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Locating inhomogeneities in tissue by using the most
probable diffuse path of light

Jing Bai Abstract. Characterization of human tissue using near-IR (NIR) light is
Tianxin Gao becoming increasingly popular. The light signal transmitted from the
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1 Introduction the hemorrhagic spot. However, how to accurately locate an
Recently, the interest in applying near-(RIR) light in clini- absorber has become a challenging but very worthwhile issue.
cal diagnosis has greatly increased among researchers around Recently, much work has been publishétto discuss the
the world due to the characteristics of the NIR light. One use of rf-modulated NIR light in detecting inhomogeneities
major characteristic of the NIR light is that it is nonionizing to  inside turbid media. The goal of this work was to develop

human tissues within a tissue window ranging from 6@f- noninvasive methods to diagnose human breast cancer in its
ited by the very strong absorption of hemoglotin 1000 nm  early stage. However, biological organs, e.g., the breast, gen-
(limited by the significant water absorptipnin this wave- erally have similar dimensions. The existing boundaries

length range, the NIR light penetrates human tissues morecaused by the biological organs have a significant impact on
easily than at other wave bands. NIR light can be used to the propagation of diffuse photon density wau@&PDW9
differentiate between soft tissues due to their different absorp- inside a medium, and thus on the received signals. For sim-
tion or scattering characteristics at different NIR wavelengths. plicity, some previous works used quite large phantéms.
In addition, natural chromophorégsuch as oxyhemoglobin  Some other works used highly symmetrical geometry, such as
have a specific ability of absorption, which makes it possible cylinders®=> Among these works, the calculation of Green’s
to obtain functional images. The strong absorption of the NIR function was relatively simple and the computation time was
light in human tissues may explain the appearance of hemor-reduced. In reality, however, the situation is more compli-
rhage, tumor, or high oxygen saturation of blood. The spec- cated. A nonsymmetrical model may be more practical to bet-
troscopic information is important in studies of brain func- (or gescribe the real situation. Therefore, in this paper we
tions and breast cancer. Locating the absorber in the humanproposed a new algorithm to include the nonsymmetrical
body may be helpful in locating the positions of the tumor or gherty This can help us better understand the real charac-
teristics of DPDW propagation.
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In this paper, we first derive the most probable diffuse path 1
(MPDP) in the frequency domain for a transmission mode (V24K D(r,w)=— —DS(r,w), (2
from the diffusion equation. Second, we present a new ¢
method for locating absorbers in turbid media. Third, we de- jn the FD, wherek denotes the complex wave number,
scribe experiments and results. Finally, we discuss some is-
sues arisen from this work.

k=—i 3

,bLaC—ia) 1/2
Dc '

2 Methods S(r,w) is the source item representing the source energy in-
2.1 Diffusion Equation and the MPDP tensity, andc is the speed of light in the media. In an infinite

Perelman et al. treated the propagation of light in a turbid homogeneous medium, the DPDW excited by a sinusoidally

medium as a free random walk™ They used the path inte- modulated source at the original point propagates as a spheri-

gral with a quasiparticle Lagrangian to find the most probable cal wave'®

trajectory, or classical path, over which photons can be found.

Their theory can also be expressed as follows: for the given S

initial and final states and transport time, the probability den- P(r,o)expliot)= — —-exp —ikrexpiot), (4)

sity of finding a photon at the most probable path is maxi-

mized. As we see here, the most probable trajectory was ap-whereSis the amplitude of the source intensity, ani the

parently described in the time domain. distance between the observed point and the original point.
In reality, compared with the time-domai{iiD) measure- The DPDW described by Ed4) is a new type of wave

ments, the frequency-domai(FD) method is simpler and  used to describe the random migration of diffuse photons in

more reliable in terms of data interpretation and immunity turbid media. The properties of the DPDW are different from

from noise. Medical FD equipment is more economical and those of general waves, such as sound and light waves. For

portablel” More attention is currently being paid to the general waves, the square of their amplitude is of the order of

