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Diffuse Optical Tomography of Highly Heterogeneous
Media

Vasilis Ntziachristos*, Andreas H. Hielscher, A. G. Yodh, and Britton Chance

Abstract—We investigate the performance of diffuse optical ~ The capability of DOT to resolve objects embedded in oth-
tomography to image highly heterogeneous media, such as breasterwise homogeneous media has been studied in the past with

tissue, as a function of background heterogeneity. To model the giated and experimental data. The technique is generally of
background heterogeneity, we have employed the functional

information derived from Gadolinium-enhanced magnetic reso- |OW_ resolution bu_t offers high localization ability and quamiﬁ'
nance images of the breast. We demonstrate that overall image cation accuracy in the range of 10% to 50% depending on the
quality and quantification accuracy worsens as the background geometry employed, the signal to noise and the inversion tech-
heterogeneity increases. Furthermore we confirm the appearance njque used.

of characteristic artifacts at the boundaries that scale with back- As DOT moves toward clinical applications, it becomes crit-
ground heterogeneity. These artifacts are very similar to the ones

seen in clinical examinations and can be misinterpreted as actual i@l to evaluate its image fidelity within highly heterogeneous,
objects if not accounted for. To eliminate the artifacts and improve tissue-like media. In the past, segmentationZgfweighted
the overall image reconstruction, we apply a data-correction algo- magnetic resonance (MR) images of the brain and breast
rithm that yields superior reconstruction results and is virtually  na5 peen employed to produce maps of optical heterogeneity
independent of the degree of the background heterogeneity. [6], [7]. In these studies, the segmentation of the MR images
_ Index Terms—Artifacts, correction, diffuse media, diffuse op- assumed that the variation of tissue optical properties coincided
tical tomography, reconstruction. with tissue anatomy. The study by Chaeg al. [6] found
that in the absence & priori knowledge of the background

|. INTRODUCTION heterogeneity, DOT is unable to resolve objects simulating

gthologies. Poguet al. [7] demonstrated that heterogeneity

HE theoretical and technological advances accomplish IStribution cannot be reconstructed accurately without uaing

over the last decade in the field of the near-infrared (NI

. . iori information.
diffuse optical tomography (DOT) has led to the development f! L . ) .
imaging devices aiming at investigating the clinical capacity of, The objective of this paper was: 1) to systematically study the

the technique [1]-[3]. Human breast cancer diagnosis is a mz%‘ed Of breast-like optical heterogeneity on_DQT p(_erforn"_nance;
target for these imagers, since the disease is a leading cau o evince on the appearance of character_|st|c artifacts in front
death among women in North America and Europe. DOT offe?g the sources and detectorg becau:_;e of th|s.h.eterogene|ty; and
the potential for three-dimensional (3-D) imaging and quantift) @ Show that under certain practical conditions a proposed
cation of tissue chromophores such as oxy- and deoxy—hen"?@-ta normalization algonthm can be L_Jsed to S|gn|f|captly im-
globin, of contrast agents and of tissue scattering. Tomogragh{Ve the reconstruction performance in the abseneepoiori
of fluorescence, or of absorption and scattering at multiple wavglage information. We have used a finite-difference solver [8]
lengths, can yieldimages oftissue hemoglobin concentration &Hdhe heterogeneous diffusion equation in the time domain to
oxygen saturation after appropriate spectral processing [4],thain forward data and a perturbative solution of the heteroge-
contrast agent uptake and release, and of organelle concentrafi@@us diffusion equation for data inversion. In contrast to pre-
[5]. The revealed tissue functional characteristics may lead to tfieus studies, the modeling of optical heterogeneity was based
study of cancers and increase diagnostic specificity. on a segmentation method that used the breast vasculature pat-
tern to simulate tissue-like maps, as this may be more represen-
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Fig. 1. (a)7:-weighted MR coronal slice of a breast. Dark regions indicate parenhymal tissue and light regions indicate adipose tissue. (b) Superposition of the
Gd enhancement pattern on the-weighted image in (a). The Gd enhancement is shown according to the colorbar in the right of the image. The Gd-enhancement

pattern exhibits a virtually random distribution in the regions of parenhymal tissue and is indicative of breast vascularization.
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Fig. 2. Steps followed for the creation of the optical property maps used in the simulations. The top right cornerimage depicts the histogrameohtiseapa

the appearance of artifacts. The algorithm is found to be virtu-Fig. 1(a) depicts a coronal MR} -weighted anatomical

ally independent of the degree of background heterogeneity anthge obtained from a 40-year-old patient and Fig. 1(b)

a good remedy wheapriori image information is not available. depicts the same image superimposed with signal enhancement
due to Gd administration. This signal enhancement has been

