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Localization of fluorescence spots with space-space
MUSIC for mammographylike measurement systems
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Abstract. Breast cancer diagnosis may be improved by optical fluo-
rescence imaging techniques in the near-infrared wavelength range.
We have shown that the recently proposed space-space MUSIC (mul-
tiple signal classification) algorithm allows the 3-D localization of fo-
cal fluorophore-tagged lesions in a turbid medium from 2-D fluores-
cence data obtained from laser excitations at different positions. The
data are assumed to be measured with two parallel planar sensor
arrays on the top and bottom of the medium. The laser sources are
integrated at different positions in one of the planes. The space-space
data are arranged into an M3N matrix (M, number of sensors; N,
number of excitation sources). A singular-value decomposition (SVD)
of this matrix yields the detectable number of spot regions with lin-
early independent behavior with respect to the laser excitation posi-
tions and thus allows definition of a signal subspace. Matches be-
tween this signal subspace and data from model spots are tested at
scanned points in a model medium viewed as the breast region under
study. The locations of best matches are then considered the centers
of gravity of focal lesions. The optical model used was unbounded
and optically homogeneous. Nevertheless, simulated spots in
bounded, inhomogeneous media modeling the breast could be local-
ized accurately. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1698981]
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1 Introduction
Breast cancer is the most frequent cancer in women in indus
trialized countries. More than 200,000 new cases were ex
pected in the United States in 2003.1 In the process of diag-
nosis in the United States 1.2 million women a year undergo
biopsies, with between 75% and 80% of those tests provin
benign.2 This means that just in the United States about
900,000 biopsies are unnecessary each year. Therefore, t
reduction of such biopsies is an urgent need. It would increas
patient comfort and decrease costs.

The number of unnecessary biopsies could be reduced b
decreasing the number of equivocal findings of x-ray mam
mography through enhanced sensitivity and specificity. A pos
sible way to achieve this goal is to combine the actual gold
standard method in mammography, x-ray mammography
with alternative diagnostic procedures. Optical mammograph
could be such an adjunct method. It started in the 1920s whe
Cutler transilluminated a female breast with visible light in a
darkened room.3 Today, near-infrared~NIR! light in the wave-
length range between 650 and 1200 nm is used, since it pe
etrates biological tissue several centimeters. Further advan
tages of NIR optical imaging are the possible differentiation
of soft tissues owing to their different absorption or scatter a
NIR wavelengths, and its ability to yield functional informa-
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tion. This is related to the specific absorption of NIR light b
natural chromophores as a result of changes in blo
oxygenation.4 Based on these physical properties, NIR d
vices have been developed and are available as products5,6

The clinical use of NIR breast scanners, which were dev
oped in the 1990s, has been limited. Specificity was too lo7

which means that too many women with benign tissue al
ations had been sent for a diagnostic workup. Interest in
tical mammography has increased again with the adven
fluorescent contrast agents.8,9 Recently tumor-specific contras
agents~so-called smart contrast agents! have been reported.8

These agents consist of self-quenched fluorophore dyes~e.g.,
Cy5.5! mounted on larger molecules~backbones! via specific
peptides. These peptides are recognized and cleaved by
cific proteases~e.g., those expressed in tumors!, thus releasing
the fluorophores, which are now unquenched and free to fl
resce in the NIR wavelength range when activated with lig
at the excitation range of the fluorophore used.

The possible adjunctive use of NIR fluorescence imag
for detecting breast cancer requires the fusion of geome
information about lesions from NIR measurements with m
phological images from other modalities. This data fusion
facilitated by using an NIR mammographylike measurem
device. It is described in Sec. 2 of this paper. A mathemat
method to obtain geometric information from NIR data is t
reconstruction of three-dimensional fluorescence distributi
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Pfister and Scholz
from data measured at the body’s surface.10–12 In the litera-
ture, various reconstruction methods have been reporte
However, these algorithms, especially iterative ones, are ofte
very time-consuming.

