calculated relative to pure water, 55.6 M. Total hemoglobin

concentration THC) is [Hb]+[HbO,], and tissue hemoglo-

bin oxygen saturatiofS,0,) is ([HbO,]/THC)* 100%. The

four chromophore concentrations are determined using a

least-squares solution t6c= u,, whereE is a7Xx4 matrix

of the molar extinction coefficients arudis the concentration SR T =

of the chromophore¥:-2® In matrix representation, the chro- 10 T T : T .

mophore concentration is given byé=(E'E) 1E u,, POST

where ET and E~! denote the transpose and inverse of the 0 N —— L
L= ) LUO LLO LLI LUl LAR RUO RLO RLI RUI RAR
matrix E, respectively.

Positi
The spatial heterogeneity in an individual was calculated ostion

from the normalized standard deviatiéNSD) of the values Fig.v%’: Mean total hemoglobin concentration at each measurement

determined at ten breast measurement locafifve positions sosmoh for PRE (n=15) and POST (n=13) subJeFt groups. Values are

L etermined from wavelength-dependent absorption values for seven

on each breast The NSD equals the standard deviation re- wavelengths ranging from 674 to 980 nm. Error bars represent the

flected as a percentage of the me@m/x)* 100%. standard deviation of the mean.

PRE

ol A /
\\./‘/ \'\"\'/

20 B

Total Hemoglobin (uM)
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(a)

Fig. 4 Mean water concentration relative to pure water (%) at each
measurement site for PRE and POST subject groups. Error bars repre-
sent the standard deviation to the mean.

hemoglobin concentration for PRE and POST subject groups
at each quadrant position. Mean total hemoglobin for PRE
women is approximately two-fold higher than for POST
women at all positions. Areolar total hemoglobin levels are
approximately 30 to 45% higher than average quadrant levels
for PRE subjects, and 25 to 40% higher for POST subj@ds
and 94% confidence interval for left and right breast, respec-
tively). The lower quadrants of PRE women have lower total
hemoglobin concentrations relative to the upper quadrants i
(83% confidence interval _ _ ¢ LUO LLO LLI LUl LAR RUO RLO RLI RUI RAR
Water concentration on average is 1.8-fold higher for PRE Position
subjects than POS{Fig. 4). Areolar water concentration is 30
to 50% higher than water concentration for the quadrants for ®)
PRE and .POST wome(84 and. 94% confidence interval for Fig. 6 (a) Mean reduced scattering coefficient u," at 674 nm at each
left and right breasts, respectivelyror PRE women, how- measurement site for PRE and POST subject groups. Values are calcu-
ever, the lower quadrants have more water than the upperlated from best diffusion model fits to phase and amplitude data. (b)
guadrantg86% confidence intervalthe same pattern is not  The scatter power (u,"=AN<TPO) versus position for PRE and
evident for POST women. POST subject groups, where A is constant u,” is the reduced scatter-
Average lipid content for PRE and POST subject groups at ing coefficient, and X\ is t.he. wavelength in nanometers. Error bars
each measurement position are shown in Fig. 5. POST women'cPresent the standard deviation of the mean.
have approximately 50% higher lipid content than PRE

PRE /'
VAN

Scatter Power

¥ — L

05 L
T POST

women at all positions. Aerolar lipid content is 25 to 35%

80 lower than average lipid content in the four quadrants for PRE
and 10% lower in POST womefY4% confidence interval
70r POST The lower outer quadrants have lower adipose content that the
sob dyeertr e L N other three quadrants in PRE yvom(éiﬁ% confidence inter-
< ! o R val); this pattern does not persist in POST women.
< 5 H The mearS50, values calculated over the entire breast are
_§ 0\ - /'\ 74=6 and 75=8% for PRE and POST subject groups, re-
8 40 V/ A S - | spectively. The left upper outer quadrant exhibits differences
2 \/ \ between subject grou§5.6+ 6% for PRE and30=+ 9% for
= 30 % POST), consistent with our previous repoft8,though this
PRE trend does not appear in the other measurement positions.
20 Areolar regions have significantly lower saturation values,
10 ; (69.7+7% for PRE and69.8+ 12% for POST, 97% confi-
LUO LLO LLI LUI LAR RUO RLO RLI RUI RAR dence interval There are no significant variations in the
Position quadrants.
Fig. 5 Mean lipid content relative to pure lipid (%) at each measure- A plot of .the reduced scattering coefficient at 6.74 nm for
ment position for PRE and POST subject groups. Error bars represent the two subject groups demonstrates Tﬂéﬁ shows little po-
the standard deviation of the mean. sitional variation[Fig. 6(@)]. The inner quadrants have higher
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60 : T . ] A small degree of asymmetry between breasts is common
R=060 ] in women. To examine the differences between the right and
50 [ " . left breasts of healthy individuals, the relative difference
] (Jright-left/average *100% for the four quadrants of each
40 [ - ] subject was measure(lable 2. Although differences be-

