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METHOD FOR FLUORESCENCE TOMOGRAPHIC IMAGING

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority on United States provisional application
60/612,521 filed September 24, 2004 and entited METHOD FOR
FLUORESCENCE TOMOGRAPHIC IMAGING.

TECHNICAL FIELD
This invention relates to the field of optical characterization and molecular
imaging of biological tissues. More specifically the invention relates to the

detection of fluorophores in tissues by optical methods.

BACKGROUND OF THE INVENTION

Optical techniques based on the Near-infrared spectral window have made
significant progress in biomedical research in recent years. The relative low
absorption and low scattering in the 600-1000nm spectral range allow detection
of photons that have traveled through several centimeters of biological tissue
[1]. Coupled with accurate models of light propagation, NIR techniques enable
imaging of deep tissue with boundary measurements using non-ionizing, low

dose radiation.

The interest in NIR techniques is fueled by the ability of the techniques to
monitor functional tissue parameter such as oxy- and deoxy-hemoglobin [2] and
the development of appropriate low cost instrumentation. Based on these
qualities, NIR optical imaging is expected to play a key role in breast cancer
detection, characterization [3,4,5,6,7,8] and monitoring through therapy [9];
brain functional imaging [10,11,12,13] and stroke monitoring [14,15]; muscle
physiological and peripheral vascular disease imaging [16,17]. For all these
applications, NIR techniques rely on endogenous contrast such as tissue
hemodynamics. Another potential application of NIR technique is to monitor
exogenous contrast. Especially, we see the emergence of an optical molecular

imaging field that bears great promises in clinical applications [18].
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NIR fluorescence optical imaging is rapidly evolving as a new modality to
monitor functional data in either human or animal tissue. The developments of
new contrast agents that target specific molecular events [19,20,21] are
particularly promising. By specifically binding [22,23] or being activated in
tumors [24], detection can be achieved in the early stages of molecular changes
prior to structural modification [25]. Moreover, the endogenous fluorescence in

the NIR spectral window is weak leading to exquisite fluorescence sensitivity.

NIR molecular imaging is still confined to small animal models [26] and the
translation to human imaging is foreseen as imminent. However, the technical
problems encountered in imaging large tissues are challenging. Besides
sensitive instrumentation [27], robust and accurate models for fluorescent light
propagation are needed. Tomographic algorithms in the continuous mode [28]
and in the frequency domain [29,30] have been proposed. Both numerical and
analytical models exist and have been applied successfully to experimental
data. However, there is a need for the time-domain algorithms.

SUMMARY OF THE INVENTION
The present invention provides a method that overcomes the deficiencies of the
prior art by providing a method to estimate the concentration of a fluorophore as

a function of position within an object such as a biological tissue.

In a broad embodiment of the invention expressions for moments of the
fluorescence response function are derived and used to reconstruct
fluorophore(s) distribution in a volume of interest. In particular the use of higher
moments advantageously provide information that is less overwhelmed by the

interactions at the surface of the volume.

In one embodiment, the 3-Dimensional (3D) distribution of the fluorophore
concentration is recovered by performing a model based inverse problem. In a
preferred embodiment there is provided a method for Fluorescent Diffuse
Optical Tomography (DOT) expressed within the normalized Born approach. In
one aspect the different moments of the Time Point Spread Function (TPSF)
are analytically derived to construct the forward model. Enhanced performance
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of fluorescence DOT was achieved using these new analytical solutions when

compared to current formulations.

BRIEF DESCRIPTION OF THE DRAWINGS
Further features and advantages of the present invention will become apparent

from the following detailed description, taken in combination with the appended

drawings, in which:

Fig. 1 is a typical TPSF and respective moments;

Fig. 2 is an example of a sensitivity matrix for mg* and for a 6 cm thick slab with

source-detector facing each other and in which the background fluorochrome
was set to 0.1 uM of Cy 5.5 (v=1 ns);

Fig. 3 is an example of a sensitivity matrix for mg? -m}? for the same set up as in

Fig. 2;

Fig. 4 is an example of a sensitivity matrix for m}2 -m}? for a source-detector pair

in transmittance geometry but not facing each other in which the background

fluorochrome was set to 0.1 uM of Cy 7 (v=0.3 ns);

Fig. 5 is a representation of the phantom simulated;

Fig. 6 is a reconstructed phantom with values based on the 0 moment only in

which the number of iterations in the ART algorithm was set to 100;

