RESEARCH COMMUNICATIONS

CURRENT SCIENCE, VOL. 93, NO. 3, 10 AUGUST 2007

A view-based approach for the
reconstruction of optical properties
of turbid media

Atul Srivastava*, H. S. Patel and P. K. Gupta

Laser Biomedical Applications and Instrumentation Division,
Raja Ramanna Centre for Advanced Technology, Indore 452 013, India

A view-based approach for the computation of updates
of optical parameters of a turbid medium is discussed.
The approach differs from conventionally employed
reconstruction techniques in terms of implementation
of the computed updates. Simulation studies in fre-
quency domain for tissue phantoms approximated by
slab geometry have been presented. Results of the
study show that the proposed inversion scheme, wherein
the projection data corresponding to each view has
been handled individually, works well in predicting the
presence of an inhomogeneity. A comparison with the
reconstruction results of conventionally employed in-
version schemes involving simultaneous handling of
projection data from all the view angles shows that the
accuracy of the proposed scheme in predicting the
presence of single inhomogeneity is higher and the re-
construction is also relatively free of artifacts. On the
other hand, in the presence of multiple inhomogeneities,
though the simultaneous handling of all the views gives
better reconstruction, the updates obtained by the
proposed scheme can be employed as close a priori in-
formation about the approximate positions of the in-
homogeneities, thereby reducing the overall dimension
of the Jacobian matrix to be inverted and hence making
the convergence faster.

Keywords: Diffuse optical tomography, image recon-
struction, optical properties, turbid medium.

OVER the past decade, diffuse optical tomography (DOT)
has emerged as a viable method for non-invasive meas-
urements of optical properties of highly scattering media
and monitoring of living tissues' . Since DOT presents a
typical ill-posed inverse problem with a limited number
of measurements, use of an appropriate reconstruction al-
gorithm is important. Hence, there has been considerable
interest in the development of fast and accurate recon-
struction algorithms. An iterative Newton—Raphson algo-
rithm was employed by Pogue et al.* for the reconstruction
of optical parameter distribution using a multigrid finite
difference solution of the frequency domain diffusion
equation. Jiang et al.” used a finite element-based recon-
struction algorithm under diffusion approximation to simul-
taneously reconstruct the images of both absorption and
scattering coefficients. Model ef al.® introduced an iterative
reconstruction algorithm for near-infrared imaging by

*For correspondence. (e-mail: atulsr(@cat.ernet.in)
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means of time-domain data. The algorithm was based oussed. The updates corresponding to each view are inde-

the finite element method forward model and on an optimpendently computed using the initial guess of the field

zation strategy that made use of the full information corvalues of the optical properties of the turbid medium.

tained in the time-resolved measurements. @aal’ Once all the individual updates are obtained, they are

introduced an iterative algorithm, wherein a Tikhonov-handled in two different ways: in the first case the updates

Miller regularization method was employed to handle thare summed up (additive scheme) and in the second they

ill-posed Jacobian matrix of the forward operatore¥al® are multiplied with each other (multiplicative scheme).

presented an inversion algorithm, wherein artifacts dueite reconstruction results of these two approaches have

the poor regularization were reduced by incorporation @een discussed in terms of accuracy in predicting the loca-

a Bayesian framework. tion of the embedded inhomogeneity and also in terms of
In recent years, various approaches have been propotes artifacts associated with the inversion of the Jacobian

to improve the spatial resolution and quantitative accumatrix. Single as well as multiple inhomogeneities have

racy of reconstruction using a pridmowledge of the opti- been considered with varying contrast levels (ratio of the

cal properties of the medium under study. It has beeaptical properties of the embedded inhomogeneity and

shown by various researchers that the use of a priori ithat of the otherwise homogeneous medium). Reconstruc-

formation leads to reduction in the overall solution dotion results of the proposed scheme have been compared

main by making it less sensitive to the noise in the measunsith those obtained using simultaneous handling of pro-

data. Pogue and PaulSarsed a priorinformation about jection data from all the views.

