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Abstract. We perform combined magnetic resonance and biolumi-
nescence imaging of live mice for the purpose of improving the accu-
racy of bioluminescence tomography. The imaging is performed on
three live nude mice in which tritium-powered light sources are sur-
gically implanted. High-resolution magnetic resonance images and
multispectral, multiview bioluminescence images are acquired in the
same session. An anatomical model is constructed by segmenting the
magnetic resonance images for all major tissues. The model is subse-
quently registered with nonlinear transformations to the 3-D light ex-
ittance �exiting intensity� surface map generated from the lumines-
cence images. A Monte Carlo algorithm, along with a set of tissue
optical properties obtained from in vivo measurements, is used to
solve the forward problem. The measured and simulated light exit-
tance images are found to differ by a factor of up to 2. The greatest
cause of this moderate discrepancy is traced to the small errors in
source positioning, and to a lesser extent to the optical properties used
for the tissues. Discarding the anatomy and using a homogeneous
model leads to a marginally worse agreement between the simulated
and measured data. © 2007 Society of Photo-Optical Instrumentation Engineers.
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Introduction

olecular imaging is concerned with detecting, localizing,
nd quantifying specific biomolecular processes in living
ells.1–3 Many uses have been proposed and demonstrated,
uch as tracking of specific cells, cancerous or not,4–7 and
bservation of patterns of gene expression.8–10 Among all the
maging modalities that are used for molecular imaging, opti-
al techniques stand out because of the inherent ease of use,
afety, and low cost. Optical imaging can be accomplished
ither with fluorescence, using fluorescent proteins �green
uorescent protein �GFP� and its variants� or exogenous
robes,11 or with bioluminescence, for which luciferases pro-
uce light.4 In this paper, we focus exclusively on biolumi-
escence imaging.

There has been much effort lately devoted to transforming
ioluminescence imaging from a 2-D, planar imaging tech-
ique into a truly 3-D tomographic imaging modality appli-
able to small animals.12–18 A parallel effort has been carried
ut with fluorescence imaging.7,11,19 The steps needed to real-
ze bioluminescence tomography are, first, to acquire 2-D bi-
luminescence images �possibly multispectral� from different
iews and to generate a map of the light exittance �the inten-
ity of the light exiting the body� on the animal skin; second,
o generate an anatomical model of the animal from indepen-

ddress all correspondence to Mathieu Allard, Hospital for Sick Children,
ouse Imaging Centre, 555 University Avenue, Toronto, Ontario M5G 1X8

anada. Tel: 416-813-2202; Fax: 416-813-2208; E-mail: mallard@sickkids.ca
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dently acquired tomographic images and to register it with the
optical images; third, to solve the forward problem, that is, to
compute the light exittance map given the anatomical model
and a volumetric distribution of the source of biolumines-
cence; fourth, to solve the inverse problem, that is, to find the
source distribution that minimizes the difference between the
computed and measured exittance maps. The first two steps
offer many challenges of their own, and some researchers
have devoted extensive efforts in constructing elaborate ana-
tomical models.20,21 However, most of the research has been
focused on the forward and inverse problems.

The forward problem can be solved using Monte Carlo
simulations,22,23 finite-element methods,24,25 or analytical
methods �approximate or perturbative� based on Green’s
function.12,13,18 All of them have in common that they operate
on an anatomical model consisting of the union of several
regions corresponding to different tissues in the animal. When
building such a model, one must assign an absorption coeffi-
cient and a reduced scattering coefficient to each tissue. These
values should be measured independently of the biolumines-
cence imaging experiment. How accurate bioluminescence to-
mography can be as an imaging modality therefore critically
depends on how the chosen values for the optical properties
are representative of the true properties of the tissues. Obtain-
ing accurate optical tissue properties is quite challenging,
however. First, measurements of absorption and scattering co-
efficients are notoriously difficult to accomplish.26–29 Most
1083-3668/2007/12�3�/034018/11/$25.00 © 2007 SPIE
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ublished values were measured on fixed or frozen tissue
amples and may not be representative of the in vivo proper-
ies of tissues. Second, even properties measured in vivo on
ne animal may not be accurate when applied to another ani-
al of another age, strain, or disease state. Third, the validity

f the implicit assumption that the optical properties are ho-
ogeneous within a given organ or tissue is open to question-

ng, especially in organs with obvious heterogeneity such as
idneys and gut.