To avoid these time-consuming reconstructions, we inves
tigated the extraction of geometric information about
fluorophore-tagged focal breast lesions from NIR surface dat
by means of a localization algorithm, namely, the recently
presented space-space multiple signal classification~MUSIC!
algorithm.13 MUSIC was originally invented for the analysis
of space-time data in radar technology.14 Meanwhile it has
been successfully transferred to analyze space-time data
biomagnetism15–17 and functional magnetic resonance,18 and
space-frequency data in electrical imaging of the breast.20

The MUSIC method requires a data model for the ‘‘inter-
pretation’’ of the measured data. This model has to describ
the geometric and physical properties of signal generators an
the volume containing these generators. In our NIR optica
application, the signal generators are focal fluorescence spo
i.e., fluorophore-tagged malignant lesions, at different posi
tions below a measurement array at the body region’s surfac
They give rise to different signal behavior owing to different
distances of exciting laser sources from the fluorescence spo
in the medium. This different signal behavior is mathemati-
cally required in order that multiple spots can be localized
with the MUSIC algorithm. To obtain a patient-independent
model geometry, the breast containing the spots is viewed a
an unbounded optical medium. The signal generators hav
been simulated as pointlike spots. In reality, the spots ar
spatially extended. The geometric shape of spots can in gen
eral be incorporated by a multipole expansion of an agglom
eration of elemental pointlike spots. Such an incorporation o
the shape of signal generators has been shown to be succe
ful in electrical diagnosis of the breast.20 In principle, MUSIC
also allows us to calculate the strength of the signal generato
in a second step. This is, however, beyond the scope of th
paper. The term ‘‘space-space’’ MUSIC is chosen since the
data are measured at different surface positions, owing to dif
ferent positions of the excitation lasers.

The details of our MUSIC algorithm are described in Sec.
3. The results from simulated data that are presented in Sec.
are discussed in Sec. 5. The paper ends with conclusions a
an outlook on further work in Sec. 6.

2 Measurement Geometry
The measurement system that should allow us to record sp
tially distributed surface data that are due to different lase
source positions is a mammographylike device. It is assume
to have two measurement planes between which the breast
fixed and compressed. One of the planes contains laser exc
tations that activate the fluorescence of the fluorophore
marked tumor from different positions. This approach allows
us to construct a rather inexpensive device for which no spe
cial optical coupling is needed. In addition, the images of the
fluorescent spots can be merged directly with the correspond
ing x-ray mammography images. Figure 1 shows the geome
ric setup of optical measurement sensors and excitation lase
for a potential optical mammography device. These could als
be integrated into the compression plates of an x-ray mam
mography system.
482 Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3
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3 Space-Space MUSIC
The problem to be solved is the 3-D localization of fluore
cence spots in biological tissue. The mathematical structur
the localization problem is the same as that in estimating
direction of arrival of wavefronts impinging on a sensor arr
in radar measurements,14 or in estimating the three-
dimensional positions of focal brain activities in magnetoe
cephalographic measurements,15–17 or estimating the three-
dimensional positions of electrically polarized focal lesions
bioimmittance measurements.20 In these applications, eithe
space-time or space-frequency data are recorded with a se
array at different time instants or at different excitation fr
quencies, respectively. Data of these types allow derivation
a signal subspace of the respective data space. At each
within the volume of interest, a distance measure between
signal subspace and the application-specific model subs
is calculated. The locations of minimum distances give rise
peaks in a cost function that are identified as positions of
signal generators. It is straightforward to transfer this loc
ization method to NIR data from a sensor array. Instead
time or frequency, the second physical data parameter is
sumed to be the position of the laser source that excites
fluorophore-tagged lesions.

3.1 The Optical Model
The optical application-specific model subspace mentio
earlier should be derived from a model, which should be
patient independent, i.e., parameter independent, as pos
This would reduce the need to adapt this model underlying
localization algorithm to any newly measured patient da
Therefore, the propagation of light in biological tissue is co
sidered as a diffusion process in an unbounded, optically
mogeneous turbid medium. The temporal and the spatial
havior of the photon densityu(t,r ) are described by a
diffusion equation, which for the present application is a go
approximation to the Boltzmann transport equation:4,19

S ]

]t
1mac2DD Du~ t,r !5q~ t,r !, ~1!

where

Fig. 1 Mammographylike measurement and excitation geometry.
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D5
c

3@ma1~12g!ms#
[

c

3~ma1ms8!

is the diffusion coefficient, withma being the absorption co-
efficient of the medium andms , ms8 the scattering and the
reduced scattering coefficients, respectively. The speed o
light in the medium is denoted byc; D is the Laplace operator;
and q(t,r ) denotes the light source. For a point source at
positionr f , which has a unit of strength varying sinussoidally
with frequencyv, the solution of Eq.~1! is its Green’s func-
tion:

G~r ,r f ,v!5

expF2SAmac1 iv

D D 1/2Ur2r fUG
4pDur2r f u

. ~2!

