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1 Introduction falls into this category. RWT is a powerful mathematical

Spectral imaging techniques using visible and near-infrared Method by which to describe such stochastic processes. De-
radiation have been investigated for their potential to detect tails of the mathematical construct of RWT are presented
abnormal regionglesions deeply embedded within normal ~ elsewheré?
tissue. If successful, these techniques offer a variety of func-  Our evaluation of time-resolved imaging showed that the
tional imaging modalities in addition to density imaging, strong scattering property of tissue prevents high-quality im-
while they avoid ionizing radiation hazards. aging of abnormalities> Hence, devising theoretical con-
One of the most challenging areas in which to apply dif- structs to separate the effects of scattering from absorption
fuse optical imaging of deep tissue is the human female a5 proposed. This would allow one to map the optical coef-

_6 . . - -
breasﬁ_ It is clear that any new imaging or Spectroscopic ficients as spectroscopic signatures of an abnormal tissue em-
modalities which can improve diagnostics of breast tumors or bedded in thick, otherwise normal, tissue. With this approach,
can add new knowledge about the physiological properties of

. . ) L .~ accurate quantification of the size and optical properties of the
the tumors and surrounding tissue will have significance in 9 P prop

medicine. target becomes a critical requirement for the use of optical

Conventional transillumination using continuous wave imaging at the bgdsm!e. ) ) ) )
(cw) light was used for breast screening several decades ago. 10 relate the light intensity to the size, optical properties,
However, because of the high amount of scattering of tissue, @nd location of abnormal targets in the tissue, we have taken
this method resulted in poor resoluti6fIn the late 1980s, advantage of some features of our theoretical framework. The
time-resolved imaging techniques were proposed to enhanceearly time response is most dependent on scattering perturba-
the spatial resolution by detecting photons with very short tions, whereas late time behavior is most dependent on ab-
time of flight within the tissué-** In this technique a short  sorptive perturbations, thus allowing one to separate the influ-
laser pulse impinges upon the tissue. The photons transmittedence of scattering and absorption perturbations on the
experience dispersion in their pathlengths, resulting in tempo- phserved image contrast. Our analysis differs from previous
ral d|sper|5|on ththe" ?me of fl|gh]£tTOFi)1. _ ved | work based on perturbation theory applied to the diffusion

To eva uate t € performance ot suc time-resolved transil- approximation of the transport equation, because we model
lumination techniques, we used random walk the@RWT) . L .

. . . . . increased scattering in the abnormal target as a time delay.
on a lattice. Many physical and biological media are charac- . . .
The second interesting feature of our methodology is that the

terized by elements of randomness in both space and time. L2 _ o _
The diffusion of light in highly turbid media such as tissue contrast from scattering inside the inclusion is proportional to
the cross section of the targén the z direction,'®!’ instead

Address correspondence to Victor Chernomordik. Tel./Fax: 301-435-9236;
E-mail: vchern@helix.nih.gov 1083-3668/2002/$15.00 © 2002 SPIE

80 Journal of Biomedical Optics * January 2002 * Vol. 7 No. 1



Quantification of Optical Properties of a Breast Tumor . . .

of depending on the target’s volume as modeled in a pertur- mental setup forin vivo transillumination breast measure-
bation analysigsee, e.g., Ref. 18 ments, using an optical mammograph of the Physikalisch-
Several research groups intend to implement their theoret- Technische BundesanstalfPTB), is briefly described.
ical expressions in a general inverse algorithm for optical to- Analysis of the time-resolved data within our theoretical
mography, i.e., to reconstruct three-dimensional maps of spa-framework for two patients with breast tumors is presented in
tial distributions of the tissue’s optical characteristicd’ and the Sec. 4. Estimates of the optical characteristics of the tu-
thereby quantify optical characteristics, positions, and sizes of mors and surrounding tissue are provided. Section 5 contains
abnormalities. Unlike these approaches our method is a mul-a summary and a short discussion of future directions.
tistep analysis of the collected data. From images observed at
different times of flight, we construct the time-dependent con-
trast functions, fit our theoretical expressions to experimental
data, and compute the optical properties of the background2 Theoretical Model
and those of the abnormality along with its size. A more de-
tailed outline of our data analysis was published eatfiéf.
By utilizing our method for different wavelengths, one can
obtain diagnostic information(for example, estimates of
blood oxygenation inside a tumofrom corresponding ab-