FD method. Therefore, in our work, we defined the MPDP in the magnitude of energy density, while the amplitude of

the FD. DPDW itself is of the order of the magnitude of energy den-
In the framework of wave optics, energy transfer is along sity. The field variables of the general wave are represented by

the gradient direction of the density of electromagnetic en- complex numbers in the FD, but the energy density and flux

ergy. However, energy transfer can also be described by theare real numbers, while the energy density and flux of DPDW

classical movement of particles in the framework of geometri- are complex numbers. What we are interested in is the propa-

cal optics. Therefore, we use the same two frameworks to gation of information carried by the alternating component of
describe our defined quasiparticle, i.e., the particle, which rep- energy current.

resents the average effect of wave progress at the macroscale. For convenience of calculation, we ugg(r,) to take
The diffusion equation is described in detail later, as the the place ofj(r,®) in Eq. (1). We consider the amplitude of

basis of our theory. O(r,w), thusj(r,) becomes
Light propagation is usually described by diffusion ap-

proximation in a highly scattering medium, when the source . _ %
frequency i$° less than 1 GHz. In the FD, according to the Jinfol T, @) DV{sar{®*(r,0)®(r,w)]}, ®)

diffusion approximation, the flux vectoj(r,w) can be  \whered*(r,w) is the conjugate ofb(r,w). The direction of

expressetf as the gradient of fluence rade(r,w): jinfo(T, @) represents the direction along which quasiparticles
) move. The direction of the movement of quasiparticles is use-
j(r,w)==DVd(r,0), .y ful to determine the MPDP of photons in a turbid medium.

Usually in FD method, light sources are modulated with

with . . ; .
sine waves of a single frequency. In this paper, we define the
ac components of the fluence rate and flux with respect to a
D= 1 _ 1 fixed angular frequency. Note that a dc component always
3[(1—g)ust pal B(Ma'i':“,)’ exists accompanying the ac componéit the light source
S intensity, fluence rate, detected flux, and s¢. éfowever, we
whereD is the diffusion coefficient; is the location, ana is are only interested in the ac componémbre specifically, the
the modulation frequency. Anisotropy factgris the mean amplitude of the ac componaerin this paper.
cosine of the scattering angle, writtengxs (cos6); u, is the As we mentioned earlier, Perelman et al. first introduced
absorption coefficienty is the scattering coefficient; an, the concept of the most probable trajectéoy classical path
is the reduced scattering coefficient, defined tes=uq(1 in their work. Here in our work, we propose the most prob-
-qg). able path in the steady state. In the steady state, for the given

Equation (1) represents a proportional relationship be- distribution of the fluence rate, and the injection point and exit
tween the macroscopic flow of the scattering particles and the point (or start and end pointhe MPDP is defined as the path
spatial distribution of the particle density, which is analogous on which a scattered photon is most likely to occur. For each
to the flow conservation law of fluid dynamics. Substituting point on the MPDP, the direction of MPDP is the direction of
Eq. (1) into the radiative transfer equatiofRTE), the RTE the flux vector of this point. The MPDP can be considered as
can be simplified as the diffusion equation, written as a random walk process from the injection point to the exit
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RS=-1 @
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Fig. 1 The 2-D tissue model and the boundary conditions.

|
point. The step length is the transport mean free path, deter-source

mined byl,=3D. The moving direction at point is deter-
mined byjino(r, ) in Eq. (5).

Our definition of the most probable path in the FD does not
come from photon trajectories, and is different from the TD
approach. Instead, we start directly from the diffusion equa-
tion and try to localize the most important ener@yforma-
tion) flow carried by the diffusive photon density waves

The most portable diffuse path i:etector

50 T T T T ry

Z(mm)

Fig. 2 MPDP at different modulation frequencies. Solid line: dc; +:
50 MHz; O: 200 MHz. A dashed straight line is also plotted for
comparison.

1

calculationt’ Although the image sources are at infinity, only

across the turbid media. Such localization is represented bythe first 10 to 20 terms are mainly used. The contribution of
the trajectory of a conceptual quasiparticle, which is not a real ;he other image sources is greatly diminished by the far dis-

particle at all.

