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ABSTRACT

Optical fluorescence tomography recovers the spatial distribution of light emitting fluorophores inside a highly
scattering medium. The quantification of a non-uniform quantum yield and fluorophore absorption distribution
is of major interest in molecular imaging of biological tissue. We have developed a fluorescence image reconstruc-
tion code that is based on the particle transport equation. Since the algorithm does not rely on the diffusion
approximation it promises to yield more accurate results in highly absorbing media or media with small geome-
tries. We show that the code can be employed in a two-stage reconstruction process to obtain images of the
fluorophore absorption and of the quantum yield.
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1. INTRODUCTION

Optical fluorescence methods play a prominent role in the fast advancing field of molecular imaging. The
advent of many novel biochemical markers that can detect molecular processes that precede the development of
diseases promise to bring about fundamental changes in medical practice and molecular imaging.'® Molecular
imaging makes use of fluorescent probes that emit light when attached to specific biological targets or when a
specific biochemical environment is encountered. One can distinguish two mechanisms that lead to a change in
fluorescence signal at certain sites in the body: (1) concentration changes of the fluorophore due to preferential
uptake or washout at certain sites, and (2) fluorescence quenching which results in changes of the quantum
yield.4

Most work in this area has been limited to direct imaging of fluorescent light that escapes the surface of small
animals. In this case an exact localization of light-emitting sources inside the tissue is not possible. Therefore,
several groups have started to develop tomographical image reconstruction schemes, that use measured fluores-
cence signals on the surface of the tissue to determine the spatial fluorescence distribution inside the tissue.>13
For example Ntziachristos et al have developed an algorithm that images the concentration of fluorescence probes
in mice.!?

The majority of these tomographical imaging modalities are based on the diffusion model of light propagation
in tissue.!* 6  However, it is well known that the diffusion model is only an approximation to the more
generally applicable equation of radiative transfer (ERT). The limits of the diffusion approximation have been
well documented!™ 2 such as for highly absorbing media and media with small geometries where boundary
effects are dominating.

In this work we present an optical fluorescence image reconstruction model that is based on the ERT. We
present results that show that our algorithm can recover the spatial distribution of the quantum yield and
absorption properties of a flurophore. To solve that image reconstruction problem we adapted a model-based
iterative image reconstruction scheme that we have previously developed for non-fluorescent optical tomography
(0T).21-23
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2. THEORY

Currently, the most promising solution methods in OT are the so-called model-based iterative image reconstruc-
tion (MOBIIR) schemes. A MOBIIR scheme applied to OT reconstructs the distribution of the optical parameters
inside a highly scattering medium using measurement data obtained on the surface of the medium.!416:21  This
scheme consists of two major components: (1) a forward model for light propagation and (2) an inverse model.
The forward model predicts the detector readings on the tissue boundary given a distribution of optical proper-
ties inside the medium. In contrast, the inverse model determines the optical parameters inside the tissue, given
a set of detector readings and detector predictions on the boundary of the tissue (see figure (1)).

forward model

predictions on the tissue boundary

inverse model ~+—— measurements

optical parameters and sources within the tissue

\

image

Figure 1. Components of the MOBIIR scheme in fluorescence OT for determining cross-sectional images of the optical
parameters such as the fluorophore absorption and the quantum yield. The forward model for light propagation in tissue
is iteratively employed to calculate detector predictions. The image is obtained by updating the optical parameters and
sources within the inverse model.

The reconstruction process can be performed in two stages. First, the fluorophore absorption is reconstructed
giving some information about the fluorophore uptake or fluorophore concentration inside the tissue. Second,
the quantum yield distribution of the fluorophore is reconstructed that gives information about its biochemical
environment and quenching processes.