Random walk theory of photon migration in a turbid medium
is based on two assumptions: the tissue continuum is replaced
by a cubic lattice with a step size inversely proportional to the
scattering coefficient, and photons can move isotropically be-
. . . . tween adjacent lattice points. Relationships between dimen-
sorption coefficients that cannot be obtained directly from sionless RWT parameters and the corresponding physical

othelr émaglngﬂte::hnlqules: Anf tglternatlvle tgeor$t|c;':1lc§m£del, variables, necessary to analyze experimental data, are well
applied recently to analysis of time-resolved optical data, establishedsee, Ref. 14

based on formulas for the Fourier amplitude of the photon
density which were obtained from the diffusion model for the

case of a spherical inhomogeneity inside an infinite turbid (0) (0)r
medium?® Several research groups have alreqdy successfully p— Ha , n—>,u(so)’cAt, FT ’
used multiwavelength measurements, using frequency- wlo’ J2
domain techniques, to calculate physiological parameters (1)
(oxygenation, lipid, and water contendf breast tumorgdi-
agnosed with other modalitipgnd normal tissuée.g., see, (0)r (0)r
Refs. 29-31 Ks Ks
ers. p—d , N—=T +1,
We have verified our methodology by applying it to two \/f \/5

transillumination and fan geometry data sets provided by col-

laborators at University College, London. The data were ob- Where,ugo)’ is the transport-corrected background scattering

tained from an experimental phantom that had optical proper- o ) _ (0 . .
ties, thickness, and characteristics of the embedded, relativelycoemc'em('“S =#s (1-0) andgis the scatter anisotropy

small, abnormal target that were similar to those measured in f2cton; '“:(:10) is the background absorption coefficieais the
a human breast For both data sets, our approach yields val- SPeed of light in the mediurtmm/ps, At is the photon time
ues for the inclusion optical parameters that are close to thedelay (pS), r is the distance variablemm), d is the lateral
nominal ones, and provides reasonable estimates of the inclu-diSplacement between the source and the deteoton, and
sion’s position and siz&:3 To improve the performance of 1 IS the thickness of the slalmm).
our algorithm, we have extended our analysis to nonlocalized ~ OUr analysis of breast transillumination data used a model-
abnormalities and successfully applied the RWT approach to Paséd calculation of intensity and the point spread function
quantification of the optical characteristics and dimensions of (PSP of migrating photons visiting different sites at different
larger inclusiongwith increased scattering and/or absorption  Planes inside a finite slab. The intensity,, is defined as the
that were realized in the tissue-like phantoms of our collabo- Probability that a photon inserted into the tissue at sge
rators at Politecnico di Milan&® =(0,0,0 is detected on itsth step(i.e., a given timg at the

An important point in our theoretical construct is the as- Point of exitr=(x,0N):*
sumption of quadratic dependence of the scattering contrast
amplitude on the size of the inclusion. Analy§isf time-
resolved contrast functions obtained from experim@érfisr V3 exp( —[wn+3x%[2(n—2)]])
three similar, purely scattering inclusions that differ only in Pa(fo.r) = 2[2m(n—2)]%?2
size provided strong support for such a relationship.

Having successfully analyzed several independent phan- * 3[(2k+1)N—2]2
tom data sets, we demonstrated the robustness of our algo- X > exy{ - 2(n—2) )
rithm and have shown that the accuracy of our model does not k===
depend on any particular experimental design. The next im- 3[(2k+1)N]?
portant step in the development of our RWT-based tissue - ;{—W” (2

quantification methodology is an analysis of real clinical data
with tumors embedded inside normal tissue.

This article is organized as follows. In Sec. 2 we present  The PSFW,, is defined as the probability that a photon
the theoretical model used to analyze time-resolved experi- inserted into the tissue visits a given s#te (s;,05s;) and is

mental data for tissue-like turbid media. In Sec. 3 an experi- detected afterward on itsth step*>=°
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It is worth noting that analysis of experimental data on
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where A p,= ua— 1l? is the absorption perturbation inside
the inclusion with respect to the background. The exponential
factor introduced on the right-hand side of the equation for
Meft IS iIMmportant when there is considerable additional absorp-
tion in the inclusion that reduces the effective photon intensity
inside the inclusion compared to the unperturbed “zero”
value of the intensity.

