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Abstract

Fluorescent signals from mouse-tissue-like phantom are computed using both a Monte
Carlo simulation and the diffusion approximation. The relative difference is less than
30% for a fluorophore placed in the middle of a 3mm separated source-detector pair.
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Introduction

Light propagations In strongly scattering tissue have been extensively studied in the past

few decades in response to expanding interest in applications of light for biomedical
diagnostic and therapeutic use. Fluorescence techniques represent an important class of
optical methods being applied to in vitro and in vivo biomedical diagnostics, Including
noninvasive molecular sensing and imaging [1H8]. Measured fissue fluorescence
signals reflect both Intrinsic tissue pathology (local morphological, biochemical, and
optical properties), as well as experimental design features (including excitation and
emission wavelengths, fiber-optic probe design, and contrast agent concentration).
Model based computations are often employed to quantitatively simulate photon
migration characteristics in tissues, thereby enabling accurate analysis and interpretation
of measured tissue fluorescence signals.

Photon propagation in biological tissue Is governed by the radiative transfer equation
(RTE) by considering light to be composed of neutral particles [9]. However, the RTE is
computationally expensive in practical biomedical Imaging. Alternative stochastic
approaches can be used to model photon transport in turbid media. Monte Carlo (MC)
modeling was first applied to study light dosimetry in tissues in 1983 [10] and has been
shown to provide the most accurate results in comparison with the experiment [111112].
Recently, MC simulations of heterogeneous tissue model based on MRI [13] or CT [14]
results have been explored, although the computation Is heavier. Some researchers
even examined the temporal and spectral effect on fluorescence In tissue with the MC
method [15). Given the dominance of scaterng over absorplion n bologcal lsue, &

thest is the difiusion (DA), which
ylelds ana\yt\ca\ Soliions fo tho light energy distribution when applied to simple
geometries [16]. It is well established that the DA provides an accurate description of
near-infrared (NIR) light propagations In tissue both for optical tomography and
fluorescence imaging if applied o bulk tissue in which photons travel longer than several
mean free path lengths.

ART developed a time domain i vivo small animal ﬂuorescanca imager, eXplore Optix
[18]. Using the measured t lved location and
concentration can be quickly sstmated [19] hanks to the ar\alyllml solution of the DA.
Concens exist about the validity of the DA when applied in small tissue volume. In this
paper, we compare the fluorescence signals from tissue-lie phantoms predicted by the
DA and simplified fluorescent MC simulations In order o estimate the error range of the
DA model specifically for the hardware configuration of eXplore Optix and typical optical
properties of small animal. Further, the simplified approaches can be used elsewhers to
run fluorescent MC results more efficiently even in a typical personal computer.

Model description
Monte Carlo simulation

Detalled description of the Monte Carlo simutation of photon migration in fissue can be
found elsewhere [11}15]. Basically, It generates a statistical distribution of photons
absorbed in each voxel in fissue by following the trajectory of a large number of photons.

any measurable quantlties can be deduced from this distribution. In our simulation, the
well validated MCML code [11] is used.

The scenarlo of photon propagation in non-fluorescent fissue is like that photons are
launched at the source location; some are absorbed; some are scattered; and only a
portion of them will reach the detector. The fluorescence tissue can be treated as a two-
step process. The fluorophore acts like a detector to receive excitation photons in the
first step and a source to emit fluorescent photons in the second step. Thanks to the
reverse property of light propagation i the medium, the fluorescent photons flux can be
obtained from the distribution of excitation photons by only shifting the coordinates, f the
ditference of optical properties due to excitation and emission wavelength Is neglected.
In this way, the measurable fluorescent signal can be calculated from a single MC
simulation of excitation light.
Diftusion approximation

The DA model developed by Contini et al [16] is used in our comparison. Similar to the
MC approach, first the light propagation from the source to the fluorophore is calculated.
Second, the propagation of fluorescent emission is computed by an equivalent source at
the fluorophore location to the detector. And then the measurable fluorescent signal is
obtained by convolving the two propagations.

Phantom properties

Results presented below are obtalned with a homogenous tissue-like slab phantom with
a thickness of 18 mm. Its optical properties are 1,=0.3 cm, 11,=100 cm, 9=0.9, n=1.4,
typical values of mouse tissue. Excitation laser photons are injected perpendicularly to
the phantom surface, and fluorescent emission Is detected at a position 3 mm away from
the source.

Results and discussion

Shown in Fig. 1 is a comparison in contour plot of the MC and the DA resuits. Calculated

intensity of a point placed in a single pixel at position (1.2)
ind the medtum. When i forophors is away from the source and detoctor, e DA
result is close fo the MC simulation, as expected. However, if the fluorophore is close fo
the source and/or the detector, significant differences exist between the DA and the MC.
To quantify the difference, Fig. 2 shows the flucrescence Intensity calculated using the
MC and the DA of a fluorophore placed in the middle of the source and detector (=1.5
mm) at various depths. The relative difference of the MC and the DA Is plotted over zin
the lower panel. One can easily see that as long as the fluorophore depth is larger than
2.5 mm, the relative difference is less than 4%. Even at depths smaller than 2.5 mm, the
largest difference is only about 30%. We may conclude that the DA is quite good for a
fast estimation. Given s advantage of being an analytical solution and fast to compute,
the DA Is the first choice.

For in vivo experiment, there are other error sources in addition to the application of the
DA. One is the validity of the homogeneity assumption; the other is the slab geometry.
Obviously, the mouse Is neither a homogeneous medium nor a flat stab. Future study will
estimate the difference caused by these factors using models similar to [13] and [14] by
the help of other modalities.

Figure 1: A comparison of the fluorescent
placed in a single pixel calculated by the MC and the DA for a source
detector separation of 3 mm.
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Figure 2: Fluorescence intensity calculated by the MC and the DA
(upper panel) and the relative difference of the MC and the DA (lower
panel) for a point fluorophore positioned in the middle of the
source-detector pair at various depths inside the medium. The source
detector separation is 3 mm.
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