Now we must calculate the MPDP in a transmission mode
for a medium with finite thickness, since the transmission
mode is frequently adopted for breast cancer diagnosis.

Before giving our model, we recall the well-accepted semi-
infinite model first. For a semi-infinite turbid medium, the
perpendicularly incident light can be replaced by an effective
source and an image sour®’ The effective source is an
isotropic point source located an AP@verage penetration
depth into the medium. The image source is the image of the
effective source by the extrapolated boundary. If we let the
residual strengtifRS) of the effective source be 1, then the
RS of the image source will be 1.

ance.
According to Eq(4), we can calculate the 2-D distribution

of fluence rate in a 3-D medium by superposing the fluence

rate of DPDWSs generated by the effective source and image

sources. Then the calculated fluence rate is substituted into

Eqg. (5) and the flux vector in the 2-D area can be obtained.

First, a vertically injecting quasiparticle comes(fl ). Sec-

ond, the vertically injecting quasiparticle will randomly take

an initial angle and move to the next step. The step length is

alwaysly . The following points in the medium follow the

direction ofj;,(r,®) given by Eq.(5). When the quasiparti-

cle is close enough to the surface, i.e., less thamo the

surface, the path will end at the surface of the medium, either

For the transmission mode, the thickness of tissue is an O op or at the bottom. The path ending at the detection point
important factor, i.e., the medium we studied must have at IS the one we require. The MPDP is affected by several fac-

least one finite dimension, e.qg., tAalirection. For simplicity,

tors: wa, me, the refractive indexn, H, the modulation fre-

in the MPDP calculation, we assume that the quasiparticle quencyw of the source, and the relative position between the

travels in theX-Z plane. This is the MPDP in two dimen-
sions. From Fig. 1, we can see that the 2-D model is infinity in
the X direction, while the thickness in the direction is de-
fined asH. As shown in Fig. 1, the light enters into the me-
dium from the original point along th2 direction. There are
two extrapolated boundaries in our model, which is different
with the half-infinite model.

In our model, image methdflis used to construct a flu-
ence rate solution that satisfidg(x,z=—A)=0 and®(x,z
=H-+A)=0. The two extrapolated boundaries work like two
mirrors. For the effective source with the unit strength at

source and the detector, defined as the lateral distdrce
From our model, the MPDP we calculate is not the analytic
function of the trajectory, but a series of points on it. There-
fore, for the convenience of calculation, a polynomial is cre-
ated from these points to describe the MPDP. The function
=f(X, a4 ,n,H,dX, @) is used to describe the polynomial,
abbreviated ag= f(x).

Figure 2 shows one example of the transmitting MPDP.
The source is afX,Z)=(0,0), while the detector is at5,50
(the wunits are millimete)s The parameters areu,
=0.005mm?, u.=1mm ! n=1.33,H=50mm, and dx

(0,APD), there are infinitely many image sources created by =5 mm. When f=49.86 MHz, the MPDP can be described