Il. RESEARCHDESIGN AND METHODS calculated by integrating the Gd contrast over all the coronal
) slices that covered a volume of thicknes8.5 cm above and
A. Inhomogeneity Maps below the referenc@; -slice seen in Fig. 1(a). Besides a major

The maps of optical heterogeneity employed have bekasion enhancing at the upper left part of the image (in this case
modeled after Gadolinium (Gd-DTPA) enhanced MR imagea. fibroadenoma) there are patchy enhancements throughout
Gd-DTPA is a contrast agent that is administered intravenoushe rest of the image, primarily within the parenchymal tissue
and delivered via the vascular system. Gd-DTPA rapidly difegions. The pattern of this enhancement has virtually a random
fuses to the extravascular space [10] after injection. Althouglistribution.
an intravascular contrast agent (such as albumin-bound Gd)n order to model this distribution, we have assumed a random
would indicate vascularization more accurately, the Gd-DTPAO x 15 matrix with uniformly distributed entries in the range
enhancement pattern is also indicative of breast vascularizat{fnl] as shown in Fig. 2(a). Fig. 2(b) shows the histogram of
in the general sense, since the agent will distribute at ardag. 2(a). By applying a threshold we adjusted the degree of
with sufficient blood flow and volume. Since vascularizatiometerogeneity of the matrix. Heterogeneity is characterized by
(hemoglobin concentration) is the main intrinsic contrast ithe surface fraction(SF), i.e.,
breast imaging with light, it may be that breast heterogeneity,
especially the absorption contrast, is better modeled using number of pixels above threshold
the function-revealing Gd-enhanced images than using the SE = total number of pixels
anatomy-revealingZi-weighted images. Additionally, the
Gd-based segmentation better reflects the breast optical heterd-or any selected I, we converted the corresponding matrix
geneity expected when NIR contrast agents are injected in thebinary and we added a four-pixel rectangular structure, the
blood stream and for that was selected in this study. tumor structure, as shown in Fig. 2(d). Therefore, each matrix
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Fig. 3. Optical heterogeneity maps for surface fractiSi#s = 0%, 20%, and 40%. The thin solid line superimposed on the three maps shown, depicts the ROI
that was reconstructed. The geometrical setup used for the simulations is shown in the bottom image, where the sources and the arrangementamskd for fou
eight detectors is also demonstrated.

has three structures: 1) thckground 2) the heterogeneity to 32) in transmission geometry was employed. The span of the

and 3) thetumor structure. detector array is also depicted in Fig. 3. The exact number of
. detectors employed is explicitly described on a per-case basis
B. Optical Property Maps in Section . The region of interest (ROI); namely, the area

For creating an optical map, each of the three structures is Bt is reconstructed in Section Ill is indicated with a light-solid
signed an absorption coefficiefyt,) and a reduced scatteringrectangle.
coefficient(x,) The optical properties assigned were based on ) )
the breast optical properties measured with our in-magnet tinfé- Numerical Solution of the Forward Problem

resolved optical imager [3]. Each of the resulting 4QL5 ., Each set of:,- andp/,-maps produced served as an input to
and ., optical maps were interpolated to a 320120 mesh. a finite-difference implementation of the time-domain diffusion
The final interpolated meshes are shown in Fig. 39@¢ = equation. The finite differences problem was solved using an

0%, 20%, and 40%. The meshes shown were used to create Balternating directions implicit method [8]. The spatial mesh
absorbing and scattering maps. The exacand,/, values as- step, was 0.05% 0.05 cn? and the time resolution of the numer-
signed are described for each separate study in Section Ill. ical simulation was 50 ps.

