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1 Introduction

Abstract. We present in vivo experiments conducted with a new fluo-
rescence diffuse optical tomographic (fDOT) system on cancerous
mice bearing mammary murine tumors. We first briefly present this
new system that has been developed and its associated reconstruction
method. Its main specificity is its ability to reconstruct the fluores-
cence yield even in heterogeneous and highly attenuating body re-
gions such as lungs and to enable mouse inspection without immer-
sion in optical index matching liquid (Intralipid and ink). Some
phantom experiments validate the performance of this new system for
heterogeneous media inspection. Its use for a mice study is then re-
lated. It consists in the follow-up of the lungs at different stages of
tumor development after injection of RAFT-(cCRGD),-Alexa700. As
expected, the reconstructed fluorescence increases along with the tu-
mor stage. These results validate the use of our system for biological

studies of small animals. © 2008 Society of Photo-Optical Instrumentation Engineers.
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animal imaging techniques is done by Hielscher in Ref. 5.
Namely, in the last part of the paper, fluorescence optical to-

Near-infrared fluorescence-enhanced diffuse optical tomogra-
phy (fDOT) is an emerging cost-effective modality for small
animal imaging."” It allows one to obtain quantitative func-
tional measurements, and enables the three-dimensional local-
ization of the fluorescent targeted areas. Reference 3 presents
a mice carcinoma follow-up using this technique and shows
that when specific cancer markers are used, cancer activity
can be quantified. Masciotti et al. present in Ref. 4 a compari-
son of magnetic resonance imaging (MRI) and optical tech-
niques and highlights the benefits that one can gain from com-
bining them, having anatomy information from one side and
functional information from the other. A review of optical
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mography is detailed and its interest highlighted. Compared to
other functional imaging modalities such as positron emission
tomography, fDOT may become easier to use and cheaper.
A fDOT system has been developed in our laboratory. Our
continuous-wave system allows noncontact measurements
and does not require animal immersion in an optical adapta-
tion liquid. After being injected with a cancer specific marker,
the animal is scanned with near-infrared light over the lung
area. The system records the outgoing transmitted and emitted
fluorescence light, and then reconstructs the 3-D fluorescence
map to infer cancer localization and activity. To carry out in
vivo experiments on small animals, the reconstruction method
must take into account heterogeneous optical properties and
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Fig. 1 Experimental setup. The tomograph is composed of a cooled
CCD camera and a laser source coupled to translation stages. The
system is also equipped with a FRI system and a diode lateral illumi-
nation system coupled to the mouse support.

complex shaped object geometries. A reconstruction method-
ology has been developed to this effect in the laboratory.(’ The
developed reconstruction scheme at first corrects the light
propagation model from optical heterogeneities and boundary
effects by using the transmitted excitation light measurements
and the description of acquisition geometry, and then recon-
structs the fluorescence yield from the fluorescence light
emissions, using an algebraic reconstruction technique (ART)
algorithm. It exploits the fact that boundary effects can be
taken into account through a model using additional attenua-
tion around the borders.’

We briefly present in this paper the experimental setup of
the system that we have developed and the associated recon-
struction method. Then, experimental results obtained on het-
erogeneous phantoms validate the use of our system for
highly heterogeneous regions inspection. The last part of the
paper details a study on Swiss nude mice bearing mammary
murine carcinoma to validate its use in vivo. The lungs of the
different mice are inspected at different stages after the tumor
implantation. We want to demonstrate that our system is ca-
pable of measuring the degree of illness of cancerous mice.

2 Experimental Setup

The experimental setup (Fig. 1) consists of a laser source
(690 nm, 26 mW, Powertechnology), two motorized transla-
tion stages (Newport), and a cooled 12-bit CCD camera (Orca
EG, Hamamatsu). The animal is positioned on a heating
holder and gently maintained between two glass plates to re-
duce its movements. At first, a diode illumination by the sides
of the animal delimits the areas in contact with the upper glass
plate. Then, thanks to the motorized stages, the lung region of
the animal is scanned by the laser. In this study, the excitation
sources describe a regular 11X 11 2-mm spaced grid
(2 X2 cm field of view) over the mice lungs. For each source
position, the CCD camera focused upon the upper glass win-
dow records at first the transmitted (excitation) images. Then
a Schott high-pass RG9 filter (cutoff at 700 nm) is inserted
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and the fluorescence (emission) images are recorded. Charac-
teristics of the experimental setup in terms of SNR have al-
ready been described in Ref. 6.