In the simulation study presented below, continuous-wave
~cw! illumination, i.e., zero-frequency~v50! irradiation, has
been assumed. In this case, Eq.~2! simplifies easily. The light
intensity L(rm ,r f) measured at the sensor locationsrm (m
51,...,M5Mu1Ml) on either of the two measurement arrays
(Mu , number of sensors on the upper plate;Ml , number of
sensors on the lower plate!, is given by4,19

L~rm ,r f !52Dn~rm!•“G~r ,r f !ur5rm
, m51,...,M ,

~3!

wheren(rm) denotes the normal vector of the sensor at the
location indicated. With Eq.~2! we consider the fluorescing
spots as the signal generators that are to be localized. Ther
fore we can neglect the excitation of the spots. The result
shown later support this assumption. Of course, we are awa
of the fact that the fluorescence process consists of ligh
propagation from a pointlike excitation source at positionr k

to a fluorescent spot with its center of gravity located atr f ,
reemitting light that is detected by a sensor located atrm .
This process is modeled as the product of two diffusion pro
cesses.

The ensemble of intensities in Eq.~3! represent two spatial
intensity distributions associated with the upper and the lowe
array. The total number of intensities measured at theM po-
sitions rm (m51,...,M ) that are due to a pointlike source at
location r f allow defining a data vectorL in an
M-dimensional data space. This data vector is given by

L ~r f !5@L~r1 ,r f !,...,L~r M ,r f !#. ~4!

In this first attempt to analyze NIR breast data with a MUSIC
algorithm, we viewed the fluorescence spot as an isotropi
pointlike light source. Its position atr f is identified with the
center of gravity of real spots. The spatial extension of a spo
can be incorporated by considering the real spots as a foc
distribution of pointlike signal generators. The unknown
shape of this distribution can be described by a multipole
expansion of this distribution.20 For clinical applications, the
initially mentioned unboundedness of the optical medium
would be an especially attractive feature, since data could b
analyzed without adaptation to the individual breast geometry
f

-

e

l

3.2 Localization with MUSIC
Space-space MUSIC analyzes two-dimensional spatial d
in this case photon intensitiesJn(rm), measured atM surface
positionsrm (m51,...,M ). The fluorophore is assumed to b
excited by external light sources~i.e., laser sources! at a series
of N positions,rn (n51,...,N), where these sources are turne
on one after the other. TheM-dimensional data vectors o
photon intensitiesJn(rm) thus obtained:

Jn5@Jn~r1!,...,Jn~r M !#T ~5!

are considered as column vectors of anM3N intensity data
matrix J:

J5~J1 ,...,JN!. ~6!

Note that for the MUSIC localization we do not need to kno
the positions of the excitations~since they are not incorpo
rated in the model!. The indexn is simply used to denote the
different datasets.

The signal subspace is obtained from the data by perfo
ing a singular-value decomposition~SVD! of J. In tensor no-
tation, the SVD is given by

J5 (
k51

min~M ,N!

skuk^ vk
T , ~7!

where sk are the singular values,uk are M-dimensional
(M -D) and vk are N-D orthonormal singular vectors. Th
vectorsuk depend only on the sensor indices, whereas
vectorsvk depend only on the indices denoting the positio
of the excitation light sources. The vectorsuk can be consid-
ered as excitation-independent intensity distributions rela
to the two measurement arrays. Thus they are regarde
basis maps. To visualize these basis maps, the vectors ha
be decomposed into an upper and a lower array part, and
reshaped according to the corresponding sensor array. T
two 2-D maps are related to a singular vectoruk .

The number of numerically significant singular values
related to the spots behaving linearly independent with res
to the excitation positions. This behavior is determined by
different distances between the excitation locations and
spots. The basis maps associated with the numerically sig
cant singular values define the signal subspace. These m
show regular structures that are due to the spots in the
dium. The residual basis vectors are determined by noise;
define the so-called orthogonal signal subspace. Figure
lustrates this for the simulated measurement geometry
plained in Sec. 4.1 and two fluorescent tumors with diame
of 6 mm and both 25 mm deep.

The localization of fluorescent spots, which are modeled
pointlike sources, is done by comparing the model subsp
defined by Eq.~4! with the signal subspace for different po
sitions of a model spot. The steps of the search procedure

1. discretization of the search volume,

2. evaluation of a localization function at each grid poin
and finally

3. determination of the positions of best fit between t
model subspace and the signal subspace from the lo
ization function.
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 483
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Fig. 2 Measurement data for a (a) specific excitation and (b) a
singular-value spectrum for two tumors and the mammography mea-
surement geometry. (c) and (d) The two basis maps of the signal sub-
space. (e) Map of the first basis vector of the orthogonal signal sub-
space. For each map, the contribution of the upper measurement
plane (left) and the lower one (right) are shown separately.
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The positions of best fit are interpreted as the centers of grav
ity of fluorescence spots. Since fluorescence spots give rise
peaks in the intensity distribution measured on the sensor a
rays, the search can be restricted to line searches below th
peaks of the upper plate, and above the peaks of the lowe
plate into the respective depth directions, which accelerate
the search procedure.