the two extrapolated boundaries [at=0, z=2N(H+2A)
+(A+APD)—A], whereN is an integer. Figure 1 shows the
2-D tissues model and the boundary conditions itk O.
Different Ns give different image sources. In Fig. A,is the
extrapolation distance. We chosA=APD=I,, during
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by a polynomial as
Z=P(1)XN+P(2)XN" V... + P(N)X+P(N+1),
N=10,
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l/— source detector triangle is always in the plane parallel to X
plane. In this example, the source is (at,ys,0), the left
/_ - detector is at(xs—d/2, ys,H), and the right detector is at
Y # X (xst+d/2,ys,H). At y=0, the source-detector triangle scans
,4 the first row along theX direction. Thery is increased by an
incremental, the source-detector triangle scans the second row
et along theX direction. This processes goes on until the Jaist
JL reached, and the whole scanning area has been scanned. When
« L -i_J \ 5] the source and detectors scan the sample, the absorber will
Y d ! shut out the light twice at position @ashed lingsand posi-
(a) detector tion 2 (solid lines. At position 1(Xpgr, Ypr0), the source, the
absorber, and the right detector are in one straight line, and
Sourceal  Ax  Source at the right detector shows an absorption peak. At position 2
‘(’)‘;i:‘;:klo) a1 ?Q:‘;ZLZO) (XpL,YpL,0), the source, absorber, and the left detector are in
i one straight line, and the left detector shows an absorption
vx N Iz [ peak.
IR Absorber After scanning in theX-Y plane, two optical projections
(LY, Z) H are obtained from the two detectors respectively; each has a
(K12, Yo H3/ (Kot /2, Yo, H) shadow of the absorber. Ideally, the absorber center of the left
7 5;7 l projection is at(Xp.,Yp), and the right projection is at
i H v H Z=H/A*AX (Xpr:Ypr). We assume that the projection coordinate system
(b) is the same as the source coordinate system. When the source
Fig. 3 Locating the absorber in three dimensions with the MPDP: (a) is at (Xpt,Yp,0) and (Xpg,Ypr0), respectively, there are
localization system in transmission mode and (b) MPDP shown by a two MPDPs that pass through the absorber and end at the left
straight line. detector (Xp —d/2,Yp ,H) and the right detectorXpg

+d/2,Ypgr,H), respectively. The question is how to recon-
struct the real coordinatg¢defined agX,,Y,,Z,)] of the ab-
where P={0.0013 —0.0335 0.3725-2.3342 9.0375...  gorher from the absorber centers in the projection image, i.e.,
The calculated MPDP takes on &hshape. The symbols  source-detector triangép, should be equal tpg in theory,
“O”and “ +,” and the solid lines show the path at different andX, should be in the middle oXp, andXpg. Considering

source frequencies: 200 MHz, 50 MHz, and O fize direct  the system error, the average s, and Y pg will be used as
current conditiol, respectively. From Fig. 2 we can see that vy -

the higher the source frequency, the closer is the path to a '
straight line. The straight dotted line represents the direct line _
between the source and the detector. Xr= (XLt XpR)12, ©®

2.2 lLocalization of Inhomogeneities Using MPDP Y =(YpL+Ypr)/2, (7)
Generally a projection method is useful to detect the inhomo-
geneities in tissue, e.g., a mammogram is a projection of the AX=|XpL=Xprl, (€S

breast in film. The NIR light source can also be used to make
a projection of breast tissdéreferred to as optical mammog-
raphy. However, optical mammography can acquire depth in-
formation concerning breast tissue, while conventional mam-
mogram, x-ray mammography, cannot. This is because that
the projection data of the NIR light are obtained by the point-
to-point scanning of a source-detector pair. The projection

where AX is the distance between the two positions of the
source[see Fig. 8)]. Equationg6) and(7) are universal, no
matter whether the MPDP is a straight line or &rshaped
curve. In Fig. 3b), where the MPDP is a straight line, the
depth of the absorber can be easily obtained as

data thus represent the information in a matrix of the sampling i _ i

points. By using some reconstruction methods, the depth in- AX/2 df2’

formation concerning the breast tissue can be obtained. (9)
In our work, we propose a method with the MPDP in the

steady state to locate an absorber in three dimensions, which Z= EAX'

includes determining the depth information of the absorber.

Figures 3a) and 3b) are used to describe our method in three For the S-shaped MPDP, we plug X/2 into the polyno-

and two dimensions, respectively. We useW, andH to mial function mentioned earlier to obtain the depth of
represent the length, width, and height of the medium, respec-gpsorber:

tively; andd is the distance between the two detectors. For

simplicity and to describe our method, we assume in Fig. 3 Z=f(AX/2). (10)

that the MPDP is a straight line between the source and the

detector. In Fig. &) there are one source and two detectors in Finally, we summarize the procedure that is used to locate the
the plane parallel to th¥-Z plane, which means the source- absorber with the MPDP.
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1. Step 1. Scan the detected area point by point and ac-
quire two projections for each point in the scanning
matrix.

