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INVESTIGATION OF CONTINUOUS WAVE
NEAR INFRARED OPTICAL TOMOGRAPHY
BASED ON GRADIENT OPTIMIZATION SCHEMES

ZHOU Jun, ZHANG Yong-Hong, BAI Jing
( Department of Biomedical Engineering, Tsinghua University, Beijing 100084, China)

Abstract : Two gradient-based optimization schemes were investigated for continuous wave near infrared optical tomography.
The reason of slow convergence rate and low spatial resolution for conventional optimization schemes was analyzed. A spatial
location weighted gradient-based optimization scheme was adopted to reduce the computation burden and increase the recon-
struction precision. The reconstruction results confirm that the spatial location weighted optimization method offers a more
efficient approach to the continuous wave optical imaging problem than conventional methods.
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Introduction

In recent years there has been an increasing inter-
est in using near infrared diffuse optical tomography
(OT) for imaging the human breast and brain!'**’.
Three kinds of techniques are employed to obtain the
information which is used to reconstruct the image:
time resolved method"'?!, frequency domain meth-
od', and continuous intensity method ( CW case).
The continuous intensity system has the advantage of
low cost and high dynamic range, as well as a relative
high signal to noise ratio (SNR). The drawbacks in-

clude low spatial resolution and inability to probe ob-
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jects deep in the medium'*'.

Recent reconstruction algorithms for OT are mostly
gradient-based methods!' **! | which have been suc-
cessfully applied for the time resolved scheme''*! and
frequency domain scheme'?'.

In this report, we apply the gradient-based opti-
mization scheme for Continuous Wave near infrared op-
tical tomography, ie., CW case optical tomography.
We analyze the gradient calculation using adjoint
source method and discuss the problems encountered in
CW image reconstruction. And then we describe a spa-
tial location weighted, gradient-based optimization

scheme for CW image reconstruction. The reconstruc-
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tions results clearly demonstrate that our new method
can characterize spatial variations of absorption proper-

ties of highly scattering media.
1 Forward & inverse model

Light propagation in a tissue medium can be de-
scribed by a well-known diffusion equation. For a do-
main {) having a boundary 9(), it is represented by the
following expression

V[ D(NVD(r)] ~u (r@(r) =-686(r-r),

refl (1)

The boundary measurement I'(§¢) at £ € 9f) is related
to @(r) by:

) ==-D&) n- V@), (2)

where 7 is the outer normal of 3() at £.

For the inverse problem, an experimental setting
is considered that includes S point light source located
at¢ e ofd(j=1,--,5), and M, measurement positions
§,edd(i=1,---,M) for each source j. We use I,
to represent the photon intensity measurement at posi-
tion { with the incident light source located at position
j, and define an objective function which has the fol-

lowing form ;
s M

1
E:?Z

J
j=1 i=1

where j= 1,:+,S denotes the different distribution of

(T = (007, (3)

source and i =1, M, denotes the measurement posi-
tions for source j. The subscript ¢ denotes the values
calculated by the forward simulator problem and the
subscript me denotes the experimental (or in this case
synthetically generated ) values. The optical inverse
problem can be solved by minimizing the objective

function.
2 Gradient-based optimization schemes

To solve the optimization problem, the gradient of
the objective function is required for a conjugate gradi-
ent method. The Conjugate Gradient (CG) method*'*
can be adopted for the optimization of the objective
function. In the following paragraphs, we apply the CG
method to reconstruct image in CW case and using the
adjoint source scheme. We analyze the mathematical

background and actual implementation of the gradient-

based image reconstruction scheme. Then we describe
our spatial location weighted optimization scheme.
2.1 The CG method

To solve the optimization problem, we consider
the gradient of the objective function with respect to

absorption coefficients yu, ;

Ny

)y '_].((r,,i)m, -(I;).)

j=ty

a( F/.i ) c
o,
Arridge et al'*! have developed an adjoint source

vE#a = _;’

