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Abstract. A new method is described for obtaining a 3-D reconstruc-
tion of a bioluminescent light source distribution inside a living ani-
mal subject, from multispectral images of the surface light emission
acquired on charge-coupled device �CCD� camera. The method uses
the 3-D surface topography of the animal, which is obtained from a
structured light illumination technique. The forward model of photon
transport is based on the diffusion approximation in homogeneous
tissue with a local planar boundary approximation for each mesh el-
ement, allowing rapid calculation of the forward Green’s function ker-
nel. Absorption and scattering properties of tissue are measured a
priori as input to the algorithm. By using multispectral images, 3-D
reconstructions of luminescent sources can be derived from images
acquired from only a single view. As a demonstration, the reconstruc-
tion technique is applied to determine the location and brightness of a
source embedded in a homogeneous phantom subject in the shape of
a mouse. The technique is then evaluated with real mouse models in
which calibrated sources are implanted at known locations within
living tissue. Finally, reconstructions are demonstrated in a PC3M-luc
�prostate tumor line� metastatic tumor model in nude mice. © 2007
Society of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2717898�

Keywords: luminescence; light propagation in tissues; tomography; diffusion; sur-
face measurements.
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Introduction
ioluminescent imaging is a noninvasive technique for per-

orming in vivo diagnostic studies on animal subjects in the
reas of medical research, pathology, and drug discovery and
evelopment. Bioluminescence is typically produced by cells
hat have been transfected with a luminescent reporter such as
uciferase, and can be used as a marker to differentiate a spe-
ific tissue type �e.g., a tumor�, monitor physiological func-
ion, or follow the progression of a disease. A wide range of
pplications has been demonstrated, including areas of
ncology,1,2 infectious disease,3 inflammation, and metabolic
isease.4,5

Photons emitted by bioluminescent cells are strongly scat-
ered in the tissue of the subject such that propagation is dif-
usive in nature.6 As photons diffuse through tissue, many are
bsorbed, but a fraction reach the surface of the subject and
an be detected. In general, absorption in mammalian tissues
s high in the blue-green part of the spectrum ��565 nm� and
ower in the red and near-infrared �NIR� part of the spectrum
600 to 900 nm�.6 Firefly luciferase has a rather broad emis-
ion spectrum ranging from 500 to 700 nm, of which part of
he emission spectrum is in the low-absorption region.7,8

Since the mean free path for scattering in tissue is short, on
he order of �0.5 mm, photons from deep sources are scat-

ddress all correspondence to Chaincy Kuo, Xenogen Corporation, 2061 Chal-
enger Drive, Alameda, CA 94501. Tel.: 510-291-6193; Fax: 510-291-6232;

-mail: chaincy.kuo@caliperls.com
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tered many times before reaching the surface. Bioluminescent
imaging systems effectively record the spatial distribution of
these scattered photons emitted from the surface of the sub-
ject. However, the most important quantitative information is
not directly related to the surface emission, but rather pertains
to the bioluminescent source inside the subject. Important pa-
rameters are the source brightness �related to the number of
light-emitting cells�, position, and geometry. Most of the in
vivo bioluminescent imaging work published to date involves
use of single-view 2-D imaging systems,1–5,7 for which image
analysis involves quantifying a light-emitting region of inter-
est �ROI� on the subject surface. While this analysis method-
ology is simple and provides a good relative measure of the
internal light source brightness, it does not take into account
the source depth and resulting attenuation through tissue nec-
essary to obtain an absolute source brightness measurement.
Hence, there is interest in developing imaging systems and
algorithms that would provide the 3-D tomographic recon-
struction of the distribution of photon emission inside the ani-
mal from images of radiance measured on the animal surface.

Other groups have reported on tomographic techniques for
bioluminescent source location and power, considering tissue
optical properties at a single wavelength. Wang, Li, and Jiang
discuss issues of uniqueness of the tomographic problem.9 Gu
et al. present an image reconstruction technique for biolumi-
nescent sources using a finite-element approach to compute
1083-3668/2007/12�2�/024007/12/$25.00 © 2007 SPIE
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he forward model in a cubic homogeneous phantom.10 Cong
t al. demonstrate the performance of a finite-element-based
ioluminescence tomography algorithm in a cylindrical het-
rogeneous tissue phantom, which requires a priori informa-
ion on a feasible source distribution.11 This group expanded
heir research to simplify and linearize the forward problem
y reducing the finite element mesh resolution to large-scale
rgan structures,12 and applying the Born theory.13 Tomogra-
hic algorithms for small animal fluorescence imaging in a
lab geometry have been developed by Ntziachristos et al.14–16

The diffusive nature of light in tissue does pose a challenge
or determining unique solutions of the tomographic problem.