In order to also enable fluorescence reflectance imaging
(FRI) technique, our bench is also equipped with a FRI sys-
tem based on LEDs (660 nm). Each animal is imaged by FRI
before the fDOT scan. This functionality is used in this study
to assess coherence between the two imaging modes and to
evaluate their respective performances. LEDs at 690 nm are
not available off the shelf, so we used the nearest we found, at
660 nm.

3 Reconstruction Method

The 3-D reconstruction of the fluorescence yield is achieved
by using the method presented in Ref. 7. Its main interest is its
ability to reconstruct the fluorescence distribution in media
presenting heterogeneous optical properties and high attenua-
tion defined by k=3 u,u. such as the lungs and to deal with
complex geometries typical of small animals. The reconstruc-
tion is performed according to two successive main steps:
attenuation reconstruction, then fluorescence reconstruction.

The optical attenuation k> map is computed from the exci-
tation measurements in an iterative four-step process:

1. Initialization of the k> map with a homogeneous map,
where ) and u, are chosen to obtain the best fit in average
value with this constant map between the excitation measure-
ments and the model.

2. Computation of the Green’s functions using the current
k> map and the discretized light diffusion Helmoltz equation.

3. Reconstruction of a new k> map from the Green’s func-
tions and Rytov expansion by an ART algorithm (five itera-
tions with a relaxation factor of 0.1).

4. Comparison of the Green’s functions to the excitation
measurements and iteration of steps 2—4 until convergence
(eight iterations of the global process are enough to minimize
this difference).

This leads to a forward model where the Green’s functions
describe the propagation of the light in a heterogeneous me-
dium. Furthermore, as light outgoing from the object doesn’t
come back, we showed that the complex geometry of the
animal can be addressed in the same way through a model by
adding high-attenuation material around the borders.®

As we did not immerse the mice in Intralipid, we need to
estimate the 3-D locations of the projection of the detector
elements onto the animal. For the mice maintained between
two glass plates, this is determined by the contact points.
Therefore, an illumination of the animal with LEDs from the
lateral sides gives an image of the contact area between the
mouse and the upper glass plate: the sides of the mouse ap-
pear bright whereas the contact area appears to be shaded [see
Fig. 2(a)]. A threshold is then applied to this image to select
within the area defined by the scan, defined by the red rect-
angle in Fig. 2, the pixels belonging to the contact area (in
black); see Fig. 2(b). These pixels set out the subarea of the
acquired images to be used for reconstructing, shown in green
in Fig. 2(b) (color online only).

Since often only a third of the pixels in the region of in-
terest (ROI) are in contact with the upper glass plate, the
number of measurements is too restricted to allow good re-
constructions. Therefore, to increase its size, the mouse sur-
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() (b)

Fig. 2 Mouse contact area determination. (a) The diode lateral illumi-
nation image. The rectangle of the scan area is superimposed in red
on the image. On this image, the mouse sides appears bright whereas
the contact area appears shaded. A threshold applied to this image
gives the image presented in (b) with the selected contact area in
green. (Color online only.)

face is extrapolated by an additional surface. The equation of
this surface has been empirically obtained by a matching be-
tween a function and a mouse acquired surface and is de-
scribed in Ref. 9. However, to limit potential estimation dis-
crepancies, we limit this extension with a maximum variation
thickness of 1 mm. Future work will deal with adding a sur-
face laser scanner to the bench to make actual measurements
of the surface and to confidently enlarge the usable region.

Once this step is done, the fluorescence yield can be recon-
structed from emission of fluorescent light using a classical
iterative ART algorithm.'® Convergence of the algorithm is
achieved within 15 iterations and a relaxation factor of 0.1.
The error given by the norm ||measures—reprojections|| has
stopped its decrease. (Further iterations with this relaxation
factor induce nonsignificant norm variations.)