the structural data obtained from magnetic resonance im-Photon migration in the turbid medium under study has

aging for near-infrared optical image reconstruction of rdteen modelled by the diffusion approximation of radiative

cranium with high resolution. Dehghast al*® demon- transport equation in the frequency donfath

strated that the quantitative accuracy of imaging with

near-infrared optical tomography could be significantly C

improved when a priori information regarding the internal [0 +Kk7elr, o) = _ES( f, &), @)

structure of imaging domain is utilized. Somecent

studies’**have made use of known absorbance spectruherex is the complex wave number given by

of chromophores as a priori information to improve the

image quality and the degree of accuracy of reconstruction. »  —Cll, +jw 0 w0

With this spectral approach, the concentration of oxy- K =T=3ﬂs H‘HUJEH

haemoglobin, decoy-haemoglobin, water and the scatter-

ing parameters can be recovered diréttly Recently, , L o
Srinivasaret al.*® extended the use of spectral priors fronfrguation (1) has been discretized in the space domain using

2D to 3D imaging. Previous studies using 3D mdddis finite difference-based discretization scheme. The Robin (type

have demonstrated that the method is qualitatively superlf) Poundary condition is used, which best describes the
and an accurate localization of the inclusions is possibléght interaction from a scattering medium to the external
In majority of the studies discussed above, reconstru@ll boundar§’. Simulations have been performed on tissue
tion algorithms employ the computation and inversion dihantoms approximated by slab geometry (21xnm
full Jacobian matrix after each iteration. The resulting: ™M), @s shown schematically in Figure 1. The physical
simultaneous handling of the peotion data from all omain has been discretized in*2%1 uniformly spaced grid

sources and detectors leads to high memory requiremeRfNtS and hence the spacing between two consecutive
and computationalfierts. To overcome this difficulty, 9rid Points is equal to one transport lengtfugl/The op-

algebraic reconstruction methods, wherein each row of
the Jacobian matrix is handled individually, was earlier

reported by Arridg€. Recently, Kumar and Va$u DI Detector ———)» D8
developed an iterative method for the reconstruction of —._----------eoeo -
optical properties of a low-scatteringjett. They dem- )

onstrated two different ways of handling projection data; )

either one view at a time (consequently reducing the .

computational time) or using all the views simultaneously

with a full dataset. They demonstrated the importance of

the availability of a priori information in reconstructing | = ]

multiple inhomogeneities. S1 7T Source ——— 3 S8
In the present work, applicability of the view-based

method where projection data from one source and all 0Fé'gure 1. Schematic diagram of the turbid medium approximated by
an, infinite slab of finite thickness. The homogeneous medium is de-