Several algorithms that can solve the inverse problems
ave been described in recent published work.15–18,30–32 Gen-
rally, numerical or experimental phantoms are used to test
he accuracy of the algorithms. The phantoms have well-
haracterized optical properties, and the three problems just
escribed do not arise.

In this paper, we present a methodology to acquire and
oregister magnetic resonance imaging �MRI� and biolumi-
escence imaging �BLI� images on live mice. From MRI im-
ges, we constructed an anatomical model and solve the for-
ard problem of bioluminescence tomography. Our main goal

s to investigate how accurately the forward problem can be
olved in a real mouse. Another objective is to evaluate how
uch a detailed anatomical model contributes to the accuracy

f the solution, and whether bioluminescence tomography is
easible without. We believe that the accuracy of the anatomi-
al models and of the tissue optical properties in this paper is
s good as it can be, given the restrictions imposed by work-
ng with live mice. We expect that our findings will be appli-
able to real bioluminescence imaging experiments for pre-
linical studies.

The experiments on which we report here consisted of im-
lanting artificial light sources at known locations in live
ice, and performing combined MRI and BLI. Strictly speak-

ng, this is not bioluminescence, however, we will keep the
LI acronym for clarity. The anatomical model was created
y segmenting the MRI images. The optical properties, ob-
ained from collaborators, were measured in vivo directly on
he organs of a live mouse with a multifiber probe. Simulated
xittance maps, obtained with a Monte Carlo algorithm, were
hen directly compared to the measured data. To ensure that
he findings are applicable to bioluminescence sources located
n various tissues, we performed identical experiments on
hree mice, with the artificial sources implanted at three dif-
erent locations.

We chose to focus exclusively on the forward problem, and
ave not attempted to reconstruct bioluminescence images,
ven though reconstruction of images is the end-goal of bi-
luminescence tomography. Although the progress has been
apid in this field, the algorithms for solving the inverse prob-
ems are known to introduce errors, which could complicate
he interpretation of the results presented here.

This paper is structured as follows. Section 2, describes
ow the magnetic resonance and luminescence measurements
ere carried out. The construction of the anatomical models

nd the simulations of the propagation of light in the mice is
resented in Sec. 3. Section 4 presents the simulated and the
easured light exittance maps, and quantifies the agreement

etween the two. We discuss the implications of our results in

ec. 5, and conclude the article.

ournal of Biomedical Optics 034018-
2 Experiment
CD1-Nude mice �Charles River Labs, Wilmington, Massachu-
setts� were used as animal models since hair interferes with
optical measurements. The experiments were performed on
three female mice, aged from 3 to 9 months and weighing
from 24 to 28 g. All animal protocols were approved by the
Animal Care Committee of the Hospital for Sick Children,
which is subject to the Canadian Council on Animal Care
regulations.

To simulate bioluminescent sources, we surgically im-
planted Trasers from MB-Microtec �Bern, Switzerland� in
three live nude mice. These permanent light sources are cy-
lindrical glass vessels �0.9 mm in diameter, 2.5 mm in
length� internally coated with an orange phosphor and filled
with tritium gas. The total light output from the Trasers was
typically 2.0�108 photons/s, or about 6.6 pW. We mea-
sured the spectrum of the light emitted by the Traser; it is
shown in Fig. 1. In the first nude mouse �henceforth called
mouse 1�, a Traser was glued to the left kidney capsule with
Vetbond from 3M. In the second mouse �mouse 2�, a Traser
was glued to a liver lobe near the gall bladder. In the third
mouse �mouse 3�, a Traser was glued to the outer wall of the
small intestine. The wounds were allowed to heal for at least
1 week before imaging was performed. The implantation of
the Trasers did not appear to have any lasting impact on the
health of the mice.