tween right and left breasts exist in individuals, the results
found no consistent differences between the right and left

Lipid NSD (%)

30F ]
breasts in the population for," , water, lipid, THC, orSO,.
20 L ki The right areolar region, however, has significantly higher
] mean scatter power values than the left, and equal or greater
10k ] values were measured in 23/26 cases. The question of whether
there is regular breast volume asymmetry remains
o . . . unsolved’’~*The relative difference between symmetric po-
10 20 30 40 50 60 70 sitions can range from 18 to 30% for THC, 10 to 40% for

Age adipose, 10 to 25% for water, and 4 to 9% for scatte(Bigg
nm), depending on positiofiTable 2.
Fig. 7 The normalized standard deviation (NSD) to the mean lipid
concentration for the eight quadrant sites versus age for the 28 volun-
teers. The line represents a linear least-squares fit to the data. 4 Discussion

Optical techniques for breast cancer detection are based on

the assumption that differences in tissue absorption and scat-
scattering on average than outer quadraasproximately  tering can provide a basis for tumor characterization and clini-
0.05 t00.1 mm *) for both subject groupé77 and 92% con-  cal management. Thus, the accuracy and efficacy of optical
fidence intervals for right and left breasts, respectively mammography requires detailed study of the multiple factors

The wavelength dependence of scatterifi@., scatter  affecting breast tissue heterogeneity and composition. Breast
powey is influenced by the fat, collagen, and epithelial con- tissue is nonuniform; furthermore, physiological changes that
tent. The scatter powefus =AN Py is shown for  occur over a woman'’s lifetime can affect the distribution and
each position in Fig. @). PRE women have a scatter power composition of healthy breast tissue. With the onset of meno-
that is 1.5-fold higher than POST women. The areolar scatter pause, glandular tissue involutes and is replaced by adipose,
power is 30 to 60% greater in PRE women, and 15 to 30% which produces a new spatial distribution of chromophores.
greater in POST wome(®9 and 88% confidence intervals for  |n addition, this process is nonuniform, which changes the
left and right breasts, respectivelyThe right areola has a inherent heterogeneity of the breast tissuBeduced scatter-
larger scatter power than the left on average by about 15 tojng (us' and tissue hemoglobin oxygen saturatit®O,)

25% (97% confidence interval showed<12% variation over the entire breast and6%

The normalized standard deviation of the physiological pa- gyer a 3-cm region. Alterations in, or SO, may signify
rameters over the eight breast quadrants was calculated foregions of breast disease. Previous studies have shown that
each of the volunteers to quantify the variability typically increased spatial heterogeneity in scattering may be indicative
found in healthy breast, and to investigate age-related changesyf normal tissue or benign breast disease, while regions of
inheterogeneity. Only lipid content showed significant more uniform scattering may suggest invasive catcsig-
changes in heterogeneity with agéig. 7). PRE and POST  pisicantly higheru,’ values observed for the inner quadrants
women typically(=89% of volunteers have a NSD of 30%  [kjg ga)] may be due to contributions of the sternal border
or lower for adipose tissue, and lipid heterogeneity decreases,,q pectoralis muscle to the optical signal. Changes in total
with age(R=0.60. The NSD is typically(=89% of volun- hemoglobin over small regions of tiss¢@ to 11% may be
teers less than 40% for THC, less than 30% for water, less 4itrinyted to spatial variations in underlying blood vessels in
than 12% forus' (at 674 nm, and less than 25% for the  the probed tissue volume.
scatter power. The normalized standard deviation§@, is In PRE women, the areolar region displayed 25 to 30%
less than 12% for all but on€79%) of the 28 individuals. lower lipid content, 30 to 50% higher water content, 30 to