tectors are handled at a time and u_pdates of the O_ptig_@’sed by 1, whereas 2 denotes the absorbing inhomogeneity embedded
parameters are computed for each view separately, is disthe medium.
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tical properties of background medium have been kepkit plane of the turbid medium and can be determined by
close to that of living biological tissues. The absorptiosolving the forward model with a unit sourgg™'*%s
coefficient (), scattering coefficienf), and anisotropy obtained from eq. (1) for known values of optical proper-
parameterg are taken as 0.1 mm 10.0 mm® and 0.90 ties of the turbid medium. The elements of the Jacobian
respectively. The reduced scattering coefficiept 5 matrix [J] can thus be fixed using eqs (3) and (4). The
(1 —g)), thus becomes 1.0 mim Contrast levels of21  contour plot of the Jacobian matrix for a given source and
and 5: 1 between the embedded absorbing inhomogenedgtector position computed using adjoint approach is
and the otherwise homogeneous background mediwhown in Figure 2. In the present study, since the recon-
have been considered. A combination of eight-sources astduction of purely absorbing inhomogeneity has been
eight-detectors has been considered to scan the physicahsidered, only eq. (3) has been used to fix the elements
domain. Distribution of light emerging from the mediumpf the Jacobian matrix, as has earlier been done by
which was illuminated with a source modulated at a frétalavarthyet al.®.
quency of 400 MHz, was computed numerically using the For a given iteration, with the elements of the Jacobian
forward model. Measurements have been made in theatrix known, optical properties of the medium are de-
transmission mode. For each source position, phase aedmined by solving the inverse problem (eq. (2)). Since
ac amplitude were computed for all the detector locationthie Jacobian matrix involved in eq. (2) is close to singular
the source was traversed to its next location along the axfalhich makes it difficult to invert), eq. (2) is first multi-
direction and the process was repeated. Hence a totaptied by the transpose of the Jacobian to make it a square
128 measurements (64 amplitudes and phases each) wagdrix, i.e.
made. Since the reconstruction of only absorbing inho-
mogeneity has been considered in the present work, am{J]'[ J{ Au}, T § P{ gmeasured g simuipted (5)
plitude measurements have been employed as projection
data. Random noise with 1% mean error was added to thiee square matrix given by eq. (5) has been solved using
simulated data to represent the experimental measutaincated singular value decomposition (tSVD) to deter-
ments. mine the update values of the absorbing inhomogeneity for
The overall aim of the inverse imaging problem is ta given iteration. In both the cases (view-based approach
determine the values of optical parameters of the medivamd MOBIIR), the smallest singular value considered was
which provide a good fit between the measurg¥"®y  kept fixed (1e-28). The guessed valuesugfvere then
and simulated ™ '**Y data and require an iterativeupdated and further used to determine the fluence distri-
scheme. Minimization of the difference between theution (™' for the next iteration. The update vectors
experimental and simulated data forms the basis of the fior the absorption coefficient¥u,} for each view have
verse problem and can be defined by the following reldeen handled in two ways: updates from each view are either

tionship: added (additive scheme) or multiplied with each other
(multiplicative scheme) to form the final update. The per-
[JN Ay, A} T = { gmeasured_ g simulated (2) turbation equation was solved using tSVD approach. In

each approach, a non-negativity constraint for the recon-
structed optical parameters was enforced. In addition, we

Here[J] =[d¢/ ou, d¢ ou] is called the Jacobian matrix s .
that describes the sensitivity of measurements to the pertﬁt’s-o_us_ed hon-zero constraint in the propo_sed view-based
nultiplicative approach. The reconstruction results of

bations in the optical properties of the medium. The eld! .
ese two approaches have been compared in terms of ac-

ments of the Jacobain matrix can be computed USiIII . o . .
adjoint approach % ctracy in predicting the presence of the inhomogeneity

with the results of conventional reconstruction appro-
aches currently in use, where updates from all the views

imulated
?Qﬂsmuae Ez _CAXAZG(usimulated, (3) are handled simultaneously. Contrast levels of 2nd
O Oy O HMao 5:1 between the embedded inhomogeneities (single as
and Detector (0)

@q]simulatedm —cAXAZ
K; = ;

0G - Dq]simulated_ (4)
0 O [l Hso

Herec is the speed of light in the medium afidandAz

are the spacings between two successive grid points in
t_hex andz dII’eCtI_OI‘lS respectivel\G is the Gree_n_,s func- Figure 2. sensitivity (Jacobian) contour plot for a sourp gnd de-
tion due to a unit source at the detector positions on theetor O) position as computed using adjoint approach.

Source (5)
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Figure 3. Reconstruction of absorbing inhomogeneity (schematically showh émbedded in a turbid
medium for two contrast levels,:2 and 5 1. Results of two different inversion approaches (view-based
and simultaneous handling of all the views) have been shbwiiew-based multiplicative scheme.
¢, View-based additive schema,. All views are simultaneously handled for inversion.

well as multiple) and the background medium have been 1.0
considered.

Figure 3 demonstrates the reconstruction of single ab-
sorbing inhomogeneity (schematically showra)rusing
the view-based approach, where update vectors from each
view have been handled independently and are multiplied
with each other (Figure 19 or added together (Figure
3c¢) to form the final update. The reconstructed field ob-
tained using the conventional method wherein updates
from all the views were handled simultaneously is shown
in Figure 3d.