Fig. 7 is a reconstructed phantom with values based on the 2™ moment only in
which the number of iterations in the ART algorithm was set to 200; and

Fig. 8 is a reconstructed phantom with values based on the of" 15t and 2™

moments in which the number of iterations in the ART algorithm was set to 200;

Fig. 9 is a configuration used for the simulations in which the source (detectors)

locations are depicted by dots;
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Fig. 10 is a configuration used for the simulations in which the source

(detectors) locations are depicted by dots;

Fig. 11 shows the results of repartition of energy, mean times and

variance of 1,000 randomly generated noised TPSF;

Fig. 12 is an example of sensitivity matrices in which a) and b) correspond
respectively to m?(r,,r,) and my(x,,r,)-m}*(r,.r,) for a 6cm thick slab with source-
detector facing each other and a 0.1 uM background of Cy 7, ¢) and d)
correspond to the same parameters for a 0.1 uM background of Cy 5.5 and e)

and f) correspond to the same parameters for a 0.1 uM background of Cy 3B;

Fig. 13. is an example of a reconstruction from synthetic data for Cy 7: a) O"
moment only, b) 0, 15t and 2" moments; Cy 5.5 : ¢) 0" moment only, d) ot 1t
and 2™ moments: and Cy 3B: &) 0" moment only, f) 0", 1% and 2™ moments in

which the quantitative values are expressed in uM; and

Fig. 14 is an example of a reconstruction from synthetic data for Cy 5.5 using all

three moments noisy data.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
Light propagation in tissue is well modeled by the diffusion equation. In the time

domain the mathematical expression modeling light propagation in a

homogenous medium is:
.}gt.q>(r,t)- DV2a(r,t)+ @, t)= S 1) (1)

Where o(t) is the photon fluence rate, D is the diffusion coefficient expressed
as D =13u, with u, being the scattering coefficient, n, is the linear absorption
coefficient, v is the speed of light in the medium and s(r,t) is the source term

(assumed to be a & function in our case). It will be appreciated that other
expressions for modeling light propagation, such as the radiation transfer
equation, can be used as would be obvious to one skilled in the art. Also the

fight propagation can be modeled numerically” or using techniques such as -
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Monte Carlo simulations again the person skilled in the art would be familiar
with these techniques.

From equation (1), we can estimate the value of the field in each position in the
investigated medium. In turn, the knowledge of the value of the field locally
allows modeling accurately the reemission of a fluorescent field by endogenous
or exogenous markers such as fluorophores. Indeed, the fluorescent field is due
to excited molecules that reemit photons at a constant wavelength. This
phenomenon of reemission can be modeled as source term embedded in the
medium and the propagation from these sources to the detector, modeled in the

same frame as in equation (1).

The temporal behavior of the excited population at a given point is expressed by
[31]:

%Nex (I‘, t) = —%Nex(r’ t) +0 (I)M (r’t)[Ntot (rit) - znex (l', t)] (2)

where N (r,t) is the concentration of excited molecules at position r and time
t, N,(r,?) is the concentration of total molecules of fluorophores (excited or
not), © is the radiative lifetime of the fluorescent compound (sec. or
nanoseconds.), o is the absorption cross section of the fluorophore (cm?) and
@™ (r,t) is the photon fluence rate (number of photons s cm?) at the excitation
wavelength »,. Considering that the number of excited molecule is low

compared to the total molecules and working in the frequency domain yields the

expression for the concentration of excited molecules:

o' N,,(r)

N‘”‘(r’w) T 1-iwr

- ®™(r,) (3)

where o, is the angular frequency at the excitation wavelength A,. The time
domain and the frequency domain are linked through Fourier transform.
Therefore the above derivation can also be used for fluorescence

measurements performéd in the time-domain. Furthermore the time domain
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may also be linked to continuous wave (CW) measurements by integration of
the total temporal point spread function (TPSF).

Then, the total fluorescent field is the sum of the contributions of all the
secondary fluorescent sources over the entire volume. In the case of a point
source located at r,, the fluorescent field detected at a position r, is modeled

by:

™ (r,r,,0) =1 [[[ N, (r.0) @*(r,x,0) dr )
volume
where (., 0,) represent a propagation term of the fluorescent field from the

element of volume at r to the detector position r, at the reemission wavelength

A,. Then, by using equation (4) we obtain the fluorescent term:

(:f NO r
o™ (r,r,0) = [[[ @ (r,ro) —ﬁ——_TCf)iT(—)-d)“(r,rd,w)-dz'r (5)

volume

Where Q. =q-no is the quantum efficiency, product of g the quenching factor,

n the quantum yield and o absorption cross section of the fluorophore. Note
that the product oN,(r) corresponds to the absorption coefficient of the
fluorophore and can also be expressed as sC,,(r) where ¢ is the extinction
coefficient (cm™ Mol™) and C,,(r) is the concentration of the fluorophore at

position r.