2. Step 2. Locate the absorber centp{Xp ,Yp) and
(XpRr,YpR)] in the projection images.
3. Step 3. Calculate the coordinates of the real absorber

4. Step 4. Calculate the depth of the real absorber center 3
by using Eqgs(8) and (10). Here Eq.(10) is the MPDP mm 6mm
function obtained in Sec. 2.1.

Fig. 4 Sources and detectors.

2.3 Image Processing

After scanning we can acquire two data matrices, referred to racy. The results of using these two methods were shown by
asM_ andMg. Each of the matrices has (in the X direc- the combined image and the deblurred image, respectively.
tion, N=9)XM (in the Y direction, variablg points. The All the imaging and reconstruction functions used in this
subscriptl represents the detector at the “left” side of source paper were developed in the Matlab 5.3 environment.
andR represents the “right.” The notatioll  (i,]) represents
the element in the lineand columnj of the matrix of the left
projection, and represents the ordinal of the source along the
X direction and represents the step in thedirection.

To improve the resolution in th¥ direction, we combined
M, and Mg to make one matriM. The following equations
describes how to combine the two matrices:

2.4 Experiment

Based on our theory, we developed a prototype in our lab. The
prototype was designed to detect breast tumor. The 780-nm
NIR light generated by laser diod&harp Co. LTO2y was
modulated at 49.86 MHz and carried by an optical fiber
bundle to the surface of the sample. The optical fiber bundles
M (i,j)+Mg(i,j) also conduct the signal to photomultiplier tubdégmamatsu
, 1<i=<s, R928. To implement the detection method described in Sec.
2 2.2, the prototype has 19 optical fiber bundles in total. As
shown in Fig. 4, 9 of them in one row are the light sources,
1<i<8 while the other 10 in another row are detectors. They work as
2 nine groups of source-detector triangles, as shown in Fig. 3.
The nine groups are arranged in one row alongXluérection
The image of the combined matr has a better resolution in the plane vertical to th¥ axis. The distance of the adjacent
than that of each individual matrik, and Mg. This was groups is 6 mm and the lateral distance between source and
validated by our experiments. detector(dx) in each group is 3 mm. An electrical switch took
The image segmentation method is also used to improvethe place of a mechanical scan, which can save time. Nine
the resolution of the image. Set a threshold and reset the pix-sources lit alternately just like the source moved alongXhe
els with a value that is less than the threshold. The nonzeroaxis in 6-mm steps. At one time, only one source was lit and
part will be isolated by the reset pixels, so different parts of two detectors(nearest to the lit sourgeeceived the signal.
the image will be partitioned, i.e., segmented. It is important, The inner diameter of each fiber bundle is 2 mm. Using the
but sometimes hard to choose the threshold. prototype, the amplitude information of the penetrating light
It has been found that, in the image of diffuse light ampli- was detected and used to image and reconstruct.
tude, the blurring level of the absorbers’ edge is associated In our experiments, Intralipid and pork were used to simu-
with the depth of absorbers. For absorbers in the middle level late breast tissues. Tumors often absorb more lights than nor-
of tissue, a threshold close to the absorption peak should bemal tissues, so a black plastic ball or some fictile objects of
chosen. different shapes and sizes or mus@tem pork) were used to
The combination method and the segmentation method simulate them. The imaging area was 45 mm wiiethe X
make the shadow of the absorbers clearer, which is helpful in direction and 57 mm londin theY direction. The coordinate
finding the size and shape of the absorbers with more accu-system used here was the same as the coordinate system de-

M(2i—1)=

M(2i])= ML(|+1aJ)+MR(|:])’

Table 1 Single absorber experiments in Intralipid.

Real Coordinates

No. Absorber (X,Y,2) Distance to the Surface Reconstruction Coordinates (X, ,Y,,Z,) Error (x,y,2)
1 8-mm ball (10,20,15) 15 (9.4,20.6,16.8) (0.6,0.6,1.8)
2 8-mm ball (10,25,30) 20 (9.8,24.4,33.1) (0.2,0.6,3.1)
3 Cylinder* (21,27,35) 15 (23.0,27.6,34.5) (2.0,0.6,0.5)

*The cylinder is 5 mm long, and 2 mm in diameter. (Units are millimeters).
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Table 2 Experiments of an absorber pair in Intralipid (units are millimeters).