As can be seen from Figure 3, all the three approaches S~
have been able to predict the presence of inhomogeneity 0.0 b
(dark shade) quite accurately. However, the reconstructed Pixel number
fields obtained using the view-based additive scheme
(Figure &) and those obtained with the conventional method —— Multiplicative scheme
(Figure 3d) show more pronounced artifacts comparedto [ ——-—--- Additive scheme
the proposed multiplicative scheme (Figurig).3it is inte- | —====== MOBIR
resting to note here that though the Jacobian matrix ifgure 4. Comparison of variation of normalized updates around the
volved with the multiplicative scheme is mathematicallinhomogeneity along the width of the medium as obtained from the
more ill-conditioned (8 1071) than that encountered withthree reconstruction approaches. Central section passing through the
the simultaneous handling of all the views ¢64071), region of inhomogeneity has been considered.
there is considerable reduction in the degree of artifaatpdates from each view are handled in the multiplicative
associated with the reconstructed field in the former casscheme. Since the updates are being multiplied with each
This observation can be attributed to the way in whicbther, only those updates were preserved and further en-
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Figure 5. Reconstruction of multiple absorbing inhomogeneities (schematically shoanembedded
in a turbid medium for a contrast level of 2. b, View-based multiplicative approach, View-based
additive approachd, All views are simultaneously handled (MOBIIR).

hanced that were localized in the region where the inh 1.0

mogeneity was present, the rest being suppressed. Furtl .
it should also be noted that there was considerable redi
tion in the computational time and memory requiremer
needed to invert relatively smaller size Jacobian matrix
the multiplicative scheme compared to that required i
the conventional approaches where all the views are he
dled together. A closer comparison of the normalized u
dates around the location of the inhomogeneity as obtain
from the three approaches is shown in Figure 4. The cent
section passing through the inhomogeneity has been ct
sidered. It can be seen that the updates obtained from L \
proposed view-based multiplicative scheme were strict 0.0 ==l e ‘m;;)
localized in the region of inhomogeneity and were zer

Normalized updates
o o o
£ o oo

Q<
()

- g k Pixel number
otherwise, whereas updates from simultaneous handli
of all the views were distributed to a wider region aroun —— Multiplicative scheme
the inhomogeneity and were non-zero in the restof tt | ===~ Additive scheme
medium which is otherwise homogeneous. Henceonec | ===~~~ MOBIIR

expect faster convergence of the proposed multiplicati
scheme due to localization of updates just in the vicinifFigure 6. Comparison of variation of normalized updates around
of the inhomogeneity. | | e o s cbtained rom
Figure 5 shows the reconstruction of multiple absorbir
inhomogeneities with the three inversion approaches. T
location of these inhomogeneities has been schematicatlithe proposed view-based approach when applied to re-
shown in Figure . Though the multiplicative (Figureldy construct multiple inhomogeneities present in a given
and additive (Figure &) schemes predict the presence ofurbid medium. However, the multiplicative scheme, being
inhomogeneities, a slighoffset with respect to the origi- relatively free from artifacts and requiring less computa-
nal positions of the inhomogeneities can be seen in thenal time, works well in predicting the approximate lo-
reconstructed images. On the other hand, reconstructioations of the inhomogeneities, which in turn can serve as
using the conventional approach (MOBIIR) results in aan acceptable a priori inforation. This a priori informa-
accurate prediction of the positions of these inhomogendien about the positions of the inhomogeneties can be
ties, as shown in Figuredb utilized for other conventional inversion approaches (e.g.
A quantitative comparison of these results, shown iMOBIIR where all the views are handled simultaneously)
Figure 6 where normalized updates from each inversidn reduce the dimension of the problem, leading to faster
scheme were plotted, also reveals differences in the loag@nvergence.
tion of the inhomogeneities as predicted from the three Reconstruction of multiple inhomogeneities with varying
approaches. This observation demonstrates the limitatioantrast levels has also been performed using the three
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Figure 7. Reconstruction of multiple absorbing inhomogeneities with different contrast levels embed-
ded in a turbid medium. Contrast levels arel2(left) and 51 (right). a, View-based multiplicative
approachb, All views are simultaneously handled (MOBIIR).