2.1. Forward Model

The light transport in biological tissue is described by the equation of radiative transfer. A derivation of this
equation is given by Duderstadt and Martin.?* The ERT describes the transport of low energy photons through
matter, such as human tissue, with absorbing and scattering properties. The three-dimensional time-independent
ERT is given by:

Q-Vip(r, Q@) + (pa(r) + ps(r)(r, Q) = S(r, Q) + ps(r) /p(ﬂaﬂ')@b(r,ﬂ')dﬂ'- (1)

The fundamental quantity in radiative transport theory is the radiance ¢ (r, ), with units of Wem™2sr~1!, at

the spatial position 7 and unit direction €. Furthermore, the integral of the radiance ¥ (r, 2) over all directions
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Q at one point 7 yields the fluence ¢(r) with units of Wem™2:

o(r) = [ ¢(r,Q)ds2. (2)
/

Other quantities besides the radiance ¢ that are included in the ERT are the source term S(r, ) with the unit
Wem—3sr !, the scattering coefficient, us(r), the absorption coefficient, . (r), both given in units of cm !, and
the scattering phase function p(€2, Q') with units of sr=!.

The light distribution originating from internal fluorescent sources can be described by a hierarchal system
of two time-independent ERT's for the radiance (7, Q). First, the light propagation caused by an external light
source S* at the excitation wavelength A* is calculated by the ERT

Q- VYT 4 (7 4 pE T 4 ) = S7 4t / p(2, Q) ()Y, 3)

4

The absorption coefficient p®(r) consists of the intrinsic absorption puZ7(r) of the tissue and the absorption
pE7™ () due to the fluorochrome. The fluorophore absorption pZ=™(r) = ¢(r) - € is linearly proportional to the
fluorophore concentration ¢(r) and the known fluorophore extinction coefficient e.

The fluence distribution ¢*(r) excites a fluorochrome inside the tissue at position r. The excited fluorophore

with the quantum yield n(r) constitutes an internal source S™(r,Q) = =n(r)u~™(r)¢*(r) and emits light

a
at the fluorescence wavelength A™. Furthermore, the emission source strength is directly proportional to the
fluorophore concentration or the fluorophore absorption, respectively. The fluence distribution ¢™(r) of the
fluorescent field is calculated by a second ERT (equation (4)) with the optical parameters p*(r) and pl*(r) at

the fluorescence wavelength A™:

1
QT (4 = o [ bl @) @)y )

4

Both transport equations, equations (3) and (4), need to be solved numerically because no analytical solutions
of the ERT are available for spatially heterogeneous media with finite geometrical boundaries. First, the direction
Q is replaced with a set of discrete ordinates Qy with full level symmetry by utilizing a discrete ordinates (Spr)
method.?® 26 The integral in the ERT is approximated with a quadrature rule

K
[ PR @)@ % Y wnp( O, D)) (5)
47 k'=1

where wy are appropriate weights?® determined by full level symmetry of the ordinates. The total number of
ordinates K is given by K = A'(NV + 2) with A the number of direction cosines of the Sy method.

The spatial derivatives are substituted with first-order finite differences approximations known as step method?®> 26
or upwind scheme.?” The discretized ERTs result in an algebraic system of equations

Ay =B+ S (6)

with A as the discretized streaming and collision operator, B as the discretized integral operator, and S as source
term. By considering a source iteration (SI) mode®> 2 we recast that equation to

Ayt = Byt + S (7)

and solve it for the radiance "' with a Gauss-Seidel method in order to determine the predicted detector
readings on the tissue boundary.
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2.2. Inverse Model
The spatial distributions of optical parameters, pZ~™(r) and n(r), are reconstructed by applying nonlinear
optimization techniques to objective functions ¢(uZ~™) and ¢(n), which describe the difference between the

measured mq and predicted data pq for all D source-detector pairs
D P —m 2
d — Md
~ S (Pazma) 8
oy (B ®)

We minimize the objective function by using gradient-based optimization techniques. Gradient-based opti-
mization techniques have been proven to be computationally efficient for large-scale problems?® 2? such as in OT,
where between 10° and 10° unknown optical parameters are common. These optimization techniques use the
gradient Vip(u) and Vp(n) of the objective function for calculating a search direction ux (V) and a step length
ag to find a new update of optical parameters. An updating scheme determines, for example, a new estimate of
the sequence {nx} of quantum yields:

Me+1 = M + QUi 9)

Therefore, calculating the new estimate 141 is broken up into two tasks:

e finding a proper step length «y,

e calculating the search direction wy.
Furthermore, gradient-based optimization algorithms share the following general form:

1. Start with an initial guess 79 of the solution n*
2. If the objective function ¢ at 7y is minimal, then stop.
3. Determine an improved estimate M1 = Mk + QUi

4. goto 2.

More details can be found in Klose and Hielscher.?8

Gradient techniques differ mainly in the way the step length ay and the search direction uy are calculated.
In OT the most common method to determine the search direction has been the nonlinear conjugate gradient
(CG) technique.'®2! We use the more complex quasi-Newton (QN) method that provides better reconstruction
results.?®  Once the minimum is found, the final result is the distribution of the optical parameters. This method
requires the gradient of the objective function, dp/du®—™ and dp/dn , which is calculated by means of an adjoint
differentiation technique.??

3. RESULTS

In this work we demonstrate the feasibility of reconstructing the quantum yield n by means of the ERT applied
to small geometries mimicking tissue-like media. We used synthetically generated measurement data due to
better quantification of the original optical parameters. The original isotropically scattering medium had a size
of 3 cm X 3 ¢cm with the optical parameters p? = 10 cm™! and p®~ = 0.1 ecm ™! at the excitation wavelength
and p™ = 10 ecm~! and g™ = 0.1 cm™! at the emission wavelength. Three fluorescent heterogeneities with a
size of 0.5 cm x 0.5 cm were embedded inside the medium. The heterogeneities had a fluorophore absorption
of u=7m = 0.3 cm~!, but with different quantum yields, i.e. n; = 0.08, 72 = 0.05, and n3 = 0.02 (see figure
(2)) due to an assumed quenching process. Twelve isotropic sources and 88 detectors were equally distributed
around the circumference of the medium resulting in 1056 source-detector pairs. The light propagation, i.e. the
radiance, 1, and fluence, ¢, was calculated on a 61 x 61 grid with a S; method for both the calculation of the
synthetic measurements and the predicted detector readings within the reconstruction process.
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Figure 2. Original quantum yield distribution 7.

The reconstruction process is divided into two steps. First, the fluorophore absorption p%="™ at the excitation
wavelength A, was reconstructed by means of equation (3) starting from a homogeneous initial guess of u* =
0.1 em™!. Second, the reconstruction of 5 is performed by means of equation (4), where the reconstructed
pE=™ distribution of the first step was assumed to be correct and was subsequently included in the source
term S™ = LLnu~™¢". We started the reconstruction from an homogeneous initial guess of 7 = 0.0001 and
terminated it after the relative difference |(¢n+1 — ¢n)/@n| of subsequent iteration steps of the optimization
proceess was smaller than € = 5- 1073, The reconstructed quantum yield n is shown in figure (3).
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Figure 3. Reconstructed quantum yield distribution 7.

The image of the quantum yield distribution shows a qualitatively and quantitatively accurate reconstruction
of the fluorecent properties. All three heterogeneities are clearly visible. The maximum value of n of the upper
heterogeneity is 0.09 and matches almost its original value of n; = 0.08. The maximum values of the other two
heterogeneities are 0.056 and 0.023.

4. CONCLUSION

We have implemented the first image reconstruction code based on the equation of radiative transfer that can
reconstruct fluorescent sources inside highly scattering tissue-like media. By not relying on the diffusion approx-
imation, this algorithm promises to provide more accurate solutions in cases where the diffusion approximation
fails, such as in media with small geometries or with high absorption coefficients. More detailed studies will
be necessary to quantify the advantages of the presented code and to prove its usefulness in clinically relevant
problems.
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