At a search pointr the localization functionF is chosen as

F~r !5US 12(
s51

S

us^ us
TD Lnorm~r !U2

5uPLnorm~r !u2,

~8!
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whereP is the projector onto the orthogonal signal subspa
~whereS denotes the number of numerically significant si
gular values!, and

Lnorm5
L

uL u
~9!

denotes the normalized basis vector of the 1-D model s
space. The normalization of the model subspace basis ve
compensates for its numerical decrease with increasing d
in order to ensure equal weighting of signal generators fr
all depths considered.

In the presence of spots, and under the assumption
data errors are tolerable in the model, the localization funct
exhibits local minima. This indicates the maximum or min
mum distance between the model and the orthogonal sig
subspace, or the signal subspace, respectively. These
minima are associated with the centers of gravity of the flu
rescence spots.

4 Data
Computer simulations have been carried out to generate
originating from fluorophores in a bounded and optically i
homogeneous medium. This section describes details of
data simulation.

4.1 Simulation Model
The medium containing fluorescent tagged lesions is assu
to be within a cube of 74374356 mm3. Photon diffusion is
calculated by numerically solving the stationary fluoresc
diffusion equation~see Refs. 10 and 11! using the finite-
difference~FD! method. We chose a regular grid of 2 mm
each dimension@giving 37337328 cubic ~2 mm3! voxels#
using a central difference scheme. Robin~or flux! boundary
conditions21 at the tissue–air~or tissue–device! interface have
been implemented.

The optical properties of the medium have been set
ma50.005/mmfor the mean absorption coefficient andms8
51.1/mm for the mean reduced scattering coefficient. Th
choice approximates reasonably well the optical propertie
female breast tissue.22 The FD simulations allow us to simu
late different levels of optical background inhomogeneity. F
this purpose, we let the optical properties oscillate sinus
dally around the mean values. The amplitudes of these o
lations are 50% of the mean values. Figure 3 shows the
tribution of the optical properties. For our simulations, w
assumed a highly specific contrast agent as described in
8. Thus, we did not introduce background fluorescence.

To simulate a breast compressed between two meas
ment planes, a planar excitation and measurement array
placed centrally on top of a cube and another detection
was placed at the bottom. These measurement arrays
assumed to be square grids of 15315 detectors with 4-mm
spacing. The excitation array consists of 535 light sources
with spacings of 12 mm. The areas of the measurement pla
were about 636 cm2 each. Figure 4 shows the simulated o
tical medium and the measurement systems, where the
blobs between the measurement planes indicate two fluo
cent spots.
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Fig. 3 (a) Inhomogeneous absorption and (b) scattering coefficient distributions incorporated in the simulations.
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We further assumed that our excitations are limited to ap
proximately 300 mJ/cm2 by the laser safety laws23 for human
applications. Given an input fiber area of 3 mm2 ~i.e., 2-mm
diameter! we assumed a light power of 40 mW and an illumi-
nation time in continuous-wave mode of 0.25 s/fiber. With 25
fibers turned on sequentially, this gave a total illumination
time of about 6 s. For real experiments, this time might in-
crease slightly as a result of switching times and other pos
sible delays.

4.2 Simulations
With the finite-difference model described here, we simulated
several datasets from tumors of different sizes and at differen
depths, all embedded in inhomogeneous optical media as d
scribed in Sec. 4.1. Data for a single tumor and two tumors
were generated. The fluorophore to be attached with the con
trast agent was assumed to be Cy5.5,9 which is a commercial
fluorophore excited at 675 nm. For all tumors, we assumed
fluorophore concentration of 100 nM, which is reported to be
realistic for human breast application.8

We performed the same simulations as in Ref. 13, that is
we started to test the algorithm with single tumor data. Six-
teen configurations were considered with tumor sizes o
23232, 63636, 10310310, and 232310 mm3, located at
depths of 13, 25, 37, and 49 mm. Data with two tumors~both
having 6-mm diameters! were generated for four different
t
-

-

depth combinations of the tumors and for two different late
(x,y) distances between the tumors. Table 1 shows the dif
ent values for depths and distances of these eight experim

We restricted our experiments to media with inhomog
neous optical background properties. The data were assu
to be corrupted with Gaussian noise(ANphotonsr.m.s.).