4 Results on Phantom Experiments

A study is conducted to verify linearity of the system with
concentration and fluorophore position in depth. A glass cap-
illary tube of 2.4 mm in diameter is filled with different con-
centrations of Alexa 750 (8.3 pmol to 49.5 pmol in a sample
of 15 wl of Intralipid). To give a comparison, the concentra-
tion used for the animals is 10 nmol, 1% of the injected dose
is targeted per gram of tumor, that is, 100 pmol/g tumor, and
highly diseased lungs weigh around 1 g.

The capillary is positioned successively at four different
depths (0.3, 0.6, 0.9, and 1.2 cm) in a 1.5-cm-thick tank. The
tank is filled with a diffusing medium mixture (Intralipid and
ink). The concentration of the mixture has been chosen to
obtain optical properties similar to the animal ones
(1a=0.2 cm™ and u!=10 cm™"). Figure 3 shows the linear-
ity of the system independently of the position of the capillary
in depth inside the tank. The fluorescence is summed up on all
the reconstructed volumes and is presented in arbitrary units.

To validate the reconstruction provided by our approach in
the presence of an absorber, we designed a heterogeneous
phantom. Its bulk material is composed of a mixture of epoxy
resin, titanium dioxide powder for scattering material, and
black ink as the absorber (u,=0.2 cm™, u!/=10 cm™). It is
roughly a parallelepiped, 35 mm large, 40 mm long, and
15 mm high.

An 8-mm-diameter cylinder, 40 mm long, has been drilled
at 10 mm from the bottom, then refilled with a mixture of
attenuated (black ink) and fluorescent medium (Alexa 750)
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Fig. 3 Curves of the reconstructed fluorescence with respect to the
concentration for four different depths (0.3, 0.6, 0.9, and 1.2 cm) of a
capillary inserted in a 1.5-cm-thick tank. Linearity of the system with
respect to the fluorochrome concentration (8.3 pmol to 49.5 pmol) is
independent of the capillary depth.

and scattering material (Intralipid+water) (u,=2 cm™"). The
estimated concentration of the fluorophore is 0.9 wmol L™,

A fluorescent inclusion (fluorescent glass fragment), of
15 umol L™, can be positioned at the side inside this absorb-
ing cylinder to imitate fluorescence of nodules inside a glo-
bally fluorescent absorbing medium such as diseased lungs
(see Fig. 4).

A first experiment is carried out without inclusion in the
fluorescent cylinder. We compare the reconstruction using a
normalized Born correction'' to the one obtained with our
method. Reconstructed fluorescence volumes are presented in
Fig. 5. The cylinder is well positioned in the volume in both
cases, and it is underestimated (4 mm in diameter instead of
8 mm) in the case of the normalized Born correction [Fig.
5(a)]. The fluorescence map distribution is more accurate (ow-
ing to the size of the cylinder) when using our heterogeneities
correction model [Fig. 5(b)].

A second experiment is done while inserting a fluorescent
inclusion inside the cylinder. Results are presented in Fig. 6.
Again, the size of the fluorescent cylinder is underestimated in
the reconstruction using the Born ratio approach [Fig. 6(a)]
and the fluorescent inclusion is not clearly visible, whereas

Fluorescent glass inclusion

35 mm 8 mm hole filled with a fluorescent

: ><absorbing solution pa= 2 cm-1
P,
""""" 15mm

T1O mm

Fig. 4 Phantom schema (dimensions: 35 mm large, 40 mm long, and
15 mm high). The optical properties of the material are
#,=0.2cm™, w!/=10cm™ for the phantom and p,=2cm™,
wi=10 cm™! for the cylinder. The fluorescent inclusion (15 wmol L")
positioned inside the 8-mm-diameter fluorescent (0.9 umol L™") ab-

sorbent cylinder is shown in red.