ith bioluminescent imaging, uniqueness can be improved by
aking images of the subject from multiple views,17,18 but this
an add to the complexity of instrumentation and the length of
maging time. We propose a simpler and faster method that
ses spectral information in the image data to constrain the
omographic solution. Bioluminescent images acquired
hrough a number of bandpass filters were analyzed by Co-
uoz et al. for single source depth and flux, in which the tissue
urface is assumed to be planar.19 Examining phantom sub-
ects with cylindrically shaped boundaries, Dehghani et al.
resent reconstructions of bioluminescent sources from mul-
ispectral data.20 Chaudhari et al. discuss their efforts to ex-
ract 3-D source distribution from multispectral biolumines-
ent images of mice by incorporating computed tomography
CT� data to determine the tissue surface topography with
nite-element analysis to predict the photon transport in

issue.21

In this study, a fast ��1 min� tomographic analysis of
ingle-view multispectral images of bioluminescence is pre-
ented. The diffuse luminescence tomographic algorithm
DLIT™� provides estimates on the 3-D location and the pho-
on flux of the sources in the tissue. We show that the kernel

atrix can be computed efficiently for complex-shaped ob-
ects such as small animals, and is initiated naïve to a source
istribution. Unique to our work, the surface topography is
easured for each animal subject and is used in the calcula-

ion of the kernel matrix.
The intent of this work is to outline the experimental and

omputational procedures of the diffuse tomography recon-
truction technique. Section 2 describes the theory and ap-
roximations used in our forward model of photon propaga-
ion, including the additional information offered by

ultispectral images of bioluminescence from animal sub-
ects. The experimental setup for collecting bioluminescent
mages, as well as the characterization of the surface topog-
aphy for boundary treatment, is presented in Sec. 3. The to-
ographic reconstruction technique is validated by analyzing

mages from a homogeneous phantom mouse in Sec. 4. Re-
ults are also presented for luminescent beads implanted in
iving mice and a metastatic mouse model with luciferase-
abeled prostate tumor cells.

Theory
.1 Photon Diffusion in Tissue
ight transport in turbid media such as tissue is dominated by
cattering and is essentially diffusive in nature.22 The condi-
ion for diffusive transport is that the isotropic scattering co-

fficient �s� be much greater than the absorption coefficient

ournal of Biomedical Optics 024007-
�a, so that the change in the photon density is very small
between scattering events. In this case, the photon density
��x� in a homogeneous medium is governed by the steady-
state diffusion equation:

D�2��x� − �ac��x� = − U�x� , �1�

where U is the photon rate density �photons/s /cm3� and D is
the diffusion coefficient,

D =
c

3��a + �s��
.

The source flux s�x� in a volume element �V is given by

s�x� = �VU�x� .

The Green’s function is the solution to Eq. �1�, subject to the
boundary condition imposed by the surface of the object. In
general, numerical techniques such as Monte Carlo or finite-
element modeling �FEM� are required to find a rigorous solu-
tion to Eq. �1� with a complex 3-D boundary. However, for
the case of a homogeneous object, a tangential planar �TP�
approximation can be made to reduce computational cost. In
this approximation, shown schematically in Fig. 1, the surface
of the object is treated locally as an infinite plane boundary
oriented tangentially to the surface at xi. The orientation of the
plane changes for each surface element. This approximation is
generally valid when the radius of curvature of the surface is
greater than the effective absorption length,

1/�eff = 1/�3�a��a + �s���
1/2,

a condition that is easily satisfied in most practical cases. A
similar technique has been proposed by Ripoll et al.23

The Green’s function is the following form for a point
source in the semi-infinite slab using the partial-current

24–27

Fig. 1 A schematic diagram illustrating the TP approximation where a
plane boundary is drawn tangent to the surface at xi. The photon
density is the solution for a point source at xj in a semi-infinite slab
defined by the plane boundary, subject to the partial current boundary
condition. Note that the orientation of the plane boundary is different
for each surface element.
boundary condition �see Eq. 2.4.2 in Ref. 27�:

March/April 2007 � Vol. 12�2�2
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Gij =
1

2�D� exp�− �effrij�
rij

−
1

zb
�

0

�

dl

�exp�− l/zb�
exp�− �eff��dj + l�2 + pij

2 �1/2	
��dj + l�2 + pij

2 �1/2 
 . �2�

ere, rij = �dj
2+ pij

2 �1/2, where dj is the perpendicular distance
rom the source sj to the tangent plane, and pij is the distance
long the plane from the surface element at xi to the perpen-
icular bisector of length dj, and

zb =
2D

c

1 + Reff

1 − Reff
.

he parameter Reff is the average internal reflection
oefficient,27 depends only on the index of refraction of the
issue underneath a surface element, and is typically in the
ange of 0.3 to 0.5. A simple analytic approximation �without
ntegral� for Eq. �2� has been developed, in which the extrapo-
ated boundary condition27 and Eq. �2� with pij =0 are com-
ined by giving the former more weight for large rij / pij, and
iving the latter more weight for small rij / pij. This simplified
xpression has excellent agreement ��1% error in photon
ensity predictions� with Eq. �2� for typical source depths and
ptical parameters, and can be calculated very quickly com-
ared to evaluating the infinite integral.