Taking into account thatN3=(u{?'/\2)%V and d?
=V23 whereV is the inclusion volume for small inclusions
with small but nonzera u, (i.e., 7= Au,VZPuD12<1) we

u

obtain
3
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edge response functions for a number of tissue-like phantomsThe exponential correction factor for nonlocalized absorptive

substantiates the RWT formulas for the widths of the time-
resolved PSFs which correspond to spatial resolufigh =8

To simplify the notations in all further equations we omit
the dependencies df,, and W,, on the coordinates of the
points of photon insertion and exit. This is justified since the

inclusions was recently verified by a set of Monte Carlo simu-
lations and phantom measurements of the mean time spent by
photons inside an inclusioft).3®

Increased scattering inside an inclusion results in an addi-
tional time delay®!’

relative positions of the source and detector are the same dur-

ing scanning, and the tissue slab is assumed to be quasiuni-

form, except for an abnormality. To deduce the optical prop-
erties of the background “normal” tissue we simply use sets
of functionsp, .*>*®n the next step, comparison of the time-

dependent contrast observed in time-resolved transillumina-

tion experiments and predictions of RWT, using the sets of
functionsp, andW, gives an estimate of the size and optical
properties of the targéf:'® Within the random walk model
framework, for a relatively smallsized;<T, whereT is the
slab thickness abnormally absorbing inclusion we represent
the inclusion by a set dfl? independent absorbers located on
a cubic lattice with spacinds= v2/x?" .16 RWT formulas

for the absorptive component of time-resolved contrast, i.e.,
the relative perturbation in intensity detected due to an ab-
sorbing inclusion are as follows:

Wi o[ (0 %X142), (10 7Z1\2)]

Ca(EAt) ~ Ng’?eff
Pn

(4)

wherex is a shift of the source—detector axis relative to the
center of inclusion,z is a depth of the inclusionn
=,ug°)’cAt is the number of steps corresponding to the time
delay At and 7. is the effective absorptivity of an elemen-
tary absorber given by
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so, for a purely scattering inclusion the contrast is given by

Csd(X,Z,At)
1 AWl (18 'X12),(p{"212)]
Pn dn ‘n=c,u(so)'At

xcu® Ar=W(X,z,At)A 7. (8)

Csd(x,2,At) depends linearly on thslope of the PSF{i.e.,

the time derivativeW(x,z,At)] of the PSF. Hence, as has
been shown theoretically;'” the largest contrasts(x,z,At)
corresponds to the smallest available time delayswhere
even a small increase in the delay has a considerable effect
on the number of photons detected. On the other hand, for
At> Aty [ Aty COrresponds to the maximum valgever
time) of the amplitude of the spatial P§Rhe contribution by
C.(x,2,At) is negligible(this latter part of the data is used to
estimate the perturbation due to a change in absorption
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Fig. 1 Block diagram of the laser pulse mammograph.

3 Experimental Setup

Recently a scanning laser pulse mammogfdps been de-
veloped at the Physikalisch-Technische-Bundesanstalt in Ber-
lin (see Figure Land set up at the Robert Roessle Hospital to (b)
record time-resolved optical mammograms of patients. The
breast is slightly compressed between two glass plates. A scarfig. 2 Optical mammographs of patients with tumors (gray scales rep-
of the whole breast in a step size of 2.5 mm takes only a few resent reciprocal normalized total photon counts at 670 nm). (a) Pa-
minutes’ and can be done in mediolateral as well as in Cran_tient No. 9, craniocaudal view. (b) Patient No. 11, mediolateral view.
iocaudal projections. Collinear geometry of a source—detector
pair was realized in the measurements.