M= 0.2 cm’

]

!

i
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v
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Fig. 5 Three-dimensional view of the reconstructed fluorescence in phantom: (a) Using a normalized Born correction approach and (b) using the
heterogeneities correction model. The diameter of the fluorescent cylinder is underestimated when using a normalized Born approach. The real

size and position of the cylinder is indicated in black.

the fluorescent inclusion is visible in the reconstruction using
the heterogeneities correction model [Fig. 6(b)].

The paths of the light joining a source to a detector close to
or inside the absorbent area are curved. With the Born ratio
approach, all the light paths are straight, therefore the model
is inaccurate at the border of the absorbent cylinder; this is
why the fluorescence recovered by the Born ratio approach is
threadlike. Our model, which takes absorption into account,
allows curved light paths and leads to a more accurate recon-
struction of the shape of the fluorescent area.

5 Results on In Vivo Mice Experiments
5.1 Protocol

We conducted a set of in vivo experiments on female Swiss
nude mice in order to follow up the growth of mammary
murine tumors at 10, 12, and 14 days after the primary tumor
cells implantation (10® TSA/pc cells in 100 ul PBS). This
delay of 10 days in the disease development was chosen after
a histological study on several mice of the same model. We

8mm Absorbing Fluorescent
cylinder underestimated.
no visible inclusion

2 e
0 onoﬁsoﬂooﬂ € @ 10 12 14 16 18 20 22 X
FAEAEEENEN NN

@)

did not image all the mice each day (we did not know at this
stage of development how the diseased mice would react to
multiple injections of the fluorophore). So, on a set of seven
mice, only three were imaged the first day in order to keep the
others as a replacement pool.

A delay of 2 days between two successive measurements
was chosen because it is the necessary time for the animal to
totally eliminate the fluorescent probe. All the mice came
from the same animal model and had the same weight prior to
the experiment. The tumor cells are injected by the tail vein
(not in situ); the first organs encountered are the lungs and the
cells stay fixed there.

A similar study has previously been carried out on mice
immersed in an optical index matching liquid.12 Here, the
mouse lies on its dorsal side and is gently maintained between
two glass plates and is no more immersed. To begin with, an
illumination of the animal by the lateral sides gives an image
of the contact area between the mouse and the upper glass
plate. This image is then analyzed to determine which detec-
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Fluorescent cylinder

l

Fluorescent glass
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Fig. 6 Three-dimensional view of the reconstructed fluorescence in phantom: (a) Using a normalized Born correction approach and (b) using the
heterogeneities correction model. The fluorescent inclusion is not visible when using a normalized Born approach. The real size and position of the

cylinder is indicated in black.

Journal of Biomedical Optics

011008-4

January/February 2008 « Vol. 13(1)



Koenig et al.: In vivo mice lung tumor follow-up with fluorescence...

tail

back

Fig. 7 Schema of the orientation and situation of reconstructed vol-
umes with respect to the animal. The lung area is inspected.

tor measurements are used. During reconstruction, only the
detectors in contact with the animal or in the neighboring
extrapolated area are considered; the other measurements
(60%) are discarded. The mouse is injected with a specific
marker  (an  intravenous  injection of 10 nmol
RAFT-(cRGD),-Alexa700) (200 wl). It has been shown that
this probe targets the av /33 integrin, which is over-expressed
in tumors.'"* Use of this probe conjugated to Cy5 fluoro-
phore has already been published.”>'® We have chosen Alexa
700, which is more adapted to our experimental setup. The
chemistry group of LEDSS at UJF (CNRS UMR 5616
France) who developed this probe has established the conju-
gation. The advantage of using this probe instead of
Transferrine-A750 is that it is not fixed in the liver and in that
way does not interfere with the signal coming from the lungs.

Then, 3 h later, the mouse is anesthetized with a warm-up
gas (isoflurane/oxygen 3.5%) system (Minerve, veterinary
anaesthesia and reanimation equipment manufacturer, Ester-
nay, France) and imaged. The lung area is scanned with infra-
red light describing an 11X 11 2-mm spaced grid and the
signal acquisitions at the emission and excitation wavelengths
are done. The mice are positioned to always have the same
area scanned. A FRI image of the mouse is also acquired to
have a fluorescence image of the whole body of the animal,
and to be able to verify the consistencies between FRI and
fDOT and to point out their complementarities.