.2 Converting Light Emission to a Photon Density
Map

hotons emitted from the tissue surface are detected by a
harge-coupled device �CCD�-based imaging system, as
hown in Fig. 2. The surface radiance L
photons/s /cm2/steradian� is directly related to the photon
ensity � �photons/cm3� just inside the surface element. The
xact form of the relationship depends on the model used to
escribe the transport of photons across the surface boundary,
rom tissue to air. Derived from the partial-current boundary
ondition �see Eq. 2.4.6 in Ref. 27�, the relationship between

ig. 2 The object is divided into a solid mesh of voxels, one of which
s shown here. Each voxel contains a point light source sj that contrib-
tes to the photon density �i at the surface. The light emission from a
urface element passes through the entrance pupil and is recorded in
he image. The angle of emission with respect to the surface normal is
e. The entrance pupil subtends a small solid angle dΩ.
and � is

ournal of Biomedical Optics 024007-
L��e� =
c

4�n2T����1 +
3

2

1 − Reff

1 + Reff
cos ��� , �3�

where c is the speed of light, n is the index of refraction of the
object medium, T is the transmission coefficient for light ex-
iting the object through the surface element, and � is the in-
ternal emission angle, which is related to the external emis-
sion angle �e through Snell’s law. The imaging system is
absolutely calibrated such that electron counts on each CCD
pixel can be mapped back onto the surface of the object,
producing an absolute value of the surface radiance L from
each imaged surface element, as illustrated schematically in
Fig. 2. The imaging system collects the light emitted from the
surface element at an angle �e �measured with respect to the
normal to the surface element� into the solid angle d	 sub-
tended by the entrance pupil. We can apply Eq. �3� to convert
the surface radiance measured at each surface element to val-
ues of the photon density directly beneath the surface.

2.3 Discretizing the Diffusive Transport Problem
Parameterization of the source intensity solution space is in
the form of cubic voxels with a point light source at the cen-
ter. We assign sj the value of the strength �or flux in photons/
sec� of the point source inside the j’th voxel. A 3-D grid of
evenly spaced points defines the basis for source intensities
estimated to approximate the actual source distribution. The
reconstruction method takes advantage of the linear relation-
ship between the source strength sj in each voxel and the
photon density �i measured at surface elements described by
the Green’s function Gij �Eq. �2��. For m observations of pho-
ton density comprising column vector �, and n source points
comprising column vector s, G represents the data kernel ma-
trix of dimension m�n

� = Gs . �4�

2.3.1 Wavelength dependence of Green’s
functions

In the homogeneous tissue approximation, the inverse prob-
lem for source intensities comprised within the boundaries of
a closed surface can be nonunique for surface radiance mea-
sured using a single wavelength band, particularly for a
single-view perspective. In the case of a single point source
embedded deep within a semi-infinite tissue slab, the resulting
surface radiance could be fit equally well by a point source at
the correct depth, or a large array of closely spaced sources at
a shallower depth whose intensities are adjusted to match the
surface radiance profile. Taking the surface shape into ac-
count, as in a mouse, helps to improve the resolution of the
solution, but this is not a very strong constraint.

The resolution of the source parameters can be signifi-
cantly improved using image data measured at different wave-
lengths. The Green’s function in Eq. �2� has a strong wave-
length dependence due to the dependence on �eff�
�. In the
wavelength range of interest �
�550 to 700 nm�, G de-
creases monotonically with wavelength as both �a�
� and
�s��
� �and hence �eff�
�� generally decrease with wave-
length in this window. If we measure the surface radiance at

two or more wavelengths with significantly different G func-

March/April 2007 � Vol. 12�2�3
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ions, and the wavelength dependence of G and s is known,
hen resolution of the solution to Eq. �4� is enhanced. In the
emi-infinite slab example stated before, the incorrect
hallow-source solution would not be allowed because this
olution cannot fit the data for multiple wavelengths simulta-
eously.

Equation �4� can be rewritten to include multiple wave-
engths as

��
1�
]

��
k�
� = ��
1�G�
1�

]

��
k�G�
k�
��s�

�̃ = G̃s , �5�

here the wavelength dependence in elements of G�
k�
omes into the terms D�
k�, �eff�
k�, and zb�
k� of Eq. �2�.
�
k� is the relative fraction at which the wavelength 
k con-

ributes in the source emission spectrum, and is given by

��
k� =

�

k

lo


k
up

��
�d


�
0

�

��
�d


, �6�

here 
k
lo and 
k

up denote the lower and upper limits of the
andpass filter centered on wavelength 
k, and ��
� is the
ight source emission spectrum. ��
k� is introduced so that
ource flux unit �photons/second� is integrated over all wave-
engths.

To illustrate improved resolution in a single-view system
fforded by adding spectral information, singular value de-
omposition was performed for Green’s function kernel ma-
rices for a source-detection geometry in a 2-D tissue slab
riented in the x-z plane. The 1�1-cm slab was pixelized
nto a 4�4 grid, with the pixel centers denoting source loca-
ions. Detection points were evenly spaced across the top
oundary to emulate a single-view tomographic geometry.
reen’s kernel matrices were computed for a number of
avelength combinations using in vivo mouse muscle optical
roperties �the experimental measurement is addressed in Sec.
.1� and the firefly luciferase emission spectrum measured at
7 °C. For each wavelength, 50 detection points were used.
ingular value decomposition was performed on each of the
ernel matrices representing the wavelength combinations,
nd the singular values were used to compute the condition
umber of the Green’s kernel matrices. Table 1 shows that for
he discretized parameterization of source locations in tissue

Table 1 Condition numbe

N data 50 100

Wavelengths in Green’s
kernel matrix

640 nm 620, 640

Condition number 1.7�107 2.8�1
nd detection points described before, the poor pose of the

ournal of Biomedical Optics 024007-
Green’s kernel matrix is improved, demonstrated by decreas-
ing condition number with additional wavelength information.