x/cm

=-—50 mm, y=2.5 mm, respectively. The dimensions of the

Our first goal was to quantify the optical parameters at two tumors estimated from histology after subsequent surgery
wavelengths and thereby estimate blood oxygen saturation of .
g y Yo were 40 mmx 35 mm X 30 mm (patient No. 9 and 25 mm

the tumor and surrounding tissue under the assumption that 15 15 ient No. 1
the principal chromophores that contribute to absorption are X mm x mm (patient No. 11
oxy- and deoxyhemoglobin and waféf! It should be men- .
tioned that recent experimental d%# provide evidence ofa 4 Data Analysis
non-negligible contribution by lipids in breast tissue absorp- Collectedin vivo data were processed in three stages. First of
tion of near-infrared light, especially for older wométhne all, due to the relatively long duration of the laser pulse
lipid component of the breast tissue increases with.adew- (~400 ps at 785 nmand due to dispersion in the detection
ever, in the current analysisvith data available at only two  fiber bundle the time response function of the device is rela-
wavelengthsit is impossible to properly take into account the tively broad, and the raw intensity TOF distributions should
variation in lipid absorption. be deconvolved. This procedure is especially important for
We analyzed the data sets, obtained at two wavelengthsestimates of the scattering coefficients since they are very
(670 and 785 nmfor two patientgNo. 9, age 57 and No. 11, sensitive to the short time delay data where, on the steeply
age 84 with invasive ductal carcinoma. In the first caga- rising part of the time-of-flight distributions, relatively large
tient No. 9, the thickness of the slightly compressed breast experimental errors due to noise are present. To reduce the
was T=71 mm), 1980 time-resolved intensity distributions influence of this high frequency noise, we have used a low-
were measured at each wavelength. For the second patienpass filtering. The filter was constructed from a comparison of
(patient No. 11, the thickness of the slightly compressed the spectrum of the raw data with the expected frequency
breast wasl =82 mm) 1216 time-resolved intensity distribu-  dependence of the signal spectr(gmssuming random walk or
tions at each wavelength were recorded. The data collectiondiffusion formulas.
times amounted to 5 mifpatient No. 11 and 8 min(patient As an example, a comparison of the time-resolved data
No. 9). Both tumors can easily be seen in the corresponding with the filtered and deconvolved TOF distribution is pre-
optical images shown in Figurega® and 2b). These images  sented in Figure @) for one of the 1216 source—detector axis
were obtained from reciprocal values of the total integrals of positions(patient No. 11\ =670 nm).
the distributions of the photon’s time of flight, normalized to a Then curve fitting, based on the Levenberg—Marquardt
selected “bulk” area, as described in Ref. 6. The centers of algorithm®* was used to approximate the deconvolved curves
the tumors are located at=—20 mm, y=20 mm andXx with the RWT pathlength distributions in uniform turbid me-
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Fig. 4 Contrast scan along the x axis through the center of the tumor
100 1 1 [time of flight At=5 ns, patient No. 11; see Eq. (6)].
35
4 80T I
2z
2 60 I through the center of the abnormality, were calculated for dif-
£ ferent time delays. This procedure has also been described
40 ] $ previously® Curve fitting of these functions with the theoret-
ical formula for absorptive contrafEg. (6)] has been used to
207 b smooth the curves, calculate the absorptive component of the
o ; ,‘ , } : ; contrast, and estimate the lateral size of the inclusion. The
2 3 4 5 6 7 8 9 results of the curve fitting are illustrated in Figure 4, which
(b) time delay (ns) contains one of the-direction linear scans of patient No. 11.
The important point is that the current optical mammo-
Fig. 3 Data processing of typical time-resolved intensity distributions. graph used in this set of measurements does not permit a

(a) Deconvolution of raw time resolved data (patient No. 11, A=670 ; : :
nm, scan position x=—1.0 cm, y=0.5 cm). (b) Curve fitting of the unique estimate of the depth of the abnormality. Independent

deconvolved distribution (values u/=1.06 mm~ and u,=0.0024 scans Wit.h different relative source—detector positions that in-
mm-" obtained). volve oblique angle source—detector geometry are needed to
overcome this limitatiof:}” Some preliminary experimental
results show that these additional scans do provide informa-

dia [Eq. (2)]. Scattering and absorption coefficients of the tion on the abnormality's depthHowever, to estimate the
media, the amplitude scale, and time zévdgin of the time optical parameters and size of the inclusion from the data
axis) were used as fitting parameters. The curve fit for the available, an additional assumption about the depth of the
example of Figure @) (patient No. 11\ =670nm) is shown abnormality must be made. We assume here that the depth of
in Figure 3b). the tumor isz=18 mm for patient No. 1Xthis assumption is