- ( ) (4)

scheme to derive the gradient. They represent the gra-

dient vector V E as the following form

Ng
z=VE, =- ;J/.Tb} =-J'b (5)

The essential calculation of Jacobian J is based on the
establishment of PMDF ( Photon Measurement Density
Function, as defined in [4]). In [4], It has also
shown that PMDF has maxima close to the source and
detector positions and falls off toward the interior of the
object for a homogeneous background, especially for
CW case. Since the residual error b in Eq. 5 is inde-
pendent on the points being reconstructed, the gradient
V E, which is used for parameters updating, will favor
the points near to the surface. The conjugate gradient
method has been well-established in nenlinear optimi-
zation. As the intrinsic defect in CW Imaging, when a
conjugate gradient method is applied, convergence
would be very slow for an embedded object in deeper
layers.

2.2  The spatial location weighted steepest descent
method (WSD)

To oversome this problem in CW imaging, we
have developed a spatial location weighted steepest de-
scent method for CW optical tomography. First, we cal-
culated the gradient vector of the objective function u-
sing the adjoint differentiation scheme. The second step

employs a steepest descent method for the initial itera-

tion. Instead of adopting a descent direction d in Fu-
clidean measurement , we seek a descent direction in A-
measurement. This is accomplished by constructing a
diagonal positive definite matrix A of Ny, x Ny, whose
elements a, are in direct proportion to the distance be-

tween the points and the surface.
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Fig. 1

Reconstructed images alter several iterations using CG method( eol. 1) and WSD method with different weighting

factors( col, 2}, geometry and mesh of the simulation, target image, and the ohjective function £ as a function of weighting
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For a cireular object, L, can be the radial distance
between the point | and the surface. B is a weighting
factor. Using this new method, the minimizing problem

is defined as:

R 7 g
minimize z' o d
subject to d -4 -d=<l (7)
The solution can be expressed as;
o
; I -
= = i 8)

“v0S

(3" 2 AE Bz

We will find, from Eq. (8), that the descent di-
rection will give more weight to the interior points when
an appropriate [ is selected.

In order to find the optimal weighting factor, one-
dimensional line search along different directions corre-
sponding to different values of B is performed to mini-
mize the objective function. After the minimum of the

objective function is reached with a specific 8, the ini-

tial guess of the coefficients are updated. Then we re-
turn to the conjugate gradient method to get the final

results.
3 Simulation results

In this parl, we present simulation results based
on the WSI optimization scheme deseribed in Part 2.
We consider a circular object of radius 2Smm with an
absorbing object of radius of 2. Smm embedded in a
homogeneous hackground. The object of this simulation
is to demonstrate that the WSD optimization scheme is
more efficient, accurate, and computationally less ex-
pensive than the unweighted optimization method.

For this simulation, the optical praperties of the
background medium used for the initial guess are p, =
0.025 mm

and g, = 2.0 mm~', and for the ab-

sorbing object are g, =

0.05 mm ™" and p,. = 2.0

mm All reconstructions started from the hnlnugn*m--

(F4:% 168 1)

ous background.
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Fig. 1 shows the reconstruction results using both
CG scheme and WSD scheme with different weighting
factors B. The objective functions, E, of the recon-
structed images with different weighting factors are
shown in row three of the right column. We find that
the minimum objective function occurs at 8= 8, which
is the optimum weighting factor. The computation time
for an iteration of the spatial location weighted steepest
descent method is approximately equal to that of the
CG method. From Fig. 1, we will find that the WSD
method exhibits an extraordinary fast convergence rate.
In addition, the WSD method recovers more precise

position information of the embedded object than the
CG method does.

4 Conclusions

In this paper we have presented two different re-
construction schemes for CW diffusion-based optical

tomography. We analyzed that CG scheme is subject to

slow convergence and more sensitive to the perturbation
closer to the boundary. We have made a comparison
between the CG method and our WSD method using the
synthetic data. The WSD method can effectively locate
the perturbations in absorptions, and in addition,

greatly reduce the computation burden.
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