The results are presented as a 3-D view of the recon-
structed area. The reconstructed area is a volume meshed with
a 2-mm sample rate in the x and y directions and 1 mm in the
z direction (depth) that leads to a size of approximately
8 X 10X 15 voxels and may vary slightly according to the
animal thickness. Each experiment corresponds typically to
121 source positions, 1800 detector elements, and 1200 vox-
els. It takes 10 mn on a 3 GHz Intel Xeon to reconstruct the
fluorescence distribution.

The reconstructed volumes presented below are viewed as
a smooth interpolation perspective. All the reconstructions for
mice are presented in the same color scale to allow level
comparison. They are focused on the lung area of the animal
and positioned as indicated in Fig. 7: head of the animal at
left, tail at right, front up, and back down.
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Fig. 8 Three-dimensional view of the reconstructed fluorescence in
healthy mice lungs. Three healthy mice are imaged twice, with a first
then a second injection of fluorophore. Results shows that there is no
increase of the fluorescence within multiple injections. Mouse H1 has
also been imaged with a capillary tube in the trachea (line 2). A circle
is drawn around the recovered capillary tube for this mouse, and the
fluorescence did increase due to an inflammation of its lungs and
trachea following the capillary tube insertion. All the volumes are
presented in the same color scale to allow level comparison.

H2

5.2 Control Experiments on Healthy Mice

A control experiment was conducted on a healthy mouse that
was not injected with RAFT-(cRGD),-Alexa700. In this
case, the reconstruction area does not present any fluores-
cence.

We also verified on three other healthy mice that the mul-
tiple injections of fluorophores did not induce cumulative
fluorescence reconstruction as summarized in Fig. 8. For the
mouse H1 (Fig. 8, line 1), the observed fluorescence did in-
crease from injection 1 to injection 2, but this was accounted
for by an inflammation of its lungs and trachea following a
capillary tube inserted for another experiment. For the mice
H2 (Fig. 8, line 3) and H3 (Fig. 8, line 4), the reconstructed
area presents only some slight artifacts, comparable from the
first injection to the second.

In a second experiment, mouse H1 has a capillary tube
inserted in its trachea in order to verify that the expected
concentration is detectable. The capillary tube was filled with
a solution of Intralipid and 20 pmol Alexa 700 in 0.4 ul.
Results show that this weak concentration is detectable; see

January/February 2008 « Vol. 13(1)
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Fig. 9 Three-dimensional view of the reconstructed fluorescence in
mouse lungs over days passing for seven diseased mice D1 to D7. The
mice are imaged at day 10, day 12, or day 14 after the tumor implan-
tation. All the volumes are presented in the same color scale to allow
level comparison. The level of fluorescence increases significantly
with the days, i.e., with the tumor stage.

Fig. 8, line 2 where a circle is drawn around the recovered
capillary tube.

5.3 Diseased Mice

Figure 9 presents a summary of the different experiments con-
ducted on diseased mice. Some of them died during the
marker injection and could not be imaged until day 14. We
notice that the level of fluorescence increases significantly
from day 10 to day 14. This is clearly visible for mouse D1
for which we have the three measures, but also for D5 and
D6. At day 14, disease has invaded all the lungs.

For the mice imaged on day 10, the signal is globally of
the same level (D1 and D2). The observed signal for D3 is
greater but this mouse died the day after, confirming a higher
level of cancer development.

The same analysis can be done for mice imaged on day 12.
D2 and D4 have a greater level of detected fluorescence and
they died the day after.

Figure 10 summarizes the detected fluorescence values av-
eraged over all the voxels of the reconstructed volumes (arbi-
trary units). These figures confirm the qualitative analysis
done on the images:

Journal of Biomedical Optics

011008-6

Average fluorescent value

@ Day 10
~ 02
o N m Day 12
< 0.18]
;’ 0.16. 0O Day 14
) O Health 1st
S 0.14
€ 0.12 m Health 2nd
[0}
S 0.1 @ Benchmark
[0}
5 0.08{
3
= 0.064
[0
g 0.04{f]
3 0.021 mw
0 ‘

D1 D2 D3 D4 D5 D6 D7 H1 H2 H3 W

Fig. 10 Average fluorescence values in the reconstructed volumes (ar-
bitrary units). The level of fluorescence is higher for the diseased mice
(D1 to D7) than for the healthy ones (H1 to H3) and than for the
benchmark W. The level of fluorescence increases significantly with
the tumor stage.