The MRI was performed with a 7-T Inova scanner from
Varian �Palo Alto, California, USA�. The BLI was performed
with an IVIS-3D prototype system from Xenogen �Alameda,
California, USA�, which is capable of acquiring luminescence
images at multiple wavelengths and from multiple views and
to produce 3-D images of the animal. To enable sequential
MRI and BLI while the mouse remained in the same posture,
we built a MRI-compatible platform that could be used in
both instruments �see Fig. 2�. For MRI, the platform is inte-
grated in a larger setup that comprises an rf coil, delivery and
scavenging systems for the anesthetic gas, a warm-air heating
system, and monitors for respiration, heart rate and tempera-
ture.

To maximize the signal-to-noise ratio �SNR� in the MRI
images, we custom-designed and built a modified birdcage
coil, 5 cm in diameter and 15 cm long. The dimensions were
selected to enable the mouse to be imaged with stretched

Fig. 1 Spectrum of the light emitted by the tritium-powered light
source �Traser� implanted in the mice.
limbs; this is preferable for BLI. Since the platform was

May/June 2007 � Vol. 12�3�2
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ig. 2 �a� Exploded computer drawing of the platform on which the MRI and the BLI were performed. The setup comprises three independent parts:
rst, the top piece of the rf coil; second, the platform itself �which comprises the anesthetic gas inlet�; third, the supporting base, which incorporates

he heating, monitoring systems and the bottom piece of the rf coil. All three parts are used in the MRI scan, while only the platform is used in the
LI scan. �b� Photograph of the platform alone; the mouse is supported by a net made of a fine nylon filament, and held in place by a bite bar and
tail restraint. �c� Photograph of the assembled platform. The pipe on the left brings warm air; the ones on the right deliver the anesthetic gas and
onnects to the scavenging pump. The white rods are used to tune and match the rf coil.
ig. 3 �a� Magnetic resonance image of mouse 3 �sagittal slice�; �b� same slice as �a�, where the different tissues have been colored and the labeled

issues are listed in the text, and �c� 3-D dorsal view of the segmented tissues.

ournal of Biomedical Optics May/June 2007 � Vol. 12�3�034018-3
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.5 cm wide, the coil was split into two asymmetric parts
above and below the platform� that were inductively coupled.
he capacitors in the coil end-rings were individually selected

o balance the current in the rungs. Standard MRI tests
howed that the coil had a quality factor Q of 60 when loaded.

The MRI images were acquired with a 3-D fast spin-echo
equence. The scan parameters were echo time �TE�
7.1 ms �effective�, repetition time �TR��300 ms, isotropic

esolution of 0.208 mm, field of view of 25�37
100 mm3, six echos, and four averages. The field of view

overed the entire mouse. Prospective gating was used for
oth the respiration and the heart rate to ensure that the ac-
uisition was all done during the quiescent part of the breath-
ng cycle and at the same point of the cardiac cycle. The TR
as selected to be two heartbeats. The total imaging time was

pproximately 120 min. No contrast agent was used. The
ouse was maintained under anesthesia with isoflurane dur-

ng the scan. The image contrast was characteristic of the first
cho and the average SNR was 23.

The BLI images were acquired immediately after the MRI
as complete. During the transfer between the two instru-
ents, the mouse remained under anesthesia and in the same

osture. Luminescence images were acquired in eight views
45 deg apart�, at three different wavelengths �580, 620, and
40 nm�, and for 3 min each. The IVIS-3D system uses a
tructured illumination system to reconstruct the 3-D surface
f the mouse.15 The luminescence images are then projected
n this surface to create an intensity map on the skin of the
ouse. The IVIS-3D can compute an approximate volume

econstruction of the distribution of the luminescence
ource.15 This algorithm does not take into account the
natomy of the mouse, however, and was not used in this
tudy.

Model
efore the propagation of light from the source to the skin
ould be simulated with the Monte Carlo algorithm, the fol-
owing steps had to be taken: registration of BLI and MRI
mages to each other, segmentation of MRI images, and gen-
ration of surfaces defining the interfaces between tissues.
hese steps were performed independently on all three mice.