1.0

The potential of a view-based approach, whergegro
tion data are handled one view at a time, has been explored
in the present work and its applicability to reconstruct
single and/or multiple absorbing inhomogeneities has
been discussed. Updates corresponding to each view have
been either added up (additive scheme) or multiplied with
each other (multiplicative scheme). The method has the
advantage of reduced memory requirements and computa-
tional time compared to other conventional schemes
wherein projection data from all views are handled simul-
taneously. It has been shown in this study that the multi-
plicative view-based approach works well in predicting
the presence of single absorbing inhomogeneity and the
Pixel number reconstructed field is almost free of artifacts associated
with the inversion of the Jacobian matrix. On the other
Multiplicative scheme hand, the scheme is limited by the ill-posed Jacobian matrix,
-------- MOBIIR when applied to reconstruct multiple inhomog#as and
brings out only the approximate locations of the embed-
Figure 8. Comparison of variation of normalized updates around theled objects. However, the reconstructed field in this case
two inhomogeneities with different contrast levels for the three recorcan be utilized as close a priori information about the ap-
struction schemes. proximate locations of the inhomogeneities and hence is
useful to reduce the dimension of the Jacobian matrix to be

. . - imﬁerted by other conventional approaches, where data
inversion approaches and the results are presented in Flgurﬁ . : . :
. orh all the views are simultaneously handled, leading to
Contrast levels of 21 and 5 1 were set for the left and the
; . I . : f[aster convergence.
right inhomogeneities respectively. Reconstruction results
of the view-based multiplicative scheme and the conven-
tional approach (MOBIIR) have been compared. It is
b pIt)h t th ( h th ) . . tph bet I?h' Yodh, A. and Chance, B., Spectroscopy and imaging with diffus-
e seen that thoug ere is some mismatch between the;,  jione phys. Today1995,48, 34-40.
recqnstructlon results of_thetwo schemes in terms of pre>, pogue, B. W., Testorf, M., McBride, T., Osterberg, U. and
dicting the accurate positions of the inhomogeneities with Paulsen, K., Instrumentation and design of a frequency-domain
respect to the original objects (MOBIIR predicts the exact diffuse optical tomography imager for breast cancer detection.
location, Figure B), differences in the contrast levels of _ 9Pt Expr, 1997,1, 391-403. L .
the t inh iti h b b ht out cl Vi Boas, D. A., Imaging the body with diffuse optical tomography.
e two inhomogeneities have been brought out clearly in" |geg 'synal process. Mag2001,18, 57-75.
bOt_h the approaches, the left hand side inhomogeneity being pogue, B. W., Patterson, M. S., Jiang, H. and Paulsen, K. D., Ini-
of lighter shade in comparison to that present on the right. tial assessment of a simple system for frequency domain diffuse
This observation can also be made from Figure 8, where optical tomographyPhys. Med. Bia| 199540, 1709-1729.
variation of normalized updates with respect to the width®: Jiang H., Paulsen, K. D., Osterberg, U. L., Pogue, B. W. and Patter-
f the medium is plotted. Differences in the maximum son, M. S., Simultaneous reconstruction of optical absorption and
0 p : A ) . scattering maps in turbid media from near-infrared frequency-
values of the two peaks on either side of the centre line gomain dataOpt. Lett, 1995,20, 2128-2130.
reveal the differences in contrast levels of the two inho6. Model, R., Orlt, M. and Walzel, M., Reconstruction algorithm for
mogeneities_ Hence the reconstructed field shown in F|g_ near-infrared imaging in turbid media by means of time-domain
ure 7a demonstrates the ntial f th r data.J. Opt. Soc. Am. A1997,14, 313-324.
ltiblicati h int pOtfe tal 0 td?f P ot)ose . Gao, F., Niu, H., Zhao, H. and Zhang, H., The forward and inverse
mulliplicative Sc e_me I_n erms o res_o ving di e'_’en C_On' models in time-resolved optical tomography imaging and their finite-
tI’aSt |eVe|S Of mult'ple |nh0mogenet|es present Ina g|Ven element method So|utionﬁnage Vision Comput1998‘16‘ 703—
turbid medium. 712.
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