In this article we do not discuss corrections that may be substantiated by the histology findingand z=53 mm for
required to take into account a so-called “edge effect” due the patient No. 9(i.e., the tumor is close to the lower surface of
decreasing thickness of the compressed breast close to itdhe breast judging from the additional line scans with lateral
edges. Several recipes to calculate these corrections were sugpffsets between the source and detectior both cases use of
gested in the literatur2® Both tumors analyzed here, how- the assumed values faresults in reasonable estimates of the
ever, happened to fall into the regions of the two-dimensional tumor optical parametersee below:
(2D) scans, in which the breast tissue filled the entire space  For both patients at both the wavelengths considered the
between the glass plates. contrast amplitude decreases with an increase in the time de-

The background optical properties of breast tissue and thelay, indicating that the tumors show a higher amount of scat-
time-zero offset were estimated by averaging optical coeffi- tering compared to surrounding tissue. To estimate the time
cients over more than 100 source—detector positions. delay A 7 inside the abnormality and the corresponding scat-

In the next step, a 2D set of time-resolved contrast func- tering perturbatiom\ n;, from Eq. (7), we determined the de-
tions was constructed using measured intensity distributions pendency of the contrast amplitude on the time derivative of
corrected in the manner described above. The maximum con-the PSF. For calculation of these derivatives the time-zero
trast spot was assumed to be the center of the abnormality.offset that was obtained from analysis of the background op-
The shorter time delays provided slightly better spatial reso- tical properties described above was used. This correction
lution. Similar estimates of the tumor center position can be does not noticeably change the results for the tumor absorp-
obtained from the integral optical images, presented in Fig- tion coefficient which is determined by contrast functions for
ures Za) and 2b). Two linear contrast scans, both passing relatively large time delays. Scattering perturbations, which
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4
©
o

Table 1 Tumor parameters (patient No. 9, assumed depth and size
z=53 mm and d;=26 mm).

4

@®

1=}
+

0.75 Estimated parameters A=670 nm A=785 nm
&)
2070
g teo (background) 0.0032 mm™! 0.0028 mm™!
< 0.65
g u. (background) 0.94 mm™! 0.83 mm™!
€ 060
3 1 (target) 0.0080 mm"' 0.0055 mm""!
0.55 %

® A=670nm , 4 .

—— regression (slope b=179.4) | u. (target) 1.48 mm 1.15 mm
A  }4=785nm

T regrlession (slople b=90.4) )

0.50 T

0.45 t + t
-0.0005  0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.00

ate the scattering perturbation, due to the tumor, according to

(aw, /dn)lp,,
Eqgs.(7) and(8).
Fig. 5 Dependence of tumor contrast (patient No. 9) on the derivative Comparison of the time-resolved contrast amplitudes for
of PSF for \=670 and 785 nm [see Eq. (8)]. relatively large time delaya\t>At,,,, with theoretical ex-

pression(6) provides an estimate of the magnitude of absorp-
tive perturbation.

are determined from the short time delay data, are expected to roiitclinliegsegeog::ecasluEnaxlarrig;rsinofr;rt])?e;urlnzagn; ft:re te)l?ig:l-t
be sensitive to the choice of time zero, and this was found to 9 P

be the case. Nos. 9 and 11, respectively. Two major problems were en-

In all cases considered the relationship between contrastggﬁgteeg??hiﬂ?geiﬁircakgzlsyssﬁf?;;hsrsezgtx gfe ”;rt‘iirr']tta,l\lgatlal' ?ﬁé
amplitude and the PSF derivative proved to be close to linear 9 P T

for At<At,... which is in agreement with Eq8). This is trailing edges of the time-of-flight distributions were not com-

st i Figures 5 and 6 for th data obained o pa- PIEY TSe0Tied A 785 e esute comneo by e
tient Nos. 9 and 11, respectively. In Figure 5, the relationship y