C. Geometrical Setup E. Perturbative DOT

The geometry is modeled after our clinical experimental The tomographic scheme employed in this study is based
setup[3]. Fig. 3(c) depicts the transmittance geometry assumed, the perturbative solution of the heterogeneous diffusion
using the optical map produced f6# = 40%. For this study, equation in the frequency domain [11]. Time-domain data are
seven sources and a variable array of detectors (ranging frormohverted to the frequency domain via the Fourier transform,
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yielding multiple modulation frequencies. Following the Rytowan additional 100 iterations did not change the result more than
expansion [11], a measurement at positigndue to a source 0.1%.
at positioni’s can be written as We note that although a two-dimensional (2-D) forward
oo model was used for calculation and demonstration simplicity,
M (1) the inversion code is by construction 3-D since a volume inte-
Uo(7s,7a, ) gral is solved. However, if we assume that all the perturbations
where U/(7,,7,,w) is the photon densitytgtal field) of a lay on the same Ia_lye_r and the rest of the volume conside_red has
photon-wave with frequency, propagating in the heteroge-"° p_erturb_atmns in it then we can solve a 2-D_ case with the
neous medium, anbly(7,, 74, w), theincident field is the field 3-D inversion code. The mgsh size for all inversions was3
detected from the same medium if these inhomogeneities weré MM’. The third dimension (6 mm) was selected so that an
not present. This formulation effectively constitutes a diffe2cCurate quantitative reconstruction of the tumor structure was
ential measurement [14] Sincg..(7,,7,w) (the scattered obtained for the absorptmn map with¥" = 0% and was kept
field) is the photon field detected only due to the presence g#nstant for all reconstructions.
heterogeneities. ) )
The first-order perturbative solution to the heterogeneofis Correction Algorithm
equation expresses the scattered field as an integral equatiormhe correction algorithm employed was originally developed
ie., for differential measurements of the breast after contrast agent
enhancement and has been analytically described [14]. Here, we
Psc(Fsy Ty W) :/ {W“(FS, Py, 7 12, DO, )11 (7) consider its use in imaging diffuse heterogeneous media using a
v baseline measurement obtained from a homogeneous “calibra-
W7, 7, 7 10, DO, w)sD(7) | d tion” medium. This approach is suitable for imaging the intrinsic
contrast of tissue, namely the absorption and reduced scattering
(2) coefficient heterogeneity. The algorithm corrects the scattered

, , . field ¢go (7, 74, w) in (3) to produce theelative scattered field
whereWW*(W?) represent the absorption (scattering) contrlbgﬁra(F i w), e

tions or weights of perturbations at positirdue to a source at ' *°
7, and for a detector at;; 22, D° are the background absorption U7 7 ) ooy Ty )
and diffusion coefficients, respectively, atd, (), s D(F) are e T US (7o i 0, a0, i)

the unknown perturbations or variations of the absorption and 4lp ot ’li”’ ’Nsb (4)
diffusion coefficient from the background values at position Ug (7o T @, 1g™ 127)

The exact form for the weights is given elsewhere [12],[14]. Thv%r&ereu};et, ;b are the average optical properties of the het-

transmittance geometry is implemented assuming the metheorogeneous mediumb® /2% are the optical properties for

of IMage sources [13]' For image reconstruction, this |_ntegr§ = 0%, andUj is the incident field for transmittance geom-
equation is discretized into a sum of unknown absorption A%y calculated theoretically in the frequency domain using the
diffusion coefficients at discrete positions,, and the scattered y y q y g

s ; method of image sources [13]. In practi¢é; is the incident
field is measured for every source-detector pair and employ . L0 .

; ield measured experimentally from a calibration medium. For
frequencyw. Form = o x p x ¢ measurements, wheteis

the number of sources,is the number of detectors apds the this study, the calibration medium is assumed to have the optical

number of frequencies employed, the discretization yields a %E?pertles of the “background” structure. In real applications,

of coupled, linear equations which in matrix form are written © optical propertiep,®, ;> used for the calculation of
pied, q %Pe relative scattered field in (4) would be the optical properties