The MRI and BLI images were first aligned manually us-
ng the 3-D visualization software AMIRA from Mercury
omputer Systems �San Diego, California, USA�. The MRI

mage was rotated �along three axes� and translated �along
hree axes� until the skin in both images coincided. No scaling
as applied since both instruments are absolutely calibrated

n millimeters. The BLI and MRI images were both cropped
n the rostral-caudal direction to the abdominal region, where
uminescence was detected. Because the MRI and BLI images
ere acquired with the mouse in the same posture, the loca-

ion of the body surface generally coincided in the two im-
ges. To remove any residual differences, the two images
ere registered automatically with a nonlinear transformation.
his was accomplished with the MINCTRACC program, dis-

ributed by the Montreal Neurological Institute of the McGill
niversity.33,34 The algorithm searched for the transformation

hat maximized the cross-correlation between the binary

nterior-exterior images generated from the MRI and BLI im-

ournal of Biomedical Optics 034018-
ages. We selected for the algorithm a blurring kernel of 1 mm
and a stiffness parameter of 0.99.

The registered MRI image was then manually segmented
for all major tissues with AMIRA. The following tissues were
identified in the mouse abdomen: heart, lungs, liver, stomach,
small intestines, colon, kidneys, spleen, bladder, uterus,
muscle, fat, bones, and spine. As it is difficult to differentiate
the intestines from the pancreas and other conjunctive tissues
in the MRI image, all of these were considered part of the
same tissue. The few remaining unlabeled voxels �mostly in
the skin, conjunctive tissue, and small muscles� were consid-
ered to be part of a single tissue group. Following the seg-
mentation, the volume data was transformed into a series of
surfaces that defined the interfaces between the tissues, again
with AMIRA. The surfaces consisted of closed meshes of tri-
angles. The surfaces were then automatically simplified to re-
duce the total number of triangles to approximately 25,000 for
all interfaces combined.

The optical properties for each segmented tissue
�absorption coefficient �a and reduced scattering coefficient
�s�= �1−g��s� were provided by �and are proprietary to� Xe-
nogen. For all tissues considered here, �a ranged from
4.4 to 41 cm−1 at 580 nm and from 0.35 to 3.2 cm−1 at
640 nm. Values of �s� ranged from 4.5 to 45 cm−1, with little
dependence on wavelength. The refractive index was taken to
be 1.4 for all tissues.28 The optical properties were measured
in vivo with optical fiber probes.29,35

The position of the Trasers was determined directly from
the MRI images, where they appear as dark cylinders. The
optical power �at each wavelength� of the bare Trasers was
measured with the IVIS-3D systems prior to their implanta-
tion in the mice.

The optical simulations were carried out with the POLMC
software,36 which employs a standard Monte Carlo algorithm
to generate paths of photons from the source to the skin of the
mouse. In each simulation, 107 photons paths were generated,
which was large enough to effectively eliminate statistical
noise. The algorithm was implemented with isotropic scatter-
ing, that is, with g=0 and �s=�s�. For each mouse, the simu-
lation was carried once for each wavelength �580, 620, and
640 nm�. The simulation was then run twice again at 620 nm
using a homogeneous medium for the entire body; we used,
first, the optical properties of muscle �the largest tissue
group�, and second, the properties of the tissue surrounding
the Traser �liver or intestines�. Each simulation took of the
order of 8 h to run on a personal computer.

4 Results
Magnetic resonance images were acquired under the same
conditions on all three mice. A sagittal slice from the MRI
image of mouse 3 is shown in Fig. 3, along with an image
showing the labels in the same slice. In the same figure we
also show a 3-D view of the tissue interfaces, which by them-
selves alone constitute the anatomical model. Apart from
small postural differences, there are no striking differences
between the images of the three mice.

The BLI images are shown in Fig. 4. The planar ventral
view of mouse 3 clearly shows the illumination spot due to
the Traser glued to the outer intestinal wall. The 3-D views

provide a better overall picture, however. The spots due to the

May/June 2007 � Vol. 12�3�4
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ig. 4 �a� Ventral view of mouse 3. This is a color-coded luminescence image �taken at 620 nm� superimposed on a black and white photograph.
b� Dorsal view of mouse 3. Images in �a� and �b� are shown on the same color scale. �c� 3-D dorsal view of mouse 1; the luminescence is denoted
y a logarithmic color scale, normalized to the peak exittance and covering two orders of magnitude in brightness. �d� Same, with mouse 2 �ventral
iew�. �e� Same, with mouse 3 �ventral view�.
ournal of Biomedical Optics May/June 2007 � Vol. 12�3�034018-5
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raser glued to the left kidney �for mouse 1� and the one
mplanted in the liver �for mouse 2� are clearly visible. Within
he imaging conditions selected, no luminescence other than
hat of the Traser could be detected; in other words, there is
o detectable autoluminescence. Instrument noise is the only
ource of background signal, and was eliminated by applying
suitable threshold to the data �2700 photons s−1 cm−2 sr−1,

r 0.14% of the peak luminescence, in Figs. 4�a� and 4�b��
efore reconstructing the surface luminescence images.