Following the derivation of equation (5) performed by Xingde Li [31,
incorporated herein by reference], Ntziachristos and Weissleder [28,
incorporated herein by reference] proposed a cost efficient mathematical
approach to fluorescent diffuse optical tomography. They cast the forward
model in the frame of the normalized first order Born approximation that is

mathematically expressed as:
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CI)Az(l's,l' 0 ) -C, (r) 6)
@A‘(rs,r:, ) ®¥(r,r,o fff @' (r, .0 ﬁ—'@gz(r,rd,w)-d%

valmne

The difference between equation (5) and (6) resides in the normalization
achieved with the homogeneous excitation field reaching the detector. Following
the expression of M. O'Leary [32, incorporated herein by reference], this
expression is used to construct the forward model for diffuse optical tomography
(DOT) and then the

(I)M(r rd,a)) _ D" E GM(I' r a)). Qeﬁ 'Ctot(rv) . 1
o*(r,r,m) G(r,r,,0) < D" o l-iwt  D¥

voxels

e(ikj]q -r,])

where  GY(r,r,0)= is the system's Green function with

]rl -1,

K = (~vpa + io) /ij at the considered wavelength A; € (A1, A2).

The expression of equation (7) is defined in the frequency domain. In one
embodiment of the present invention analytical solutions in the time domain are
provided. Such analytical solutions for the absorption case have been proposed
in the past for the 0", 1*' and 2" moment of the TPSF [33]. The correspondence
of these moments to the TPSF is illustrated in Figure 1. The 0" moment
corresponds to the integration of the counts (equivalent to the continuous wave
mode), the 1%t moment corresponds to the mean time of arrival of the photon
and the 2™ moment to the variance of arrival of the photon.

The normalized moments of order k of a distribution function p() are defined by
[34]:

- (1) - ot/ ot | (8)
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We employed this formalism in the case of the normalized first order Born

approximation. Hence the normalized 0" moment is expressed as :

GM(r,r,,0=0)G"(, 1, 0= 0) Qqeh®
voxels GM( l'd,CD 0) D2

mgz(rs'rd)= q)ﬁz(rs’rdvm:O): Ctot(rv)

(9)

5 This expression is equivalent to equation (7) for the continuous mode. Then
normalizing the 1% and the 2™ moment to this first moment yields the analytical
solutions:

Normalized 15t moment

r, ~r,|=lr, -1y r, -1,
Fonlobon]ken

2V 2.v4u.D,
B 1y ) M2, 1y )= kD (10)
Ve | GM (r.,r,, 00 = o) G”‘(r\,,rd,m 0) Qqh®
M xCa(r,)
GM({,,r,0=0) D,
Normalized 2" moment
L:Ll’_:ﬁl k-
4 V uavuaD1 4 VZME “‘aDg
M2 r) miGry)= S L R el VYA B L O
o WerTa ) M2 s, Ty v‘;e,s + -c+2v ) 2v D, -2t + ) +2»VJMaDz (11)
GM(r, 1, 0=0) G2, 1, 0= o) Quh®
X GM( T = O) D, ——xCyu(r,) J

10  Where t2(,,r,) corresponds to the fluorescent mean time for the particular

source-detector pair considered.

In one embodiment of the invention the fluorescent Diffuse Optical Tomography
(DOT) problem in time domain is based on the analytical expression derived
above and summarized in the linear set of equations:
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-9 -
mg? (rs‘l T ) Wmsz e W{'n‘éz C'°*3(r"1 )
o Cnten) | W e wet
mp’ ("s1:"d1 ) m}? ("svrm) Wﬂsz'm?z qurr.ln ™" :
| B ] (2
5 T ) 0 G )] | W wre ||
mg? (rs1 1Far ) mj? ("51 ) rd1> W,";sz g’ W{:S‘ m?
Mty ) | WEE wgger ||
Ctot (rvn )

Where W, wi™* and w ™ the weight function for the i'" source-detector

pair and the j™ voxel are directly derived respectively from equations (9), (10)
and (11). In this inverse problem, the object function is defined as the

fluorophore concentration.