2.4 Optimization for Source Estimation

The source intensities are determined by finding

min�W��̃ − G̃s��2
2 subject to s  0, �7�

where W is a diagonal matrix of weights of dimension m, and
� · �2

2 denotes Euclidean length squared. A constrained optimi-
zation algorithm28 is implemented to solve Eq. �5�, to guaran-
tee physical non-negative values for the estimated source in-
tensities ŝ. The algorithm requires that mn, to ensure that
the inverse problem is not underdetermined. The weight Wii is
assigned to be the inverse of the instrument noise and statis-
tical noise associated with the photon detection at surface el-
ement i wavelength k. Assuming Poisson distributed noise,

Wii � 1/�Ncounts + Nrd
2 ,

where Ncounts is the number of photon counts per pixel and
Nrd is the read noise of the camera system. The inverse
weights, initially in units of counts, are converted to radiance
units �photons/second/cm2/steradian�, and then to photon
density units �photons/mm3� as described in Sec. 2.2.

While high resolution localization is sought, a densely
gridded source parametrization contributes to ill-conditioning
of the inverse problem. To maintain high rank in the linear
problem, the source parameterization is initially defined to be
coarse, and an iterative locally adaptive gridding scheme is
adopted. In each refinement step, solution voxels below a
critical threshold �0.1% of the estimated source maximum�
are suppressed in the source parameterization, and solution
regions of high intensities are refined by decreasing the grid
spacing by one half. The number of source parameters varies
between refinements steps. Therefore, we use

�v
2 =

1

m − n
�W��̃ − G̃ŝ��2

2,

called the reduced �2, as the figure of merit to compare the
goodness of fit between one refinement step to the next. Adap-
tively refined meshes have been utilized in fluorescent tomog-
raphic studies as well.29

After estimating source locations and intensities by the dif-
fuse luminescence tomographic analysis, solutions can be

reen’s kernel matrices.

150 200

600, 620, 640 nm 580, 600, 620, 640 nm

4.2�104 1.2�104
rs for G

nm

05
characterized by calculating the total flux

March/April 2007 � Vol. 12�2�4
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stot = �
j

ŝ j ,

nd the center of mass of the estimated source distribution

r�cm = �
j

r� jŝ j/stot.

ource depths are estimated by taking the distance from the
ource center of mass to the surface, in the z direction.

Experimental Setup
.1 Description of the Imaging System
he images in this study were obtained on an IVIS® 200

maging System �Xenogen Corporation�, as shown in Fig. 3.
he system uses a back-thinned integrating CCD with high
uantum efficiency over the spectral range of 400 to 950 nm,
hich covers the tissue transmission window of
00 to 950 nm. Cooling the camera to less than −90 °C re-
uces the dark current to �100 electrons/s /cm2 and the as-
ociated noise to near-negligible levels.7 Imaging is per-
ormed with a high-sensitivity f/1 lens. The viewing platform
or this instrument has mobility along the optical axis, where
he fields of view can range from 3.9 to 26 cm. The imaging
ystem is absolutely calibrated to convert electron counts
easured on the CCD, to surface radiance emitted at the im-

ging subject surface in units of photons/sec/cm2/steradian.
onversion coefficients are calibrated for each f-stop and field
f view. Multispectral capability in this instrument is possible

ig. 3 A schematic diagram of a cross sectional view of the IVIS 200
maging System. The laser galvanometer projects lines onto the ani-
al for the structured light imaging feature.
hrough six 20-nm-wide bandpass filters spaced every 20 nm

ournal of Biomedical Optics 024007-
from 560 to 660 nm, which are set in the 24-position filter
wheel. The instrument is equipped with a laser scanner that
projects line patterns onto the animal, and this provides im-
ages from which the surface topography of the subject can be
rendered.

3.2 Structured Light Determination of Surface
Topography

The surface topography is necessary to define the boundary
condition of diffuse photon propagation at the tissue-air
boundary. To determine the surface topography of the subject
animal, a structured light technique has been implemented.
Using a computer-controlled laser galvanometer, a series of
parallel lines are projected down on the subject at a 20.6°
angle. A structured light image of the illuminated subject is
then acquired with the CCD, as shown in Fig. 4�a�. The ani-
mal’s height can be determined by analyzing the bending or
displacement of the lines as they pass over the animal. To
determine surface topography from the structured light image,
we utilize a two-step method that involves a 2-D Fourier
transform30 combined with a phase-unwrapping algorithm.31

In Fourier space, a prominent peak near the reference fre-
quency is broadened, due to the shift in phase of the lines
when passing over the animal subject. The reference fre-
quency is the line frequency at the center of the field of view
on a flat surface. The constant and low-order terms, due to the
positivity of image intensities and brightness of the animal
relative to the black stage, also have significant amplitude in
Fourier space. To compute the phase shifts relative to the
reference frequency, the low-order terms and high-order har-
monic terms must be filtered out using a bandpass filter. A
cosine-tapered bandpass filter is applied to the Fourier spec-
trum to filter out the low-order terms, and high-order harmon-
ics. The broadened peak selected out by the Fourier bandpass
filter is then shifted to the Fourier space origin, and the in-
verse Fourier transform is applied to give sF�x ,y�
=b�x ,y�exp�i��x ,y��, where the index F denotes the filtered
image.