5 Results
In this section we present localization results for the d
simulated in Sec. 4. The data model underlying the locali
tion algorithm was described in Sec. 3.1. Again, we wou
like to stress its simplicity, i.e., its unboundedness and
optical homogeneity via a uniform diffusion parameter in E
~3!. These properties are especially useful in clinical appli
tions. The mean values of the inhomogeneous backgro
optical properties were assumed to be known by some est
tion procedure. Also, localizations where the optical bac
ground parameters have been under- or overestimated~90 or
110% of the actual parameters, respectively! have been per-
formed.

Figure 5 summarizes the localization results where the
quency of the normalized localization error«

«5
~zactual2zlocalized!

uzspot extensionu
~10!
Fig. 4 Excitation configuration on top of the simulated cube and detectors on the top and bottom.
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 485
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Table 1 Simulated configurations for two tumors. The four different depth combinations were combined
with two different lateral distances, which gave a total of eight experiments.

Depth of tumor 1 25 mm 25 mm 25 mm 37 mm

Depth of tumor 2 13 mm 25 mm 37 mm 13 mm

x,y-distance of tumor centers of gravity 5.6 mm (→2.8 mm at tumor boundary)

(→i.e., distance between tumor boundaries) 8.5 mm (→5.6 mm at tumor boundary)
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is plotted against the depth of the tumor. For valuesu«u<1, the
location found is within the volume of the spot; otherwise—
with respect to its depth position—the tumor is missed.

For single tumors, the localization only fails in a single
case. A 37-mm deep, 2-mm small tumor was only missed by
mm in the case of underestimating the mean optical back
ground properties by 10%. In the residual cases, the tumor
were localized perfectly well. The normalized localization er-
rors were mostly zero~«50!.

The localizations for the configurations with two tumors
only fail if their distances in depth differ too much~e.g., 13
versus 37 mm!. In these cases, the tumor that is farther from
the plane containing the excitation sources is mislocalized
whereas the tumor closer to the excitation plane is localize
correctly. In all other cases~regardless of whether the optical
properties were under- or over- or correctly estimated!, we got
u«u<1, which means that the localization was correct.

6 Conclusions
The space-space MUSIC method described and tested for
single measurement plane13 was transferred and adapted to the
analysis of multisensor optical fluorescence data from a mam
mographylike measurement geometry, i.e., a system with tw
measurement planes on top and bottom of the medium und
investigation. It has been shown that this application of the
MUSIC algorithm has allowed successful localization of
simulated fluorescence spots.
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The effectiveness and the robustness of the algorithm h
been demonstrated with the successful localization of sp
from simulated noisy data within a bounded and optica
inhomogeneous medium. The localization results are, as
pected, better than those obtained from data acquired wi
‘‘hand-held’’ single measurement probe.13

The approach presented here for the detection and ana
of fluorescence data has several attractive features. The
model is extremely simple: boundary effects are neglec
The localization results were barely influenced by assum
wrong optical background parameters of the infinite mediu
In short, discrepancies between the data model incorpor
into the MUSIC algorithm and the data simulation model
not affect the quality of the localization results. Therefo
these results indicate that the proposed space-space MU
algorithm is patient independent, which would be extrem
useful for clinical applications. Of course, this has to be co
firmed in further studies.

Another attractive feature of the MUSIC algorithm is th
it yields results in real time, i.e., within subseconds. This p
formance is due to the simplicity of the underlying data mod
and the evaluation of the cost function along a search p
which has fewer grid points than the entire discretized volu
under study.

The space-space MUSIC algorithm as presented can
be extended, and the results are expected to become
better. In view of clinical data, a possible improvement wou
come from the inclusion of the shape and orientation of a s
through higher-order multipole sources.20

The localization of signal generators is only the first of tw
steps of a MUSIC algorithm. In a second step, the localiz
positions of the signal generators~i.e., of the spots! can be
used to determine their signal strengths~i.e., the amount of
fluorescing molecules! by solving a set of linear equation
relating these signal strengths at the found positions and
light intensities measured. Another field of activity is an im
proved estimate of the optical background parameters. S
an estimate could be obtained by analyzing reflectance
while recording fluorescence data.

In summary, the localization results presented in this pa
indicate that the proposed space-space MUSIC algori
seems to be a promising method for analyzing NIR fluor
cence data.
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