It will be appreciated from the above that the concentration can be estimated

using one or more moments.

For the cases presented herein, boundary conditions were implemented using
the extrapolated boundary conditions [35, incorporated herein by reference].

Many different approaches exist to tackle the inverse problem [36] such as
singular value decomposition, conjugate gradient and the like. In a preferred
embodiment, the algebraic reconstruction technique (ART) was used due to its
modest memory requirements for large inversion problems and the calculation
speed it attains.

Algebraic techniques are well known and broadly used in the biomedical
community [37]. These techniques operate on a system of linear equations such
as the ones seen in equation (12). We can rewrite equation (12) as:

b=Ax (13)

where b is a vector holding the measurements for each source-detector pair, A

is the matrix of the forward model (weight matrix), and x is the vector of
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unknowns (object function). ART solves this linear system by sequentially
projecting a solution estimate onto the hyperplanes defined by each row of the
linear system. The technique is used in an iterative scheme and the projection
at the end of the k™" iteration becomes the estimate for the (k+1)™ iteration. This

projection process can be expressed mathematically as [38]:

]
(k+1) ) o= Zaﬁxik
x{ = x| +x———_2a.a-- Day (14)
i< 1

where x¥ is the k" estimate of " element of the object function, b, the ith
measurement, a; the i-i" element of the weight matrix A and A the relaxation

parameter.

The relaxation parameter adjusts the projection step for each iterations. A small
» value makes the inversion more robust but also slows conversion. The
selection of A can be done empirically [39, 40, 41, 42, incorporated herein by
reference]. We have set »=0.1 based on previous studies [43]. Also, a positive
constraint was imposed on the object function. This hard constraint is adequate
with fluorescent measurement as long as negative concentrations are
unphysical. For a typical case such as displayed in Figure 3 where we have
Nimeas=81x3 and Nyx=17928, the reconstruction was performed in ~6 min on a
with 512 Mb ram - 600MHz Pentium lil.

It will be appreciated that the data can be acquired in the Frequency Domain at

several frequencies to reconstruct the TPSF via the Fourier Transform.

Examples

Example 1

Photon propagation is often referred to as a banana shape. Especially, in the
case of continuous mode, the measurements are highly sensitive to the surface.
Such dependence of the data type can be visualized through the mapping of the
sensitivity matrix. Indeed, each line of the linear system described in equation

(12) represents the dependence to a local perturbation for the corresponding
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source-detector pair. Thus by mapping this local dependence, we render the
spatial sensitivity of this particular source-detector pair for this specific
configuration and specific data type.

Some examples of sensitivity matrix for relevant cases are shown in Figure 2, 3
and 4. Slices are depicted but by construction, the banana shape are in 3D.

First, as seen in Figure 2, the normalized first order Born approximation in
continuous mode is highly sensitive to surface voxels. This is a well-known
behavior that is both present in absorption and fluorescent mode. This also
demonstrates the poor sensitivity of planar fluorescent techniques to deep
fluorescent inclusions due to overwhelming dependence on surface
interactions.

Secondly, we see that the spatial dependence profile of the 2" normalized

fluorescent moment (Figure 3) possess distinctive features. The 2" normalized

~ fluorescent moment still exhibits some strong dependence from the surface

voxels, but also from deeper voxel. The profile presents a distinguishing
depression in the line connecting the source detector pair. This fact is striking in
the case of Figure 4 where we used the properties of Cy 3B for the simulated
chromophore. In this specific case, the 2" normalized fluorescent moment is
characterized by a sharp and well-demarcated hollow dependence. Such typical

features are related to the fact the fluorescent mean time t2(.r,) is subtracted

in equation (11). Indeed, the measured mean-time is always greater than the
mean time of propagation for the shorter path, i.e. for the voxels located on the
line connecting the source-detector pair. Then if the contribution of the lifetime
is small enough, the 2" nhormalized fluorescent moment will exhibit reduced

(eventually negative) contribution for these voxels.