The phase

��x,y� = tan−1� I�sF�x,y��
R�sF�x,y���

at each pixel location can then be calculated in the range
��x ,y�= �−2� ,2��, as shown in Fig. 4�b�. These phase val-
ues must be unwrapped across the whole image to obtain the
absolute phase. The unwrapping of phase across an image

Fig. 4 Structured light analysis to determine surface topography: �a�
single-view structured light image; �b� phase shift determined from
fast Fourier transform �FFT�, and �c� 3-D surface from phase
unwrapping.
involves integration of phase values over a pathway through

March/April 2007 � Vol. 12�2�5
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he image. As residues often occur as a result of image noise,
well-defined path avoiding residues is essential to correctly

etermining the surface heights. We have employed a quality-
uided path phase-unwrapping technique, which first assigns
phase image subsection quality, and then directs the phase-

nwrapping path based on the phase image subsection quality.
he quality measure utilized here is the phase-derivative
ariance.31 Once the absolute phase is calculated for the im-
ge, the height can be determined approximately by the rela-
ion

h�x,y� �
L��x,y�
2�f0D

, �8�

here ��x ,y� is the absolute phase of the animal subject. The
xact expression for Eq. �8� requires some correction terms
ue to the finite distance between the lens/projector and the
nimal subject.

The final unwrapped surface topography is shown in Fig.
�c�. The line spacing and unwrapping algorithms give a sur-
ace accuracy of �0.5 mm for smooth surfaces. Only the top
urface of the animal facing the imaging system is rendered
orrectly with this technique. To construct a closed surface,
he edge of the mouse surface is cropped vertically to the
maging platform and is closed horizontally across the
ottom.

Experimental Results
.1 Phantom Mouse Experiment
o assess the validity of the IVIS200 instrumentation and
LIT reconstruction algorithm, tests have been performed
ith a mouse-shaped homogeneous tissue phantom. To pro-
uce this phantom, a nude mouse was sacrificed, frozen, and
he surface topography was scanned by a commercial machine
ision scanner. The result was a high-resolution 3-D computer
odel from which a rubber mold was made. The rubber mold
as then used to cast a phantom mouse with dimensions of

pproximately 3 to 4 cm in width �side to side�, 9 cm in
ength �nose to feet�, and 2.2 cm in height �dorsal to ventral�.
he composition of the phantom is similar to that described
y Vernon et al.,32 using a polyester resin as the host material,
iO2 for scattering, and Disperse Red for absorption. The
ptical properties were independently measured from a rect-
ngular slab that was made from the same batch of material as
he plastic mouse. The absorption �a and reduced scattering

s� coefficients were measured using a double integrating
phere apparatus along with the inverse adding doubling
ethod.33,34 Curve fits to the intensity profile using a slab

iffusion model with the partial current boundary condition
ere used as an alternate method to confirm the optical prop-

rty values.7,27 Two 200-�m fiber optics coupled to green
EDs were embedded into the phantom at two different
nown locations, labeled source A and source B. Depth mea-
urements are from the fiber tip to the phantom surface along
he z direction with respect to when the phantom is in a prone
r supine position. Before insertion, the power emitted from
ach fiber optic was measured with a Newport Optical Power
eter �model 840�, and converted to units of photons/sec for

he wavelength of the spectral peak �567 nm�. LED spectral

rofiles emitted from the fibers were characterized in an

ournal of Biomedical Optics 024007-
Ocean Optics USB2000 Fiber Optic Spectrometer. The pro-
files of the optical properties and spectra are shown in Fig. 5.
Each LED is independently controlled with a switch to allow
for a combination of light-emitting source configurations. A
schematic drawing of the phantom mouse is shown in Fig. 6.
An image sequence for tomographic analysis involves acquir-
ing a photographic image �grayscale, illuminated reference
image�, a structured light image, and several luminescent im-
ages through different filters. These images were acquired for
the mouse-shaped tissue phantom with the different source
configurations and phantom positions. Luminescent data were
acquired through four 20-nm-wide bandpass filters centered

Fig. 5 �a� Optical properties of the mouse-shaped tissue phantom.
The dotted line is �s�, the dashed line is �a, and the solid line is �eff.
�b� The combined normalized wavelength spectrum of the two green
LEDs coupled to fiber optics, which are embedded in the phantom.

Fig. 6 Schematic drawing of the mouse tissue phantom. The phantom
mouse is made of polymer resin with added scatterer and absorbing
dye to simulate optical properties of mouse muscle. Two LEDs are
coupled to embedded fiber optics �lmax=570 nm�, whose tips are la-
beled as source A and source B in the drawing. The distance of source
A to the dorsal side of the phantom is lA=9.4±0.5 mm, and the dis-
tance of source B to the ventral side of the phantom is lB

=4.1±0.5 mm.