60% higher scatter power, and 5% low&0O, values when
compared to the quadrantBigs. 3—6. These results are con-
Tgble 2 Mean deviation between left and right breasts for 28 indi- sistent with the unique physiology of the areola. Since lactif-
viduals (%). erous ducts open at the surface of the nipple, glandular tissue
is concentrated and superficial at the arédl@ihe ducts are

Scatter surrounded by highly vascularized connective tissue; there-
Water THC power Lipid ps' fore, our measurements of elevated hemoglobin and reduced
adipose content in this region of the breast are consistent with
Upper outer 13 31 22 20 7 known breast structuré. Lower SO, at the areola may be
quadrant due to the higher metabolic demands of glandular tiSstfe.
Other 11 25 10 15 7 The areolar complex lacks fat and is mostly comprised of
quadrants dense fibrous tissue and smooth muscle; the surrounding pig-
mented areola contains apocrine and eccrine gléhds. a
Areolar 25 18 26 40 9

result, the areola has a greater scatter power, indicative of
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smaller scattering particles. In POST women, the areolar re- though no consistent right-left differences are observed in a
gion had 25 to 40% higher hemoglobin, 10% lower lipid con- population. The intrinsic spatial heterogeneity of healthy
tent, and 15 to 30% greater scatter power. Since glandularbreast tissue is 20 to 40% far, and 5 to 12% foug' . These
tissue is replaced with fat after menopause, the optical con-values are important because they establish the fundamental
trast of the areolar region is less pronounced in POST sensitivity limits for detecting breast disease based on optical

subjects’® Deeper pigmentation of the areolar region may contrast.

play a role in the increased absorption and scattering values.

However, the contrast of the areola is less pronounced in A-knowled

POST women, which suggests that the differences in optical
parameters at this location are mainly physiological and ana-
tomical.

Spatial heterogeneity in lipid and water content can be
attributed to the nonuniform distribution of glandular struc-
tures in the breast. Glandular tissue contains higher water con-
tent than adipose tissue due to the higher water content of
ductal epithelial cells and connective tissue compartments.
Thus regions of higher lipid or higher water content arise,
depending on whether the volume of tissue sampled is mostly
fatty or glandular.

Intrasubject lipid spatial heterogeneity decreases as a func-
tion of age(Fig. 7). These results are consistent with glandu-
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lar tissue composition and atrophy that accompanies meno-paferences

pause. The premenopausal breast consists of glandular
structures embedded in fat. As a result, the spatial heteroge-
neity of adipose tissue in younger women is greater than in
older women who have a more uniform distribution of adi-
pose. Figure 7 shows that the spread of NSD values is larger
for younger women and decreases with age. The volume of
glandular tissue and fat vary with breast si?€lhus in a
population of premenopausal women of varying breast size,
there is a wide range of NSD values.

The NSD values calculated for water and total hemoglobin
concentration show that the variability for these parameters 4.
over both breasts is typically less than 30 or 40%, respec-
tively, which reflects the intrinsic heterogeneity of healthy
breast anatomy. Since previous studies show that tumor tissue
can exhibit 2- to 4-fold higher THC and water levels than
surrounding breast tisse!! optical techniques have promise
for characterizing and detecting certain lesions. However,
sensitivity is highly dependent on the lesion size and type,
and whether exogenous contrast-enhancing agents are em-
ployed34% Furthermore, contrast based on measurements of 7-
the symmetric location on the uninvolved breast can be
problematic®® This is due to our observation of large differ-
ences between the left and right breasts in most physiological s.
parameters. Interestingly, this feature may have diagnostic
utility, since recent studies suggest that substantial breast
asymmetry may be indicative of breast cancer fisk. 9

1.

5 Summary

The intra- and inter-subject spatial variations of the optical !
and physiological parameters of 31 subjects are investigated
using diffuse optical spectroscopy. Small-scale variatiths
cm) are found to be negligible compared to larger variations
over the whole breast. Our results show that the properties of
the areolar complex are unique compared to the four main
quadrants, and glandular tissue distribution plays an important12-
role in baseline optical properties of the breast. These differ-
ences are clearly age- and hormone-dependent. In addition;;3
bilateral asymmetry can be significant in an individual, al-
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