* the level of fluorescence is higher for the diseased mice
than for the healthy ones even for day 10 after the tumor
implantation,

* the level of fluorescence increases significantly with the
tumor stage, and

e there is almost no fluorescence in the noninjected
healthy mouse (the benchmark).

The superimposition of the reconstructed volumes of
mouse D1 at day 10, 12, and 14 onto the white light images
(Fig. 11) gives a better view of the scanned area and shows
the progression of the cancer lung invasion.

Figure 12 presents the reconstructed fluorescence in z cross
sections for mouse D1 at day 12 (a) and day 14 (b). The cross
sections are presented from top to bottom for z=0 (animal
back) to z=14 (animal front). The total thickness of this ani-
mal was 1.3 cm when compressed. We can see the evolution
of the tumors between the 2 days particularly in sections z5,
z6, and z11. The two series of cross sections are presented in
the same color map to allow comparison. The growth of some
structures indicated by the arrows can be followed through the
days.

6 Comparison to FRI Measurements

For comparison, Fig. 13 presents the FRI images of mouse D1
at day 10, 12, and 14. The evolution of the disease cannot be
seen clearly on the FRI images themselves so we performed
an analysis of the images on the left and right lung regions of
interest. The chosen ROI is an elliptic area centered over the
lungs, of 0.48 cm? (1070 pixels) for the left lung and
0.53 cm? (1179 pixels) for the right lung, as shown superim-
posed in yellow on the FRI images in Fig. 13 (color online
only). The ROI has been chosen in order to approximately
select the lungs. The average FRI values in these ROI mea-
sured in gray levels are reported in Fig. 14 for all the mice.
We notice that there is an important dispersion in the signal
according to the development stage of the tumor. It is also
shown that the FRI signal of the diseased mice cannot signifi-
cantly be distinguished from the FRI signal of the healthy
ones and that the tumor evolution can be followed up for one

January/February 2008 « Vol. 13(1)
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(a) (b)

()

Fig. 11 Three-dimensional view of the reconstructed fluorescence superimposed on the white light image for mouse D1: at (a) day 10, (b) day 12,
and (c) day 14 after the tumor implantation. The increase of the fluorescence follows the development of the disease, i.e., the days after tumor

implentation.

particular mouse (D1, for example) but not from one mouse to
the other.

7 Dissection

After having been imaged, the mice were sacrificed and dis-
sected at day 14 or after the occurrence of their death. The
lungs and heart were extracted and weighed. In the mass of
cells that grows during the disease, 80% of the weight comes
from the tumors and the remainder from the edema. We can
observe in Fig. 15 that the three mice that died during the
experiment had a higher lung weight: 1.1 g. As the mice had
the same weight prior to the cancer implantation, the weight
difference is really due to a higher cancer development and
explains their early death. The other diseased mice had a lung
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Z5= 04 cm Z6=0.5cm Z7 =0.6 cm Z8=07cm
‘A/ g :
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- . K4 R
Z13=1.2cm Z14=1.3cm D1 day 12
°
[— ]
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-3

(@)

weight of around 0.8 g and the healthy ones a weight of
around 0.3 g. Figure 16 presents FRI lungs images of two
dissected mice. Figure 16(a) is the lungs and heart FRI image
of healthy mouse H3; the lungs are homogeneous and smooth.
Figure 16(b) is the lungs and heart FRI image of diseased
mouse D7. The lung structure appears crumbly, and the lung
volume is higher than for the healthy mouse. The disease is
visible.