between the contrast amplitude and the PSF derivative is pre_g]rggtr?t\t]vzrvgﬁasrf(ﬁggIe::trtﬁg}rﬁ:;i\e:ffgr?]qrr?easnr?oﬂattilrigt(;\:a(ljé
sented forA=670 and 785 nm. The smaller slope for the =’ 9 ’ y

infrared data, compared to the red data, implies less scatterinqcllvféOJr?;;'lgntto’\lgs't?m'gtgotr%téa:rztg g;otzz ?Lr%aot:egngloé nlla (‘;‘:jel

perturbation at the longer wavelength. Figure 6 shows the tional assumption that tumor size dg=26 mm was made
variation of the average slope with assumed inclusion depth, The next sﬁe after calculation of the optical arametérs of
z for A=670nm. The slope, and hence the corresponding the tumor and Eurroundin tissue at diffe?ent V\I/Javelen ths is
estimate of the scattering perturbation, is not very sensitive to evaluation of the blood oxg en saturation and relativegblood
the estimate ok (variation ofz in the range of 15-20 mm : . Y9 . .

. o . . volume in malignant and normal tissue, parameters that might
results in a change of the slope betweeh5% relative to its . . !

be of some relevance for tumor diagnosis. This can be

mean valug achieved using the absorption spectra of major chromophores

The calculated average slopes of the contrast amplitude as
a function of the PSF derivative, in combination with esti- i(rcrjl)()gr?anno': ?go;ggsrmggrl]ogihfgg ;Vr?éef])f’rgpeogvn tr?tbiﬁ ?Srsrfan
mated or assumed dimensions of the tumor, are used to evalu-. P pu . gnt. .
tissue. As was mentioned in Sec. 3, a more strict analysis
would require also taking into account the contribution of

lipids in breast tissue absorption.

0.64 + + + +

Ha(N) = [€nboy(N)Chbo,t EHp(N) Cpp]IN10
0.62 T

+ tan,0(N) K0t palip(N) Kijp - C)

0.60 T

Table 2 Tumor parameters (patient No. 11, assumed depth z=15
mm, estimated size d;=23 mm).

z=15 mm, A=670 nm

regression (stope b=179)

® =]8mm, A=670 nm

regression (slope b=214) T Estimated parameters A=670 nm A=785 nm
A =20 mm, A=670 nm

— — regression (slope b=235)

Contrast Amplitude

0.56

054 ; ; ; ; , to (background) 0.0029 mm™! 0.0024 mm™!
00000  0.0001 0.0002 0.0003  0.0004 0.0005 0.0006
AW Jdn/p w! (background) 1.2 mm™' 1.1 mm™
-1 -1
Fig. 6 Dependence of tumor contrast (patient No. 11) on the deriva- K (targef) 0.0071 mm 0.0042 mm
tive of PSF for assumed tumor depths of z=15, 18, 20 mm (A=670 4! (fargef) 1.76 mm-! 1.6 mm-"

nm).
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Here g0, and e, are the molar extinction coefficients of
oxy- and deoxyhemoglobircn,Hbo2 andcy, are the correspond-
ing concentrationsuaHZO is the absorption coefficient, and
K0 IS the volume fraction of water in the tissye; ji, is the

absorption coefficient and;, the volume fraction of lipids in
the tissue. The oxygen saturatiSe2 is given by

our quantitative method to assess its capability to detect tu-
mors and/or to provide spectroscopically identifiable physi-
ological parameterée.g., oxygenation, density, or water con-
teny of tumors detected by other imaging modalities,
particularly for treatment monitoring in clinical trials.

The optical mammograph used in this study does not allow
one to record mammograms in fan geometry. Hence the depth

of the abnormality cannot be estimated from the data and has

So,= Chbo,/ (CHbo, ™ CHb) -

In order to estimate the oxygen saturation and relative
blood volume from absorption coefficients determined at only
two wavelengths, we have to assume the volume fraction
KH,0 of water. For the sake of simplicity, we neglect here

to be assumed priori or taken from othefsurgica) infor-

mation. An upgraded version of the optical mammograph will

enable records of optical mammograms in fan geometry and

at three or more wavelengths to provide sufficient information
' for tumor localization and spectroscopy.
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