March/April 2007 � Vol. 12�2�6
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ig. 7 Surface radiance images of the phantom mouse dorsal side
ith embedded fiber optic source A measured through 20-nm-wide

andpass filters, centered at 560, 580, 600, and 620 nm.
ig. 8 Diffuse luminescent tomographic estimates of LED source A for �a� single wavelength data at 620-nm filter, and �b� dual wavelength data at
80 and 620 nm. The lateral views of each case are shown in �c� and �d�, respectively. Source voxels are displayed on a red-black color scale in

nits of photons/sec. Voxels �2% of the max are suppressed.

ournal of Biomedical Optics 024007-
Fig. 9 Top row: comparison of the measured �left� and simulated
�middle�, and percentage error �right� images of photon density at
620 nm from the dorsal source A reconstruction of Table 3. Profiles on
the bottom row show the photon density fit of the simulated photon
density �dashed� to the measured photon density �solid� for a horizon-
tal and vertical profile through mouse phantom, as indicated by the
red cursor lines on the top row.
March/April 2007 � Vol. 12�2�7
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ig. 10 �a� Unfiltered image of luminescent beads implanted next to
he left kidney. �b� Source reconstruction and organ atlas of mouse
idneys, brain, and spinal column in the surface mesh. Sources above
% of the maximum intensity are displayed as voxels in red-black
ade color.

s well.

ournal of Biomedical Optics 024007-
Fig. 11 �a� Unfiltered image of two luminescent beads implanted be-
tween the trapezius muscles. �b� Source reconstruction of luminescent
beads implanted in-between the trapezius muscles. Sources above 2%
of the maximum intensity are displayed as voxels in red-black fade
color, and the mouse reference atlas organ brain and spinal column
are displayed within the surface mesh.
ig. 12 �a� Dorsal view of unfiltered image of mouse injected with PC-3M-luc cells, 29 days postinjection. �b� and �c� Top and perspective view of
ource reconstruction with atlas brain and spinal column are displayed. Voxels �1% of the maximum are suppressed.
ig. 13 �a� Ventral view of unfiltered image of mouse injected with PC-3M-luc cells, 29 days postinjection. �b� Source reconstruction with atlas
rain and spinal column are displayed. Voxels �5% of the maximum are suppressed. �c� is the same as �b�, except the heart atlas organ is displayed
March/April 2007 � Vol. 12�2�8
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n 560, 580, 600, and 620 nm. The phantom mouse was im-
ged in two positions: 1. with the dorsal side facing the cam-
ra, and 2. with the ventral side facing the camera. Three
ource configurations were imaged: source A, source B, and
ource A and B. Raw images of surface radiance for case 1,
ource A are shown in Fig. 7.

Structured light analysis was performed to render the por-
ion of the phantom surface visible to the camera lens. Data
cquired through each filter were selected by setting a dy-
amic range value for each filter image. The dynamic range is
efined here to be the luminescent image maximum signal
ivided by an a priori threshold signal, below which is con-
idered to be due to camera noise or animal background.35

he signal above the threshold given by the dynamic range is
onverted to photon density on the surface vertices, as de-
cribed by Eq. �3�. A fixed number of surface data elements
or each filtered image are chosen, to equalize data weighting
etween the bandpass filtered data.

.1.1 Single-wavelength versus multiple-wavelength
data

he resolution gained by incorporating wavelength-dependent
reens functions is demonstrated by testing combinations of
ltered data used in the source estimation. In Fig. 8�a�, the
ource intensity distribution when source A was powered on
as determined by data from a single wavelength filter cen-

able 2 Tomographic estimates of the flux for Figs. 8�a� and 8�b�.

Source flux
��1010

photons/sec� Relative error

Physical 7.7±0.4 —

620 nm 4.1 48%

580 nm+620 nm 7.5 3%

Table 3 DLIT estimates of fiber optic sources
luminescent images collected through the 560-,

Experiment Measurement
Depth
�mm�

Dorsal Physical 9.4±0.5

Source A on Tomographic 9.8

Source B on Tomographic —

Ventral Physical 9.9±0.5

Source A on Tomographic 10.3

Source B on Tomographic —

Source A and B
on

Tomographic 10.3
ournal of Biomedical Optics 024007-
tered on 620 nm. 400 data points were included in the data
vector. The broad source distribution reveals the low resolv-
ability afforded by the model used for single wavelength data.
In an inversion including data from the 580-nm centered
wavelength band, where the optical properties are distinctly
different from those at 620 nm, the source localization be-
comes much tighter, as seen in Fig. 8�b�. The data vector
consisted of 200 data points from each filtered dataset, for a
total of 400 data points. The source intensity is also better
resolved when using multiple spectra in the data, as shown in
Table 2.

4.1.2 Four wavelength filtered data
Incorporating as much information as possible, image data of
the phantom mouse from the four bandpass filters centered at
560, 580, 600, and 620 nm were used in the inversion, and
results are tabulated in Table 3 for different source and view-
ing configurations. For each filtered image, 200 data points
were selected, giving a total of 800 data points. The source
estimations were tightly localized, similar to the distribution
in Figs. 8�b� and 8�d�. Accuracy in depth is within a millime-
ter, and intensities were estimated within �19% relative error
for the LED sources. Voxel sizes were typically refined to side
length of 1 mm.