P (Tor, Tur, wi) of the calibration medium.
using ¢ (7, 7q, w) in (3) reconstructs perturbations from
the baseline optical properties. On the other hand, using the

d)sc(ﬁsv Fda CU) =1In

Pre(Tsos Tap, Wq) rel(7,, 74, w) in (3) reconstructs the medium relative to its av-
[ Opa (1) ] erage optical properties. The latter has certain advantages when
o . s ; : imaging heterogeneous media as shown in Section Ill and ex-
Wn W/.ln Wn W.ln 6%'(7_3”) plained in Section IV. When the (7, 7, w) is used in (3),
= : : : : sD() | - the weightd¥ @(W#) are also calculated [14] for the medium’s
@ Wa . Wi . WS average optical propertigg*®, ji/bet,
L 6D(7) lIl. RESULTS
3)

This section consists of three parts. Section llI-A presents

Inverting the weights’ matrix determines the spatial map ¢he reconstruction of simulated media with varying degree
differences in absorption and diffusion coefficient. For matrief background heterogeneity where: 1) only the absorption
inversion, we have selected the method of projections [11] witvefficient was spatially varying; 2) only the reduced scattering
relaxation parameter = 0.1, applied only on the real part of thecoefficient was spatially varying; and 3) both absorption and
weight matrix for simplicity. Convergence was assumed wheaduced scattering coefficients were spatially varying. Section
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Fig. 4. Reconstruction of absorptive heterogeneity maps as a functi®f of he top row depicts the reconstructed results and the bottom row shows the optical
maps simulated. The scattering coefficient is assumed homogeneous and constaat 5 cnr .
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l1I-B shows the reconstruction performance as a function of TABLE |
detectors employed. For simplicity, we have focused only on ABSORPTIONHETEROGENEITY
imaging of absorption perturbations. Section III-C presents
imaging improvements when the correction algorithm (4) is Tumor Heterogeneity
applied to the measurement vector. No noise has been adde
to the measurement vector (besides the numerical simulatior
approximations) so that the performance of DOT in imaging 4’ (cm™ 10 10 10
heterogeneous media is decomposed from its sensitivity to
random noise.

Background

U (cm™) 0.16 0.08 0.04

Fig. 4(b) and (c) depicts the results for increased surface frac-
tion SF. The tumor structure was resolved with good posi-

1) Reconstruction of AbsorptionFig. 4 shows the recon- tional accuracy but its size was significantly overestimated and
structed results when only the absorption coefficient was sghe magnitude reconstructed was underestimated. The recon-
tially varying, forS F' = 0%, 20%, and 40%. The correspondingtruction errors associated with the tumor structure amplified as
ROls, taken from the simulated absorption optical maps, ate background heterogeneity increased. The background het-
also shown to facilitate comparison between simulated and sxogeneity that was reconstructed for surface fractions higher
constructed results. The optical properties used for the sinthan 0% did not correlate with the simulated background het-
lation are tabulated in Table I. The reconstructions shown egrogeneity distribution. Distinct “objects” appeared close to the
ployed four detectors spaced 2.5 cm apart and five modulatisource and detector boundaries. These “objects” or “artifacts”
frequencies (40, 80, 120, 160, and 200 MHz). These results haveplified as the background heterogeneity increased [Fig. 4(c)].
been produced by inverting (3) without correction. Since scathe magnitude of the artifacts was comparable or higher than
tering was homogeneous the diffusion coefficient perturbatiotiee reconstructed tumor structure, especially §d&f = 40%.
§D(7),4 € [1...n] in (3) were assumed zero. This simplifiedThe position of the artifacts correlated with the position of a
the inversion problem by reducing the number of unknowns smurce or a detector.
half. 2) Reconstruction of Scatteringrig. 5 shows the recon-

Fig. 4(a) shows that when no background heterogeneity watsucted results when only the reduced scattering coefficient
present §F = 0%), the tumor structure was well resolvedwas spatially varying, forSF = 0%, 20% and 40%. The
The position was resolved with2-mm accuracy, which was corresponding ROIls, taken from the simulated scattering
the resolution allowed by the reconstruction mesh selected. Tomical maps, are also shown. The optical properties used for
size was slightly overestimated, especially alapgvhich is this simulation are tabulated in Table Il. The reconstructions
typical in such transmittance, underdetermined inversions [3hown employed four detectors spaced 2.5 cm apart and five
The reconstruction parameters selected allowed an accuratemedulation frequencies (40, 80, 120, 160, and 200 MHz).
construction of the magnitude as discussed in Section Il. Sofieese results have been produced by inverting (3) without
minor artifacts appeared close to the borders and can be @drrection. Since the absorption coefficient was constant here,
tributed to numerical and modeling noise. the absorption coefficient perturbatiofg,, (7;),¢ € [1...n]