As explained in Sec. 3, the MRI images �along with the
issue labels� were registered in two steps to the surfaces cre-
ted from the luminescence imaging software. Figure 5 shows
he accuracy of the registration, after the first �manual and
inear� step and after the second �automatic and nonlinear�
tep. Over the midbody sagittal slice, the contours of the MRI
nd BLI images were at most 2.8 mm from each other after
he first step. The largest distance was found where the mouse
as resting on the raised respiration monitoring pad during

he MRI; this pad was absent during the BLI. The second
egistration step successfully brought into coincidence the po-
ition of the skin in the two images: the contours were then at
ost 0.4 mm �2 voxels� of each other everywhere.
Monte Carlo simulations of the propagation of light were

arried out on the registered anatomical models for all three
ice. The computed light exittance patterns were then com-

ared to the measured exittance patterns shown in Fig. 4. For
ouse 3, the simulated and measured images are shown side

y side �on the same intensity scale� in Fig. 6. The position of
he illumination spot is the same in both images, and its spa-
ial extent is slightly larger in the measured image. The peak
ntensity is also about 2.5 times greater in the measured im-
ge, although this is not obvious because of the logarithmic
cale. Although the intensity scale was chosen to fit the range
f exittance in the images, we emphasize that this is an abso-
ute measurement. Integrating the exittance over the whole
ody surface shows that 5.3% of the light emitted by the
raser �2.1% in the simulation� escapes the mouse’s body at
20 nm.

To provide a better and more quantitative measure of how
lose the measured and simulated data are, we compared rel-

ig. 5 Left: binary MRI �top� and BLI �middle� images �sagittal slice� of
ouse 3, with the interior shown in white and the exterior in black,

fter they were linearly coregistered. The image at the bottom is a
uperposition of the other two, with gray areas denoting where they
o not coincide. Right: Same slice, after the nonlinear automatic reg-
stration step. The gray areas have almost disappeared.
vant statistics on the two data sets. The peak exittance, the

ournal of Biomedical Optics 034018-
fraction of the total emitted optical power exiting the mouse,
and the area of the illumination spot �taken to be the region
where the exittance exceeds half of its peak value� were com-
puted for all three mice and are shown in Table 1. The dis-
tance between the exittance peak positions in the measured
and simulated exittance images was also computed. These
numbers were computed independently at all three wave-
lengths. These numerical measures enable an easier compari-
son of the simulated and measured data sets than the graphical
images. Accordingly, to save space, we chose not to show the
simulated images on mice 1 and 2, or those obtained at 580
and 640 nm.

To directly compare the measured and simulated data sets,
the measured and simulated exittance patterns must first be
mapped onto a common surface mesh. Although the meshes
in the anatomical model and in the measured BLI image are
defined on approximately the same surface, the locations of
the vertices in the two meshes are independent. This was done
with a linear 2-D interpolation scheme, where the position of
the vertices above or below the surface was ignored. The
mapping enabled us to compute a normalized root mean
square �NRMS� difference between the two data sets, accord-
ing to the following formula:

NRMS difference

=� �i
��Ii

meas − Ii
sim�ai�2

��i
�Ii

measai�2�1/2��i
�Ii

simai�2�1/2�1/2

,

�1�

where the sum is made over all triangles; and Ii
meas and Ii

sim

are the measured and simulated intensity mapped to the same
triangle i, of which ai is the area.

The absorption of tissue is known to increase significantly
below 600 nm, where hemoglobin absorbs strongly.28 Ac-
cordingly, we find that the fraction of the emitted light that
exits the body at 580 nm is at least one order of magnitude
smaller than at 620 nm, both in the simulated and in the mea-
sured data. Another direct consequence of the increased ab-
sorption is the smaller illumination spots. There is, on the
other hand, a much smaller difference between the 620- and
640-nm data sets.