No. Absorber Real Coordinates (X, Y, 2) Distance to the Surface Reconstruction Coordinates (X, ,Y,,Z,) Error (x,y, 2)

1 (15,30,15) 15 (22.4,30.4,13.2) (0.1,0.4,1.8)
4

2 (30,30,15) 15

1 (25,27,26) 24 (31.5,26.7,27.8) (1.0,0.3,1.8)
5

2 (40,27,26) 24

scribed in Figs. 3 and 4. The=0 point was on the top sur-  2.4.2  Experiment with pork

face of the phantom. The initial position of the first light \we chose fat peeled off from fresh pork as experimental ma-
source(the first source from the left in Fig)4vas used as the  arial. Two pieces of fat were chopped into a *AMO-mm
original point in theX-Y plane in each experiment. area and 20 mm in thickness. Absorbéuerk muscle and an
During the experiments, the scan area was kept in the cen-g_mm bal) were sandwiched into the two pieces of fat.
ter of the phantom, about 10 mm away from the nearest edge.g|ass plates were used to flatten the fat during the process of
The absorbers were also kept at least 10 mm away from theimaging.
edges of the phantom. The black ball8 mm in diameterwas put into the fat at
the position(15,30,20 (units are millimeters Two pieces of
. . . muscle were put into the fat. They were both 3-mm thick but
2.4.1  Experiment with Intralipid of different sizes. The large one is 205 mm, in the position
We put 0.9% Intralipid(x,=0.005mm?, ul=1mm?) (22,27,20, and the smaller one is XL0 mm, in the position
into a transparent plastic box, which was 140 mm long and 73 (37,25,20, as shown in Table 3.
mm wide. The solution was 50 mm deep. A black plastic ball
(8 mm in diameterand a black cylindet5 mm long and 2 3 Results
mm in diameter were used as the absorbers. i ) o
Experiments 1 to 3 used one single absorber, but at differ- 3-1  Experiments with Intralipid
ent depths of the solution, as shown in Table 1. The reconstruction coordinates of the single absorber experi-
Experiments 4 and 5 used a pair of absorbers in different ments are shown in Table 1. Experiment 2 has the largest error
position in the solutions, as shown in Table 2. The absorber in reconstruction coordinatesince the absorber is the farthest
pair contained two black ball8® mm in diameter The dis- from the surface of the solution among the three experiments.
tance between them was 15 mm. The sources and detectorgigures 5 and 6 show the combined image and the deblurred
were arranged along thé direction. To test the resolution of  image of experiments 2 and 3. The circle in Fig. 5 and the
the source-detector triangle the two balls were in one line white rectangle in Fig. 6 show the real position and outline of
parallel to theX axis. In experiment 4, the absorber pair was the absorber. The prototype cannot only locate the absorber in
15 mm away from the surface, while in experiment 5, the Intralipid clearly, but can also estimate the size of the ab-
absorber was 24 mm from the surface, as shown in Table 2. sorber. An absorber as small as a 5-mm-long cylinder can be
More experiments were performed to compare the recon- detected, although the shadow does not look like the absorber.
struction accuracy of the MPDP with that of the straight line. Table 2 shows the experimental results from an absorber
In each experiment, the 8-mm-diam black ball was put at a pair. It is difficult to distinguish the two absorbers. Our algo-
different depth of the solution. The real depth of the absorber rithm gives the coordinates of one absorption peak, which is
(Zorg) was changed from 5 to 45 mm with a 5-mm interval. the middle point of the absorber pair. Figures 7 and 8 show
For eachZ,y, the absorber depth, was reconstructed by the  the images of experiments 4 and 5. After the images were
two methoddEq. (9) and Eq.(10)], respectively. deblurred, in Fig. 7 the two absorbers could be distinguished

Table 3 Experiments of absorbers in fat (units are millimeters).