The measured photon density at the visible surface is simu-
lated well by the photon density forward modeled from the
source estimate. The fit for 620-nm data is shown in Fig. 9,
where the photon density on the surface is displayed along the
top row as a pseudocolor map overlaying the surface rendered
in shaded white. Measured photon density data used in the fit
lie within the pseudocolor map area shown on the left of the
top row in Fig. 9, the simulated photon density overlaying the
surface is shown in the middle, and the relative error map is
shown on the right. Measured photon density values below
the level of image noise were not used in the fit and were
located at the surface area, which appears white in the left and
middle maps. Line profiles drawn through the photon density

mouse-shaped tissue phantom. Data included
00-, and 620-nm filters.

e A Source B

Flux
hotons/sec�

Depth
�mm�

Flux
�photons/sec�

7.7±0.4
�1010

17.6±0.5 6.3±0.3
�1010

7.8�1010 — —

— 16.4 5.1�1010

7.7±0.4
�1010

4.1±0.5 6.3±0.3
�1010

7.1�1010 — —

— 4.5 7.9�1010

7.5�1010 4.6 7.6�1010
in the
580-, 6

Sourc

�p
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m
o

4
I
a
e
t
n
n
a
t
fi

4
T
m
g
b
a
e
e
3
p
a
m
a
s
e

n
a
b
s
h
p
w
e
r
s
p
f
n
b
w
m
w
t
m

k
a
u
p
p
i
s
s
r
d

Kuo et al.: Three-dimensional reconstruction of in vivo bioluminescent sources…

J

aps are plotted and compared, displayed on the bottom row
f Fig. 9.

.2 In Vivo Studies
n vivo tissue is optically heterogeneous, and blood oxygen-
tion levels cast additional fluctuations into the optical prop-
rties of the tissue. To assess the use of the homogeneous
issue approximation in the DLIT algorithm within heteroge-
eous tissue, we performed experiments with calibrated lumi-
escent sources in vivo, where source locations and strengths
re known. Tomographic results are also presented from me-
astasis model experiments in which tumor cells labeled with
refly luciferase are introduced into in vivo subjects.

.2.1 Calibrated luminescent sources
o benchmark the performance of the homogeneous tissue
odel adopted by the reconstruction algorithm, tritium-filled

lass beads with interior phosphor coating were used as cali-
rated luminescent sources in vivo.5 Tritium is a �-emitter,
nd the absorption of the � by the phosphor induces photon
mission with invariable power over the time scales of the
xperiments. The glass beads are 1 mm in diameter and
mm in length. Luminescent bead power was measured by

lacing the beads on black felt as an absorbing background
nd imaging them in the IVIS 200 Imaging System. Radiance
easurements were integrated over the bead interior surface

rea and 2� steradians to convert to absolute flux. The bead
pectrum was characterized on the Ocean Optics spectrom-
ter.

In each of the following experiments, a 25- to 30-g male
ude mouse was anesthetized with a 4:1 concentration of ket-
mine and xylazine at a 15 �l per 10-g body weight dose rate
y interperitoneal injection. A 100-min period state of uncon-
ciousness is expected. Once anesthesia was determined to
ave taken effect, luminescent beads were surgically im-
lanted in specific locations. After implantation, surgical
ounds were sutured and the animal was imaged in the cam-

ra system. The sutured incisions were located so that surface
adiance from the beads could be imaged through undamaged
kin. The animal was imaged in the camera using five band-
ass filters centered at 560, 580, 600, 620, and 640 nm. Be-
ore consciousness could be regained, the animals were eutha-
ized using compressed carbon dioxide. Post-expiration, the
ead locations were surgically determined and intact locations
ere gauged with calipers. In vivo optical properties for
uscle and the normalized spectrum of the luminescent beads
ere used in the DLIT reconstruction. In vivo optical proper-

ies of a number of mouse organs were measured with the
ethod described in Bevilacqua et al.36

Luminescent beads were implanted in contact with the left
idney of a male nude mouse, with one at the cranial end and
nother at the caudal end of the kidney. The DLIT solution
sing data from the 560-, 580-, and 640-nm bandpass filters
roduced the lowest reduced �2. The physical and tomogra-
hic measurements are outlined in Table 4. Source depths and
ntensities are very well estimated, with less than 6% error in
ource intensity and 0.5-mm error in depth. Figure 10�a�
hows the unfiltered raw data image. An anatomical mouse
eference atlas showing brain, spinal column, and kidneys is

isplayed with the DLIT estimation inside the surface mesh in

ournal of Biomedical Optics 024007-1
Fig. 10�b�. The sources estimated by DLIT are located at the
cranial and caudal end of the reference atlas kidneys, suggest-
ing tomographic agreement with the implantation sites.