From this set of examples, we note that the 2™ normalized fluorescent moment
provide a different kind of information compare to the 0™ normalized moment of
the fluorescent TPSF (we overlooked here the 1% moment for simpliéity). The
incorporation of this additional information in fluorescent DOT is expected to

produce more accurate reconstructions.
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We tested the formulation derived above with simulations of 3D reconstructions.
First we constructed a synthetic phantom with parameters relevant to the
human breast in dimension and for the optical endogenous properties. Second
we simulated a homogeneous fluorochrome distribution over the volume with a
1 cm® single inclusion embedded in the middle of the volume and exhibiting a
contrast of 10 in concentration. The different parameters of the simulations are
provided in Table 1.

Table 1: Parameters used in the simulation.

pi (cm™) 0.06 Chactgroma (WMIL) 0.1

w (cm™) 10.00 Cnctusion (MM/L) 1.0

w2 (cm™) 10.00 v (ns) 1.0
Dimensions (cm) 10x6x10 e (cm™.M™) 190,000
Voxel size (cm) 0.3x0.3x0.3 n (%) 0.23

We use then the formulation of (12) to generate synthetic measurements form
the phantom. We simulated a nine sources and nine detectors array as
described in Figure 5. The value of the fluorescent mean time and the
fluorescent variance were evaluated to be around ~3ns and 1ns respectively.
This values are in agreement with expected values for real cases. In this
simulation no noise was added. The reconstructions obtained by constrained
ART are provided in Figure 6, 7 an 8 . We propose in these figures the
reconstructions based, on the 0™ normalized moment of the fluorescent TPSF,
oM normalized fluorescent moment and with the combined three normalized

moments.

In all three cases presented, the inclusion was successfully reconstructed. lis
location was well retrieved and the object clearly discriminated from the

background. However, we can notice some differences in term of reconstruction
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quality between the three different inverse problem solved. Especially, in the
case of 0™ normalized moment of the fluorescent TPSF only, the
reconstructions exhibits strong artifacts on the boundary, artifacts that scale
with the reconstructed heterogeneity. While the reconstructions based on the
2" normalized fluorescent moment reduces the surface artifacts compared to
the reconstruction based on the 0" moment. In this case, the homogenous
background fluorophore is more accurately reconstructed. When the three
moments are incorporated in the inverse problem, the gain is even more

appreciable.

These findings are related to the results described above. For the 0™
normalized moment reconstructions, due to the high sensitivity to surface
voxels, artifacts placed in front of the individual source and detectors is
expected. Especially in our case where a non-negligible fluorophore
homogeneous background concentration was simulated. The contribution of this
homogenous background to the measurements is reconstructed as a strong
concentrations localized in front of the optodes. Reconstructions based on the
ond srmalized fluorescent moment does not suffer as much from this ambiguity.
The reconstruction does not exhibit artifacts scaling with the reconstructed
heterogeneity. Moreover, the homogeneous background is reconstructed with
more fidelity. The gain is even more substantial when the three moments are
used simultaneously in the inverse problem. In this case, the object is
accurately reconstructed in location and size with a more homogeneous

background fluorophore concentration.

While the reconstruction is provided in three dimension, the method can be
used to assess the concentration as a function of one coordinate only. In a
preferred embodiment this coordinate is the depth relative to a surface of the
object in which the fluorophore is embedded. This may be accomplished, for
example, by considering a region of interest as a unique voxel resolved in one

dimension only.

The method for estimating the concentration of fluorophores described above

can be applied to biological tissues such as brain and breast tissue. The
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fluorophore can be endogenous or exogenous and the concentration of several
fluorophores may be determined simultaneously when using multiple excitation

and emission wavelengths.

The reconstructions presented in this section highlight the benefit of the time

0™ normalized

domain normalized moments formulation over the traditional
moment. The higher moment of the fluorescent TPSF provide information that is
less overwhelmed by the surface interactions. The gain is important when a
background fluorophore concentration exists, as it is generally the case in
molecular imaging. Then this background fluorophore distribution is not
reconstructed as strong surface concentrations that are generally considered as

plaguing artifacts in continuous wave fluorescent imaging.

Example 2

A synthetic phantom with parameters relevant to the softly compressed human
breast in dimension (6¢cm thickness) and for the optical endogenous properties
was constructed. Then we simulated a homogeneous fluorochrome distribution
over the volume with 1 cm® heterogeneities exhibiting a contrast of 10 in
concentration. The different parameters of the simulations are provided in Table
2.

The fluorescent signal is dependent on the intrinsic characteristics of the
fluorochrome employed. Simulations were carried out with three representative
compounds: Cy 7, Cy 5.5 and Cy 3B. These fluorochromes were selected due
to the span of lifetimes they do exhibit, which is characteristic of cyanine dyes
(Zheng et al. J. Porphyrin and Phthalocyanines 8, 1106-1118 (2004)). The
different properties of these fluorochromes are provided in Table 3.