8 Conclusion and Discussion

These reconstructions and their consistency with FRI and ob-
servations on dissected animals show the usefulness of our
continuous-wave fDOT system and its dedicated methodology
for studying small animal lung tumor evolution. In particular,

Z1=0cm Z2=0.1cm Z3=0.2cm Z4=0.3cm
-

“ N

Z5= 04 cm Z6=0.5cm Z7 =0.6 cm Z8=0.7cm

X &
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Fig. 12 Result of reconstruction for mouse D1 at (a) day 12 and (b) day 14. z cross sections are presented in the same color map from top to bottom
for z=0 (animal back) to z=14 (animal front). Evolution of the tumors between the 2 days is particularly seen in sections z5, z6, and z11.
Furthermore, some structures can be followed between these 2 days, as indicated by the arrows.
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Fig. 13 FRI image for mouse D1: at (a) day 10, (b) day 12, and (c) day 14 after the tumor implantation (gray level 200-4000). The ellipsis ROI used
for the FRI signal analysis is shown superimposed in yellow. No indication of the tumor growth is given by these images. (Color online only.)

this study validates the use of our reconstruction method in
body regions such as the lungs, which present especially high
optical attenuation and heterogeneities. We showed that the
system allows a distinction between diseased and healthy
mice, and that the reconstructed fluorescence yield figures in-
crease with the tumor development allowing a follow-up of
the tumor growth on the same animal. We proved on healthy
mice that successive marker injections have no incidence on
the fluorescence yield reconstruction.

These experiments show that fluorescence yield recon-
struction gives a good quantitative indication of tumor devel-
opment and is in good agreement with other information (lung
weight, FRI). It allows distinction between healthy and dis-
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Fig. 14 FRI signal over the lungs according to tumor age for diseased
mice D1 to D7, for healthy mice H1 to H3 at the first injection, and
for the benchmark mouse W. The FRI signal of the diseased mice
cannot significantly be distinguished from the FRI signal of the healthy
ones. The tumor evolution can be followed up for one particular
mouse (D1, for example) but not from one mouse to the other.
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eased mice in vivo, whereas the current practice is dissection.
The three main benefits of the 3-D reconstruction proposed
here are, first, a 3-D detection of the tumors in the animal, in
vivo, second, that it allows the follow-up of the tumor devel-
opment on the same animal, and, third, that it allows a com-
parison interanimals (distinction between healthy and dis-
eased ones). Compared to FRI, it allows the detection of
deeper phenomena.

This mice campaign can be used to dimension another
campaign concerning a longitudinal study of cancer growth.
On three mice imaged here the first day, only one survived
until day 14. If we do a simple interpolation, in order to have
a statistical sample of 10 animals imaged three times, we need
to image 30 animals.

Work in progress deals with removing the upper glass plate
to obtain a real noncontact tomography system.'” The bound-
ary of the animal will be measured by a laser scanner to allow
the computation of the projections of the detectors upon it.
Further problems are expected and will have to be processed:
more movement (breathing and heart beats) artifacts and a
significantly larger thickness limiting the light flux. In order to
localize the fluorescent sources in the mouse anatomy, the
matching in 3-D with the X-CT modality has been conducted
with cylindrical geometry. Some results are presented in Ref.
18.

Furthermore, all the 3-D analyses presented here remain
global (an average of the total reconstructed fluorescence) and
do not exploit all the biologically relevant information present
in the reconstructions. Further work to refine the analysis
needs to be carried out in collaboration with biologists to
assess and to improve the relevance of all the 3-D informa-

Lungs weight
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Fig. 15 Weight of the lungs and heart after dissection on day 14 or
when death occurred for all the mice. The diseased mice D1 to D7
have a higher lung weight than the healthy mice H1 to H3 and W
showing the cancer development.

January/February 2008 « Vol. 13(1)



Koenig et al.: In vivo mice lung tumor follow-up with fluorescence...

(a) (b)

Fig. 16 FRI image of the lungs and heart after dissection of diseased
mouse D1 on day 14: (a) the lungs of healthy mouse H3 and (b) the
lungs of diseased mouse D7. Its lung structure appears crumbly, and
the lung volume is higher than that of the healthy mouse.

tion. For example, some deeper interpretation of the recon-
structed volume taking into account the benefits of 3-D infor-
mation (lung segmentation, analysis of the fluorescence z
position) can be done.
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