Physics Letters A 378 (2014) 2981-2984

Contents lists available at ScienceDirect

PHYSICS LETTERS A

Physics Letters A

www.elsevier.com/locate/pla

The estimation of a unique solution for steady-state diffuse optical
tomography by applying mechanical pressure

@ CrossMark

Mohammad Ali Ansari*, Ezeddin Mohajerani

Laser and Plasma Research Institute, Shahid Beheshti University, Tehran, Iran

ARTICLE INFO ABSTRACT

Article history:

Received 15 April 2014

Received in revised form 6 July 2014
Accepted 15 August 2014

Available online 19 August 2014
Communicated by Z. Siwy

The accuracy of diffuse optical tomography (DOT) highly depends on two important factors: first, the
knowledge of the tissue optical heterogeneities for accurate modeling of light propagation, and second,
the uniqueness of reconstructed values of optical properties. Previous studies illustrated that the inverse
problem associated with steady-state DOT does not have unique solutions. In this study, we propose
a simple method that can be applied to improve this challenging problem of steady-state DOT. In
this method, we study the propagation of photons through compressed breast phantoms. The applied
mechanical pressure can change the values of optical properties and this pressure dependence of optical
properties as a set of constraint equations can be used to improve the inverse problem. The applied
pressure can help us to restrict the distribution of possible values of depth and radius of defect inside
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breast phantom reconstructed by inverse problem.
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Diffuse optical tomography (DOT) is an optical imaging modal-
ity that is applied for monitoring of molecular and cellular activ-
ities in cancer and infant brain imaging studies [1-3]. There are
currently three approaches for achieving DOT: steady-state, time
domain, and frequency domain. In steady-state DOT, the inten-
sity of optical source is steady-state and the variation of inten-
sity is considered to inverse problem. The steady-state DOT is a
low-cost imaging method that has become gradually accepted for
monitoring neural activities [4-6]. However, the accuracy and pre-
cision of steady-state DOT is a challenging problem. As discussed
in Ref. [7], DOT based only on intensity is a non-unique inverse
problem, meaning that the recovery of absorption and diffusion
coefficient is not feasible [8]. This important challenge of steady-
state DOT limits the applications of this low-cost imaging system.
In 2003, Corlu and his colleagues presented special conditions for
the unique and simultaneous recovery of chromophore concentra-
tions and scattering coefficients in multispectral steady-state DOT.
Their approach makes three assumptions. First, the wavelength-
dependent reduced-scattering coefficient o’(1) is assumed to take
on a simplified Mie-scattering form, ¢’(1) = oA ™", where « and b
are related to the size, the index of refraction, and the concentra-
tion of scatterers in the tissue as well as the index of refraction
of the surrounding medium [8]. Second, a unique solution can
be achieved by using appropriate spectral illumination line. Third,
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the number of wavelengths is greater than the number of chro-
mophores, namely the number of equations is greater than the
number of unknowns. The first and second assumptions of this
method restrict application of this method because the presented
wavelength dependence of reduced scattering coefficient is based
on Mie theory which can be roughly applied for normal breast
tissue and this theory cannot explain the scattering properties of
different biological tissues. Moreover, choosing appropriate wave-
lengths for different biological tissue may be challengeable.

Harrach in 2009 demonstrated that it suffices to restrict our-
selves to piecewise constant diffusion and piecewise analytic ab-
sorption coefficients to regain uniqueness. Under this condition
both parameters can simultaneously be determined from complete
measurement data on an arbitrarily small part of the boundary [9].
Jiang in 2011 stated that in DOT, theoretically infinite absorption
and reduced scattering coefficient solution exist, but practically
all solutions that significantly differ from the exact solution have
been excluded with a priori knowledge on optical properties of tis-
sue [10]. The results presented by Corlu and Jiang show that the
unique solution in steady-state DOT can be estimated by a priori
knowledge or using multispectral DOT.

In this study, based on theorems verified by Harrach and results
presented in Ref. [10], we propose a simple way for the accurate
recovery of values of depth and radius of defect in breast phantom.
As presented in Refs. [1,8], one can increase the number of equa-
tions to restrict the number of solutions. In this Letter, we present
a simple way to generate a number of constraint equations which
can be used to recovery unique solution of optical heterogeneity
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Fig. 1. The picture of inhomogeneous phantom in low-cost steady-state DOT setup.

localization in biological breast phantom. This method has been
evaluated by simulation and experimental studies. We estimate a
single value for size and depth of defect in breast phantom.