Table 2: Parameters used in the simulations.

uM (cm™) 0.06 Dimensions (cm) 9x6x9
!“‘l‘x);z (Cm-1) 006 Cbackground (MM) 01
“’;M (cm-1) 1000 Cinclusion (M'M) 10

u*? (em™) 10.00 Voxel size (cm) 0.36x0.3x0.36
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The synthetic phantom was probed with a 25x25 constellation of source
detectors. This constellation was distributed evenly 1.5 c¢cm apart in both
dimensions. The phantom configuration is provided in Fig. 2.

Table 3: Fluorochrome investigated herein.

Compound < (ns) e (cm™.M") n (%)
Cy7 <0.3 200 000 0.28
Cy 5.5 1.0 190 000 0.23
Cy 3-B 2.8 130 000 0.67

Higher order moments are sensitive to noise. Thus, the performance of the
algorithm in the presence of noise can be evaluated. Analytical noise models
exist for the intrinsic NIR higher moments for homogeneous cases (Liebert et al.
Appl. Opt. 42, 5785). However, the derivation of the same analytical model for
tomographic purposes is overly complex. We decided thus to employ a
heuristically derived noise model.

We generated synthetic homogeneous TPSF and considered a Poisson noise
of the temporal distribution of photon time of flights. The TPSF was normalized
at 500 counts at the maximum bin mimicking real acquisition scenarios. From
the noised TPSF, we estimated one set of energy, meantime and variance. The
same estimation was performed over 1,000 trials. The statistics of these
estimates were used as our noise model. An example of noisy moments value
distribution is given in Fig. 11.

A Gaussian distribution approximated the noise model. The different values of
the noise model employed for the three moments evaluated herein are Measure
o (%), Energy :2, Meantime:0.2, and Variance: 2.

We propose in Fig. 12 some examples of sensitivity matrices for the
transmittance case. We limited ourselves to depict slices across the discrete
volume, but by construction, the banana shapes are in 3D. The optical and
fluorochrome properties characterizing this medium are provided in Table 2 and
Table 3.
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The examples in Fig. 12 underline interesting features of the time domain
moment fluorescent DOT. First, as seen in Figs. 12 a)-c) and e), the normalized
0™ order Born approximation in continuous mode is highly sensitive to surface
voxels.

Secondly, we see that the spatial dependence profile of the 2™ normalized
fluorescent moment possesses distinctive features. The 2™ normalized
fluorescent moment still exhibits some strong dependence from the surface
voxels, but also from deeper voxels. The profile presents a distinguishing
depression in the line connecting the source-detector pair. This fact is striking in
the case of Fig. 12 d) where we used the properties of Cy 7 for the simulated
chromophore. In this specific case, the 2™ normalized fluorescent moment is
characterized by a sharp and well-demarcated hollow dependence. Such typical

features are related to the fact that the fluorescent mean time ™ (r,,r,) is

subtracted in Eq (11). Indeed, the measured mean-time is always greater than
the mean time of propagation for the shorter path, i.e. for the voxels located on
the line connecting the source-detector pair. Then if the contribution of the
lifetime is small enough, the 2" normalized fluorescent moment will exhibit
reduced (eventually negative) contribution for these voxels. This property is
dependent on the lifetime of the fluorochrome investigated. This hollow
distribution is still present for the Cy 5.5 case but disappears for the Cy 3B
simulations. In this last case, the contribution of the lifetime is predominant for
these shorter path voxels and the spatial distribution of 2™ normalized
fluorescent moment is not markedly different than the 0™ normalized fluorescent

moment.

One should note that the background fluorochrome concentration is non-
negligible. This background simulates non-perfect compound uptake/trapping
and represents a challenging case for all FDOT approaches. We use then the
formulation of equation (12) to generate synthetic measurements from the
phantom. We simulated a 25 source and 25 detectors array. The value of the
fluorescent mean time and the fluorescent variance were evaluated to be
around ~3 ns and 1 ns respectively. These values are in agreement with
expected values for real cases. In this simulation no noise was added. The
reconstructions obtained by constrained ART are provided in Fig.13. We
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propose in this figure the reconstructions based on the 0" normalized moment
of the fluorescent TPSF and with the combined three normalized moments.