A direct comparison of measured and simulated exittance
shows different degrees of correspondence for the three Traser
locations. The agreement is generally excellent for mouse 1
�Traser on kidney�, for which the differences in peak and total
exittance are less than 10%. The distance between the mea-
sured and simulated location of the peak exittance is small:
1.6 mm is about the length of the mesh triangles. This small
difference is, however, large enough to cause a significant
NRMS difference of 32%. This shows how sensitive the latter
is to small differences in data sets. The agreement between
simulation and measurement is not as good for mouse 2
�Traser in liver�, for which the peak and total exittance differ
by factors of about 4 and 2, respectively. Accordingly, the
NRMS difference takes a very large value, over 100%. For
mouse 3 �Traser in intestines�, the peak and total exittance
both differ by a factor of about 2.5. The origin and signifi-

cance of these discrepancies are discussed in the next section.

May/June 2007 � Vol. 12�3�6
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ig. 6 �a� Measured light exittance on mouse 3. �b-d� Simulated light exittance on mouse 3 �b� using heterogeneous optical properties, �c� using
omogeneous optical properties equal to those of intestines, and �d� using homogeneous optical properties equal to those of muscles. The four
mages are shown on the same logarithmic color scale, normalized to the peak of image �a� and spanning two orders of magnitude.
ournal of Biomedical Optics May/June 2007 � Vol. 12�3�034018-7
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able 1 Comparison of measurements and simulations.

ata set

Exittance

Spot Area �mm2� Peak Distance �mm� NRMS Difference �%�Peak �mm−2� Total �—�

ouse 1: Traser on kidney

580 nm

Measured 3.9�10−5 3.3�10−4 7 — —

Simulated

Heterogeneous 8.0�10−6 9.5�10−5 10 2.5 200

620 nm

Measured 4.0�10−4 1.9�10−2 22 — —

Simulated

Heterogeneous 4.5�10−4 1.8�10−2 25 1.6 32

Homogeneous: intestinesa 4.6�10−4 1.9�10−2 26 0.5 29

Homogeneous: musclea 9.0�10−4 4.8�10−2 30 0.5 98

640 nm

Measured 5.3�10−4 3.0�10−2 28 — —

Simulated

Heterogeneous 7.0�10−4 3.4�10−2 28 0.5 42

ouse 2: Traser in liver

580 nm

Measured —b —b —b — —

Simulated

Heterogeneous 1.4�10−8 1.9�10−8 4 — —

620 nm

Measured 9.7�10−5 3.8�10−3 17 — —

Simulated

Heterogeneous 2.2�10−5 2.2�10−3 28 0.9 150

Homogeneous: livera 1.4�10−5 1.2�10−3 22 0.6 230

Homogeneous: musclea 1.0�10−4 1.6�10−2 39 0.9 55

640 nm

Measured 1.6�10−4 7.2�10−3 21 — —

Simulated

Heterogeneous 5.3�10−3 3.6�10−3 36 0.6 100

ouse 3: Traser in intestines
580 nm

ournal of Biomedical Optics May/June 2007 � Vol. 12�3�034018-8
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Figure 6 and Table 1 also show the simulated exittance
ata when the mouse body was assumed to be a single homo-
eneous medium. The results show that the measured exit-
ance was, in all cases, in marginally worse agreement with
he simulated exittance in the homogeneous case than in the
eterogeneous case, when the properties of the homogeneous
edium were taken to be those of the tissue in which the
raser was located. The difference between the heterogeneous
nd the homogeneous simulation was moderate, and in all
ases smaller than the difference between the measured and
he simulated data. Using muscle properties for the homoge-
eous medium, however, resulted in large changes in the
imulated exittance and made the agreement with the mea-
urement much worse.