The presented method is based on simulation of diffused pho-
tons in compressed phantom, namely the variation of optical prop-
erties induced by mechanical pressure is used to improve the pro-
cedure of inverse problem. The applied pressure can generate a
number of constraint equations which can help us to restrict so-
lutions. In previous study, we illustrated that applied mechanical
pressure can change optical properties of breast phantom [11] and
the pressure dependence of optical properties can be considered
as a modification in procedure of inverse problem. In this Letter,
we show that the consideration of effects of applied pressure can
restrict the distribution of possible reconstructed data.

In the steady-state DOT and based on results presented by Har-
rach, the diffusion of photons inside biological tissue is modeled
by diffusion equation:

—DV%p(P) + ap([) = SF) (1)

Here, 7 denotes position, ¢(F) is the fluence rate defined as the
energy flow per unit area per unit time. S() is the isotropic source
term at position 7. D refers to diffusion coefficient:
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where a and ¢’ are absorption and reduced scattering coefficient,
respectively. As shown in Fig. 1, the phantom is composed by two
subdomains, where D is constant in each subdomain. By applying
mechanical pressure AP, ¢ is changed to ¢’ = ¢ + g—‘ﬁAP. The ab-
sorption and diffusion coefficients are changed to a’ =a + g—;ﬁAP
and D'=D+ %AP. By differentiating Eq. (1) with respect to pres-
sure and with some mathematics, we obtain:

~D'V29'(F) +d'¢'(F) = S(F) 3)

By applying different mechanical pressures, Eq. (3) as constraint
equation can be simultaneously solved with Eq. (1). For each ap-
plied pressure P;, the values (D}, a;) depend on four unknown
values as follows:

D’ D+3DAP
i= ap i
op i=1,..,n (4)
, da
a;,=a+ —AP;

where n is the number of applied pressures. Therefore, unknown
optical parameter (D,a) with infinite possible solution must be
satisfied by the constraint conditions stated in Eq. (4). Based on
Harrach postulated presented in Ref. [9], these optical properties

can be recovered for P =0, ..., Py. The unknown values 5 and 24

can be represented by matrix X = {[%]ZXL [g—g]2X1}T as AX =B,
that A = {APi}anx1 and B = {[D} — Dlmxn, [a; — almxn}, Where m
is the number of subdomain of phantom. With (n > m) this linear
equation has a solution in least square sense, Xo = (ATA)~1ATB,
and the residual norm R = ||B — AXp|| can be interpreted as the
parameter of distinguishability. Xo is closer to fulfill the condi-
tions for uniqueness as R approaches to zero. By the considering
Harrach’s assumption presented in Ref. [9], the nonlinear Tikhonov
regularization, and the tiny value R ensure the uniqueness of solu-
tion in steady-state DOT.

To evaluate this method, first the diffusion equation with Robin
boundary condition

@(F) —2ADI.V([) =0 (5)

should be solved, where #i is the normal vector for the bound-
ary, and A = (1 +ry)/(1 — rgq), where rq can be approximated
by rg ~ —1.4399n"7 +0.7099n | + 0.668 + 0.0636My,;, Where ny
is the ratio of refractive indices. For a value of n,; = 1.33 we
get A =2.82 [12,13]. The diffusion equation with Robin boundary
condition can be solved by fundamental Green’s function. In this
method, the differential equation is converted to an integral equa-
tion called the boundary integral equation (BIM) and then this in-
tegral equation is solved by boundary element method (BEM). We
have explained this method in Ref. [11]. As mentioned in Ref. [14],
image reconstruction in DOT involves both the forward and inverse
problems. The forward problem usually used the diffusion equa-
tion to predict the distributions of reemitted light on the basis of
presumed parameters for both the light sources and the object.
In this study, the process of image reconstruction is based on the
BIM forward method for solving the diffusion equation for imag-
ing domains. The reconstruction process solves an inverse problem
to determine the optical properties of tissue or the location of
the in-homogeneous defect. The image reconstruction is achieved
through an iterative procedure where an objective function con-
sisting of the difference between the measured and the modeled
data is minimized. In our case, the least-squares functional to be
minimized is [10]:

S
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where ¢! and ¢’ are the measured and calculated flu-
ences at the measurement point j, respectively. s is the total num-
ber of measurements. The procedure of inverse model is based on
details presented in Ref. [11]. In this study, to compare the mea-
sured value obtained by steady-state DOT with expected values, we
use the correlation coefficient R. that can be calculated as follows:

RC:( PYxy — (XY >2
VP — 02/ pyd) — (X x)?

where x and y are the expected and measured values, respectively,
and p is the number of data. R, is a measure that determines the
degree of coherency and correlation between expected value and
measured values obtained by steady-state DOT. A correlation coef-
ficient close to unit indicates a good association between variables.
In other words, the value of correlation coefficient close to unit
results in a linear correlation between variables x and y.
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