In all three cases presented, the inclusions were successfully reconstructed.
Their locations were well retrieved and the objects clearly discriminated from the
background. However, we can notice some differences in terms of
reconstruction quality between the three different inverse problems solved.
Especially, in the case using only the 0" normalized moment of the fluorescent
TPSF, the reconstructions exhibit strong artifacts on the boundary, artifacts that
scale with the reconstructed heterogeneity. On the other hand the
reconstructions based on the three moments combined (as reconstructions
based on the 2™ normalized fluorescent moment solely; results not shown here)
do not exhibit such strong surface artifacts. In this last case, the homogenous
background fluorophore is more accurately reconstructed.

For the 0™ normalized moment reconstructions, a high sensitivity to surface
voxels leads to artifacts placed in front of the individual sources and detectors.
This is emphasized in our case where a non-negligible fluorophore
homogeneous background concentration was simulated. The contribution of this
homogenous background to the measurements is reconstructed as strong
concentrations localized in front of the optodes. Reconstructions based on the
2" normalized fluorescent moment suffer less from this ambiguity. In the latter
case, the reconstruction does not exhibit artifact scaling with the reconstructed
heterogeneity and the homogeneous background is reconstructed with more
fidelity. The gain is even more substantial when the three moments are used
simultaneously in the inverse problem. In this case, the object is accurately
reconstructed in location and size with a more homogeneous background

fluorophore concentration.

Last, the reconstructions based on the three different compounds are very
similar when using only the 0" normalized moment. However, the
reconstructions employing the 2" normalized moment exhibit different
performances. In the case of relatively short lifetimes, i.e. Cy 7and Cy 5.5, the
reconstructions are similar and provide accurate recovery of the three

heterogeneities. However, in the case of longer lifetime, i.e. Cy 3B, even
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though, the reconstructions are far superior when using the 3 moments
simultaneously in the inverse problem, the objects are less well defined. This
fact is linked to the close similarity between the spatial distributions of the 0%
normalized and the 2™ normalized fluorescent moments. One should note also
that the constellation of source-detector selected herein is quite sparse and
such reconstructed structure is expected as seen in ref Graves et al. J. Opt.
Soc. Am. A 21, 231-241 (2004).

The noise model described above was applied to the measurements for the Cy
5.5 case. The reconstructions based on this noisy simulation are provided in
Fig. 14. We restricted the reconstruction to the Cy 5.5 case only for
conciseness.

As one can see, the algorithm is still performing satisfactorily in the case of
noise. Even though the 2™ normalized moments are sensitive to noise, the
incorporation of this information benefits the inverse problem. The objects are
reconstructed with fidelity and the surface artifacts are still minimized due to the
inherent spatial information of the 2™ normalized moment.
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I/IWE CLAIM:

1.

A method for determining a concentration of a fluorophore as a function

of one or more spatial coordinate in a medium said method comprising:

acquiring a fluorescence-based signal from one or more source-

detector configurations;
obtaining a moment of order k from said fluorescence-based signal; and

determining said concentration as a function of said one or more spatial
coordinate based on said moment of order k and a weighting

coefficient.

The method as claimed in claim 1 wherein said fluorescence-based
signal is described by a photon diffusion equation and wherein said

weighting coefficient is based on said photon diffusion equation.

The method as claimed in claim 2 wherein said photon diffusion
equation is a normalized first order fluorescent Born approximation

equation.

The method as claimed in claim 2 or 3 wherein said fluorescence-based
photon diffusion equation is a time-domain photon diffusion equation
and wherein said signal is a temporal point spread function (TPSF).

The method as claimed in any one of claim 1-4 wherein said one or
more moments are selected from O, 18t 2" moments and combination

thereof.

The method as claimed in any one of claim 1-5 wherein said moments

are normalized moments.

The method as claimed in any one of claim 1-6 wherein said one or

more spatial coordinate is depth relative to a surface of said medium.
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The method as claimed in any one of claim 1-6 wherein said one or
more spatial coordinates include all spatial coordinates relative to a

three dimensional frame of reference.

The method as claimed in any one of claim 1-8 wherein said medium is
a biological tissue.

The method as claimed in claim 9 wherein said biological tissue is
selected from brain tissue and breast tissue.

The method as claimed in any one of claim 9 or 10 wherein said

fluorophore is an endogenous fluorophore.

The method as claimed in any one of claim 9 or 10 wherein said

fluorophore is an exogenous fluorophore.
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