In the Monte Carlo simulations, we used the reduced scat-

Table 1

ata set

Exittance

Peak �mm−2� Total �—�

Measured 1.0�10−4 2.4�10−3

Simulated

Heterogeneous 8.1�10−6 1.8�10−4

620 nm

Measured 1.1�10−3 5.3�10−2

Simulated

Heterogeneous

Center of Traser 3.8�10−4 2.1�10−2

Ventral end of Traserd 1.3�10−3 4.3�10−2

Dorsal end of Traserd 1.6�10−4 1.1�10−2

Extended sourcee 6.1�10−4 2.5�10−2

Center, �a reducedc 6.3�10−4 3.6�10−2

Homogeneous: intestinesa 2.9�10−4 1.1�10−2

Homogeneous: musclea 6.1�10−4 3.1�10−2

640 nm

Measured 1.3�10−3 7.3�10−2

Simulated

Heterogeneous 6.1�10−4 3.5�10−2

eak exittance: peak intensity on skin, normalized to source power. Total exittanc
xittance exceeds half of peak value. Peak distance: distance between peak lo
quare difference between measured simulated and measured images.
The optical properties of the given tissue were used in the homogeneous mode
The exittance was too small to enable an accurate measurement.
The absorption coefficient was reduced by 33% for every tissue.
The source was moved in the ventral or dorsal directions by 1.2 mm �half the
Obtained by averaging the luminescence maps for the three source positions.
ering coefficient and assumed isotropic scattering. It is, how-

ournal of Biomedical Optics 034018-
ever, straightforward to implement anisotropic scattering in a
Monte Carlo simulation. Although the anisotropy parameter g
is not known for every tissue in the model, it is known that its
value is quite high and that animal tissues are generally for-
ward scattering.27,28 To estimate how much of an error is
made by assuming isotropic scattering, we have repeated the
simulation on mouse 3 �at 620 nm� with g=0.9 for all tissues;
accordingly, �s was multiplied by 10 to keep �s�=�s�1−g�
unchanged. We found that the exittance patterns appeared to
be essentially the same in the two cases, except that the exit-
tance computed with g=0.9 was systematically 10% lower.
This number is approximately equal to the amount of energy
lost by a photon at every scattering step, and is considered to
be small and acceptable in this simulation. This confirms that,

ued.�

Area �mm2� Peak Distance �mm� NRMS Difference �%�

18 — —

21 1.0 340

25 — —

36 1.0 95

25 1.0 29

43 1.6 200

28 1.0 71

39 1.0 52

29 1.0 150

33 1.0 63

27 — —

39 1.0 75

rated intensity on skin, normalized to source power. Spot area: area over which
in measured and simulated images. NRMS difference: normalized root mean

f the Traser�.
�Contin

Spot

e: integ
cations

l.

length o
at the scale relevant to bioluminescence tomography, the an-
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sotropy of the light scattering is inconsequential.35

Discussion
n the previous section, the discrepancy between the simu-
ated and the measured bioluminescence images was quanti-
ed in terms of the differences in the peak exittance, total
xittance, spot size and peak position, as well as with the
RMS difference. Generally, these numerical measures pro-
ide a good quantitative measure of the “difference” between
he simulated and measured data, more so than a visual com-
arison between the 3-D exittance images. It is obvious, how-
ver, that global statistical measures of this difference, such as
he NRMS difference, are of limited use, because their mag-
itude is determined mostly by small errors in the placement
f the source. The cross-correlation of the measured and com-
uted exittances is of no use here, because all the mesh tri-
ngles with zero exittance contribute to generate a very high
umber for it.

Ultimately, it is the discrepancy between the reconstructed
LI image and the true source distribution that will matter.
his discrepancy will strongly depend on the details of the

nverse algorithm: how many wavelengths are used simulta-
eously, what prior knowledge and assumptions are incorpo-
ated in the algorithm, what regularization function is used,
tc. As the inverse problem in bioluminescence tomography is
nown to be underdetermined,37 each of these factors can
ave a significant impact on the reconstructed image.

Going back to peak and total exittance and spot areas, we
ound significant differences between the simulated and mea-
ured data; a factor of 4 in the worst case. From our analysis,
t seems reasonable to expect, in solving the forward problem
n a general case, an error in the exittance of a factor of 2 or
o. This discrepancy is expected to carry over to the recon-
tructed BLI images. Its impact would depend on the nature
f the study in which the BLI images are used. For example,
hen tracking the exponential growth of a tumor, an error by
factor of 2 may not be important.
Still, the reasons for this discrepancy must be investigated

urther. The source of the error could be in any one or more of
he following: the spatial map of the tissue optical properties,
he position of the Traser, or the Monte Carlo algorithm itself.
ince the general Monte Carlo algorithm �and the POLMC
ode itself, in particular� has been extensively tested, it is not
likely candidate. We chose instead to investigate, through
ore simulations, how a small change in the absorption coef-
cient of every tissue, or changes in the Traser position, affect

he exittance patterns.
First, we repeated the simulation with the model for mouse