A. DOT as a Function of Background Heterogeneity
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Fig. 5. Reconstruction of scattering heterogeneity maps as a functi®f' of he top row depicts the reconstructed results and the bottom row shows the optical
maps simulated. The absorption coefficient is assumed homogeneous and constanat @06 cnrt.

TABLE I four detectors spaced 2.5 cm. However, since the number of
SCATTERING HETEROGENEITY unknowns was doubled from the previous cases, we employed
ten modulation frequencies (40—400 MHz in steps of 40 MHz).
Tumor Heterogeneity | Background The reconstruction results shown were again produced by
inverting (3) without correction.

The simultaneously reconstructgg and,”. images of Fig. 6
4 {em’™) 20 12 8 are similar to the ones reconstructed independently in Figs. 4
and 5, respectively. The tumor structure was overestimated in
size and underestimated in magnitude astheincreased. Ar-
in (3) were assumed zero. This again simplified the inversigfacts appeared close to the boundaries asStheincreases.
problem by reducing the number of unknowns to half. The artifacts appeared stronger on the scattering images.

Fig. 5(a) shows that when no background heterogeneity is
present § 1" = 0%), the scattering tumor structure was well reg DOT as a Function of Detectors Employed
solye_d. Similarly to the absorption reconstructions of Fig. 4_th_e As seen in Figs. 4-6, imaging fidelity deteriorates asdiie
position of the tumor structure was accurately resolved (within . !

L . . Increases. This can be attributed to the fact that an underdeter-

~2 mm which is the resolution allowed by the reconstruction .

) . ) lem is i A [ i he eff f
mesh selected). The size was slightly overestimated along th@Ined problem is inverted. In order to investigate the effect o

axis and is sliahtly underestimated alona ihaxis. The madni- Ihcreased data-set on reconstruction quality, we increased the
X 'S SIgntly un ! 9 1S- gni number of detectors employed to 8, 16, and 32 and reconstructed
tude of perturbation is reconstructed with better than

As the back d h L d E% €Mhe absorption heterogeneity map foF = 20%.
s the backgroun eterogeneity increased, the tumO_rThe results are shown in Fig. 7. Fig. 7(a)—(c) depicts the re-

structure was overestimated in size and underestimated ifh sy ction results with 8, 16, and 32 detectors, respectively.
magnitude. The background structures reconstructed appeqf%q 7(d) shows the ROI from the absorption optical map that
“sharper” than the ones seen on the absorption reconstructigiss simulated. The optical properties are the ones shown in
(Fig. 4), however, there was again little correlation betweepype |. Fig. 7(e) shows the result of 50 iterative convolutions
reconstructed and simulated background heterogeneity. Th&ne simulated absorption map of Fig. 7(d) with the<33
appearance of artifacts was stronger hereSAt= 20%, these Gayssjan kernel shown in Fig. 7(f). This low-resolution image
“boundary” artifacts have already a magnitude higher than thgs peen provided for comparison reasons.
tumor structure. FOS'F = 40%, more and stronger artifacts  The increase of the number of detectors resulted in improve-
appeared. ments in the reconstruction of the tumor structure. The mag-
3) Simultaneous Reconstruction of Absorption and Scafitude of the tumor was more accurately reconstructed as the
tering: Fig. 6 shows results from the reconstruction ofietector set increased. The size was also more accurately re-
simulated media folSF" = 0%, 20%, and 40% where bothsolved, especially along the axis but it did not reach the ac-
the absorption and the scattering were spatially varying. Tharacy shown in Fig. 4(a) when no background heterogeneity
absorption and scattering variations had the pattern shownwas present. The background structures were more sharply re-
Fig. 3. The exact optical properties used in the simulation aselved, but they bear little correlation to the real background het-
tabulated in Table IIl. The reconstructions shown employ aga@nogeneity distribution [compare to Fig. 7(e)]. The appearance