No. Absorber Real Coordinates (X, Y, 2) Distance to the Surface Reconstruction Coordinates (X, ,Y,,Z,) Error (x,y, z)
6 8-mm ball (15,30,20) 20 (14.8,29.4,17.9) (0.2,0.6,2.1)
20%15 muscle (22,27,20) 20 (24.0,27.2,24.8) (2,0.2,4.8)
7
10x10 muscle (37,25,20) 20 — —
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Fig. 5 Images of experiment 2: (a) combined image and (b) deblurred

image. Fig. 7 Images of experiment 4: (a) combined image and (b) deblurred

image.

and their size could be estimated. The gray-scale values of theencouraging, for the absorption coefficients of muscle and fat

two absorbers are not the same in Fig. 7; this may be due togre similar, while the distance between the edges of the two
the mismatch of sources and detectors. In Fig. 8, the two pjeces of muscle is only 2 to 3 mm.

absorbers have one merged shadow. Comparing the images of
experiment 5 with experiment 4, we found that the shadows
of the absorbers near to the surface are clearer than thoset Discussion

farther from the surface. In this paper, we proposed a new description of the MPDP,

Figure 9 shows the comparison of the two methéiti®  j e in the steady state, which is an alternative description of
straight line versus th8-shaped MPDP The horizontal axis  the most probable trajectory in the TD. We demonstrated the
represents the real dep(#,,) of the absorber. The vertical  ysefulness of the MPDP in 3-D localization of an absorber in
axis represents the reconstruction depth The depth calcu- 3 slab. Nonetheless, this concept can be applied in a wide
lated from Eq.(9) is represented by +” and the depth cal-  yariety of situations. One can employ this method to better
culated from Eq(10) is represented by®.” The straightline  configure light sources and detectors, to determine whether
is the ideal reconstruction. MarkerC” is closer to the  the transmission mode or the reflection mode is more appro-
Straight line than marker +.” This means that the MPDP in priate for a given pr0b|em' to app|y to a mu|tip|e_frequency
the S shape is a better description of the DPDW than the system, and so on. The use of back projection with the MPDP
straight line. will be a direction of our future study. At the least, images
generated in this simple way can act as a good initial solution
for iterative algorithms.

In the paper, the MPDP was derived in a 2-D situation and
Table 3 shows the experiments of absorbers in fat. As shown only two boundaries were considered. This might cause some
in Fig. 10, the 8-mm black ball in fat is very clear. Figure 11 inaccuracy, especially when the MPDP was used in a finite-
shows the two pieces of muscle in fat. The reconstruction size phantom or in detection of breast cancer. However, our

result gives one absorption peak, which points to the larger experiments implemented with a finite-size phantom, showed
piece of muscle. After the images are deblurred, the shadows

of the two pieces of muscle are distinguishable. This result is

3.2 Experiment with Pork

®)
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Fig. 6 Images of experiment 3: (a) combined image and (b) deblurred Fig. 8 Images of experiment 5: (a) combined image and (b) deblurred
image. image.
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Fig. 11 Images of experiment 7: (a) combined image and (b) de-
. T ‘ ) ) ) ) . ‘ blurred image.
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Fig. 9 Comparison of the two different methods. .
5 P 5 Conclusions

In this paper, we proposed the theory of the MPDP of photon
in turbid media. A 3-D localization method based on the
that the errors were not significant. The MPDP in three di- MPDP theory was also developed to locate absorbers in a
mensions with all boundary conditions should be developed in slab. To implement the method, a breast cancer detection pro-
a coming study. totype was designed and assembled in our lab. The phantom
Our system is capable of imaging turbid media, locating experiments gave encouraging results and validated both the
absorbers, and deblurring images. Absorbers 8 mm in diam-prototype and the method. The new 3-D localization method
eter can be detected reliably and located accurately. Our lo-based on the proposed MPDP in the FD can be used to obtain
calization method, based on the theory of the MPDP, is effec- higher accuracy in localizing absorbers embedded in a homo-
tive. After the image is deblurred, the size and shape of the geneous background.
absorber can be seen from the image. These are useful in the
early detection of breast cancer. Acknowledgment
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