, with which the largest overall discrepancy was obtained,
ut this time we decreased the absorption coefficient �a by
3% for all tissues. Note that the magnitude of this change is
uch smaller than the variation in �a between tissues, which

s as large as a factor of 10. The results are presented in Table
. The lower absorption brought the peak and total exittance
ore in line with the measured value, but the spot size in the

imulation increased further away from the measured value,
s is to be expected.

Second, we placed the source at either extremity of the
raser, which were found to be �in the MRI image� 1.2 mm

way from the original source in the ventral and dorsal direc-

ournal of Biomedical Optics 034018-1
tions. Moving the source ventrally improved substantially the
agreement between the measurement and the simulation,
whereas moving it dorsally worsened it. Finally, we averaged
the luminescence maps obtained with the source at the three
positions, which is close to equivalent to the simulation of an
extended source. This is the most realistic case, and it also
improves the agreement. Overall, this demonstrates how sen-
sitive the simulation is to small errors in source positioning,
more so than to small errors in optical properties. Accord-
ingly, how extended sources are handled in the calculation,
even at the submillimeter scale, is expected to play a major
role in its accuracy.

One of our initial objectives was to determine what error is
incurred by ignoring the anatomy of the mouse, that is, by
replacing the tissue map by a homogeneous medium in the
simulation. It is obvious that using a single set of optical
properties for sources located in different organs or tissues �as
we did with muscle properties� causes large errors, by an or-
der of magnitude or more. When the properties of the tissue in
which the source is located are used, the agreement with the
measured data is still worse than when the heterogeneous
model is used. However, the additional error incurred is com-
parable to the original difference between the measured data
and the data simulated with the heterogeneous model. We
repeated the homogeneous simulation once more with the
model of mouse 3 using three source positions and averaging,
as we did with the heterogeneous model. The conclusion was
the same: the agreement with the measured data improved
substantially, but the data obtained from the heterogeneous
model was still better.

Overall, the heterogeneous model is always superior to the
homogeneous model, but only marginally so. In some cases, it
may still be possible, though not as accurate, to carry out the
bioluminescence image reconstruction with a homogeneous
model, for example, when the source is confined to a region
where the optical properties do not vary greatly between the
tissues present, or when the tissue containing the source ex-
tends all the way to the skin.

6 Conclusions
We investigated how an anatomical model may be constructed
from magnetic resonance images and incorporated in solving
the forward problem �the propagation of light in tissue� in a
live mouse. Our analysis was performed on three live mice in
which tritium-powered artificial sources were surgically im-
planted. The model was successfully registered, with nonlin-
ear transformations, to the 3-D exittance image. A direct and
absolute comparison of the simulated and measured exittance
images show differences ranging from a few percents to a
factor of two or so. The main cause of the discrepancy was
traced back to small errors in source placement and in the way
by which extended sources were handled. A lesser part of the
disagreement is likely due to inevitable errors in the optical
properties �particularly in the absorption coefficient�.

Our analysis reveals that a detailed anatomical model of
the mouse marginally improves the accuracy of the simulated
bioluminescence images and, by extension, should do so also
for the reconstructed images. The improvement in the simu-
lated images is not large enough to lead us to believe that

bioluminescence tomography is impossible without this ana-

May/June 2007 � Vol. 12�3�0



t
t
a
e
s
h
o
p
i

A
W
k
i
C

R

1

1

1

1

1

1

1

Allard et al.: Combined magnetic resonance…

J

omical model: it may be sufficient to know in which tissue
he source is generally located. Having the anatomical model
nd a realistic list of optical properties is also not sufficient to
liminate the discrepancy between the simulated and mea-
ured exittance patterns. The way that extended sources are
andled and the accuracy of the a priori knowledge of the
ptical properties of tissues in the mouse that is imaged will
ut an ultimate limit on the accuracy of forward-simulated
mages.
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