4, (cm™) 0.06 0.06 0.06
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Fig. 6. Simultaneous reconstruction of absorptive and scattering heterogeneity maps as a furtckioiloé top row depicts the reconstruction of absorption
and the bottom row depicts the reconstuction of scattering. The absorption and scattering optical maps simulated are as shown in Figs. 4 arelys, respect
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TABLE 11l IV. DISCUSSION
ABSORPTION ANDSCATTERING HETEROGENEITY ) ) ) ) )
DOT can retrieve the location of single objects embedded in

Tumor Heterogeneity | Background highly heterogeneouﬁffuse media when sufficient contrast ex-
ists between the object above an average heterogeneous back-
Ha (cm™) 0.16 0.08 0.04 ground. However, the reconstruction of size and magnitude be-
comes less accurate as the background heterogeneity increases.
5" (em™) 20 12 8 Obviously detection will depend on the size and relative optical

property of the object above the average background. In this
paper, we focus on the effect of the background heterogeneity
of the characteristic artifacts at the boundaries was reduced tauthe reconstruction fidelity of the DOT problem and not on
was not eliminated. “detection limits.” Specifically we wanted to demonstrate the
presence of strong artifacts in the presence of a distributed het-
erogeneity and demonstrate a way to improve the reconstruc-
tions in that case.

Fig. 8 shows a comparison between the reconstructionin the presence of background heterogeneity, the single
achieved using (3) without correction and the reconstructidhigh-contrast” object will create “correlated” perturbation,
achieved when (3) uses the corrected measurement vecw®r, perturbation that is seen in many projections. This cor-
[i.e., the relative scattered field in (4)]. The optical propertie®lated perturbation is correctly inverted in the sense that the
used for the optical maps are tabulated in Table I. The weiglubject is retrieved and accurately localized. On the other hand,
employed when the correction is used are calculated for tthee background optical heterogeneity behaves as “biolog-
average optical properties of the heterogeneous map. k&l noise” and appears uncorrelated in the underdetermined
SF = 20%, the average optical properties whg}&' = 0.048 system, due to the absence of sufficient independent mea-
cmi, phet = 10 cmt. For SF = 40%, the average optical surements. The background heterogeneity is detected, since
properties werg:!** = 0.056 cnT?, p/h°t = 10 cnT!. The there is contrast reconstructed when the background hetero-
reconstructions shown employ four detectors spaced 2.5 geneity increases, but it cannot be correctly resolved spatially.
apart and five modulation frequencies (40, 80, 120, 160, amte inversion of the underdetermined system, in the presence
200 MHz). of the “biological noise,” does not converge to an accurate

The correction significantly suppresses the artifacts that dpw-resolution spatial map [as would be the one reflected
pear close to the boundaries. Furthermore, the tumor structurimis-ig. 7(e)] but in the reconstruction of artificial structures.
reconstructed accurately in both size and magnitude. The effébe most significant artifacts appear close to the boundaries;
of the correction is that by construction no background strupreferentially in front of a source or a detector. These arti-
ture is reconstructed. This is further explained in Section IYacts often have much higher contrast than the one expected
The algorithm performs well independently of background hefier the background heterogeneity. Apparently the perturbation
erogeneity since the reconstruction results are similar for bathtained from a distributed low contrast inhomogeneity con-
SF =20% andSF = 40%. verges erroneously to localized high-contrast objects. Such

C. DOT Using the Correction Algorithm



NTZIACHRISTOSet al: DIFFUSE OPTICAL TOMOGRAPHY OF HIGHLY HETEROGENEOUS MEDIA 477

16 oelacions

emy

018
014
013
on
0L08
006
04

SF =% amoathed

Fig. 7. Reconstruction of absorptive heterogeneitySét = 20% as a function of detectors used keeping the number of sources constant. (d) Absorption map
simulated. (e) Result of applying the kernel at (f) on image (d) 100 times iteratively to yield a “low resolution” (d) for comparison with the retednssults.
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Fig. 8. The effect of the correction algorithm proposed. The top row depicts the reconstruction of absorptive heterogéieity 0% andS F' = 40% using
the correction algorithm proposed and the bottom row repeats the reconstructions of Fig. 4(e) and (f) where no correction was used.

artifacts have been also seen with other, nonlinear inversiorThe correction algorithm proposed offers a practical solu-
techniques [15] and are not specific to the inversion approatibn to imaging highly heterogeneous media. This correction as-
selected here. Generally, a quadrature inversion of underdesemes that the background heterogeneity contributes to an av-
mined systems can converge to a solution closest to the initmhge absorption and/or scattering increase of the medium. Then
guess of the minimization [16] (typically, the beginning oft adjusts the measurement vector obtained from an arbitrary
axes, i.e., a vector of zeros). Hence the preferential localizzaseline (such as a calibration measurement) ta@parent

tion of random contrast in front of the sources and detectarseasurement vectdat corresponds to a measurement from a
satisfies this typical performance. More generally, any uncdiremogeneous diffuse medium with the average optical proper-
related information, such as experimental noise, will result tires of the heterogeneous medium measured. The effect of this
the appearance of artifacts in front of the sources and the defrection is that it rejects the information that the measurement
tectors. Implementation of more orthogonal measurements {&stor contains on the average absorption increase. Although the
in the case of a cylindrical geometry or two“9fbtated trans- “biological noise” is retained its effect diminishes. This results
mittance geometries) have been shown to improve imagingiofgreat artifact suppression. Furthermore the size and magni-
diffuse media systems [17] and may be beneficial to betterde of the tumor structure is more accurately resolved. The al-
resolving the background distributed heterogeneity as wailprithm is found to be insensitive to the degree of background
but the same general behavior should be expected in otheterogeneity and it is expected to work optimally for random
geometries too, due to the ill-posed nature of the inversitreterogeneity distributions as was assumed here. The use of this
problem. algorithm has been shown to be beneficial when performing dif-
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ferential measurements of tissue such as between the precontrast

and postcontrastt enhanced breast [14], [18]. Here, it has beem
shown that this algorithm could also benefit the reconstruction
of objects in highly heterogeneous systems whea poori in-
formation is available. 2

The correction algorithm requires knowledge of the average
optical properties of the heterogeneous medium. In this paper
the average optical properties were easily calculated by simpl
integration over the optical property map. In real measurements,
the average optical properties of the medium under investiga-
tion can be calculated by fitting the experimental measurement
to the appropriate solution of the homogenous diffusion equa-
tion for the geometry used. We note that the proposed correc-
tion scheme is necessary for noniterative linear techniques, such!
as the standard perturbation approach employed here. It could
be that iterative, nonlinear algorithms that update the optical(é]
properties of the reconstructed image automatically account for
the difference in bulk optical properties between reference and
imaged medium and that this update has effectively a similar{7]
mechanism of artifact reduction and image quality improve-
ment. This, however, has to be shown in appropriate studies
using iterative algorithms. [8]

Fig. 8 has established that the correction effect is almost in-
dependent of the background heterogeneity. Consequently, the
practical effect of the correction algorithm is a compensation
for the “systematic” change in the average optical properties of
the heterogeneous medium; not the exact heterogeneity in ter
of random variation. An error in the calculation of background
average optical properties will “allow” some of the systematic
error to remain in the measurement vector. Therefore, the peFE
formance of the correction algorithm using an erroneous esti-
mation of the background optical properties should be similafl1]
to the performance of the perturbative method when the back; .,
ground heterogeneity increases, as seen in Figs. 4—7 . For ex-
ample, the reconstruction of thé” = 40% medium using a cor- [13]
rection scheme that erroneously uses the average optical prop-
erties of theSF = 20% medium (instead of th6F = 40%  [14]
medium), would be similar to imaging thel" = 20% in Sec-
tion 11l using no correction.

The tomographic scheme employed in this work was modeled
after a clinical implementation of a breast DOT imager [3], [18].[16]
Similarly the media simulated were modeled after the “typical” 17]
breast appearance although the anatomy and functional vah-
ability of the breast is large. Within these limitations, the results
allow insight on the expected performance of the technique ift8l
imaging then vivo breast. The conclusions may be extended to
other tissue types.

3]

(15]
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