In a second experiment, two luminescent beads were im-
planted in close proximity, between the right and left trapezius
muscles of a male nude mouse. One bead was placed crani-
ally, and the second was placed close to the first thoracic
vertebra. Physical and tomographic measurements are sum-
marized in Table 5 and Fig. 11. For these shallow sources, the
center of mass depths were estimated with submillimeter ac-
curacy, and the sources are well localized. The distance be-
tween the estimated source center of masses was 7.1 mm.
Again, the source intensity estimation is in very good agree-
ment with the measured power of the beads.

4.2.2 Tumor models
Monitoring metastatic disease in animals with DLIT was in-
vestigated by introducing 2�106 tumorigenic PC-3M-luc
cells to a 30-gram male nude mouse by injection into the left
ventricle of the heart. The cells were given time to colonize in
vivo and develop into metastases. On day 29 postinjection of
the PC-3M-luc cells, the animal was administered a dose of
15 �l per 10-g body weight of luciferin by intraperitoneal
injection. The luciferin kinetic profiles have been measured
for this cell line and show that luciferin is taken up for ap-
proximately 10 min postinjection, and a plateau is sustained
for a 25- to 30-min period postinjection. Anesthesia was in-
duced with an isofluorane gas mixture. The animal was im-
aged dorsally in the camera 10 min after injection of luciferin
to guarantee sufficient signal. The ventral view was imaged
17 min after the initial luciferin injection. Four bandpass fil-
tered images were acquired at 580-, 600-, 620-, and 640-nm
center frequencies, and the bandpass filtered image sequence
was preceded and followed by an image acquired without a
bandpass filter to evaluate the stability of luciferin kinetics
during imaging. The imaging acquisition time of each filtered
sequence totaled 3 min.

Table 4 DLIT estimates of luminescent beads implantation near the
left kidney, dorsal view.

Measurement

Cranial bead Caudal bead

Depth
�mm�

Flux
�ph/sec�

Depth
�mm�

Flux
�ph/sec�

Physical 3.4±0.5 3.5�1010 5.7±0.5 3.5�1010

DLIT 3.2 3.7�1010 5.9 3.8�1010

Table 5 DLIT estimates of luminescent beads implanted between the
trapezius muscles, dorsal view.

Measurement

Cranial bead Cervical bead

Depth
�mm�

Flux
�ph/sec�

Depth
�mm�

Flux
�ph/sec�

Physical 1.5±0.5 3.5�1010 2.3±0.5 3.5�1010

DLIT 1.3 4.0�1010 3.0 3.0�1010
March/April 2007 � Vol. 12�2�0
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The data were analyzed with DLIT using optical properties
f in vivo muscle and the spectrum of firefly luciferase. The
orsal view image data acquired in the absence of a bandpass
lter at the start of imaging were shown in Fig. 12�a�, and the
LIT source estimation results are shown in Fig. 12�b�. The

ame are shown for the ventral view in Fig. 13. Source depth
nd intensity estimates are reported in Table 6. From the dor-
al view data, sources in the left femur and in the right peri-
oneal cavity are estimated by the tomographic algorithm. In
he raw data, a bright spot radiating from the left forelimb
kin is observed. On the ventral view, a source in the cardiac
egion is estimated by DLIT, in addition to the source in the
ight peritoneal cavity. Signal from the femur is not detected
n the ventral view raw data image.

From inspection of the analyzed dorsal data, we associate
he source estimated in the animal’s left forelimb with light
manating from the cardiac region, as seen from the ventral
ide of the animal in Fig. 13�a�. It is conceivable that light
rom the cardiac source propagated and leaked out toward the
kin under the left forelimb. The limited perspective for this
ource on the dorsal side results in tomographic localization
f the source next to the left forelimb and estimates the flux to
e ten-fold lower compared to the ventral side estimate. In
ig. 13�c�, the mouse heart atlas organ overlay indicates that

he reconstructed source is in the cardiac region. We interpret
hat some PC-3M-luc cells introduced to the mouse via intra-
ardiac remained colonized there.

Despite the optically heterogeneous intestinal organs in
hich the peritoneal source may be embedded, the estimated

ource intensity is in agreement between the dorsal and ven-
ral views. The location of the peritoneal source is estimated
o be 3.8 mm deep from the ventral surface and 10.1 mm
rom the dorsal surface. The depths from the opposing sur-
aces add to �14 mm. Measurements of the thickness of this
ouse from lateral view images gives �14 to 15 mm at the

pproximate location of the source, and suggests colocaliza-
ion by DLIT from the dorsal and ventral sides.

Discussion
new technique called diffuse luminescence imaging tomog-

aphy �DLIT� has been developed for obtaining a 3-D recon-
truction of the bioluminescent source distribution inside a
omplex object such as an animal subject. The technique is
ased on the analysis of multiple images of the light emission
rom a single perspective of the object acquired through a
umber of bandpass filters. The image data are combined with
n independent measurement of the surface topography to
roduce a high-resolution map of the photon density at the

Table 6 DLIT estimates of PC-3M

Measurement

Left femur

Depth
�mm�

Flux
�ph/sec�

DLIT dorsal 1.9 1.0�107

DLIT ventral — —
urface. The advantage of using imaging to characterize the

ournal of Biomedical Optics 024007-1
surface light emission is that it allows the complete character-
ization of subjects having complex surfaces, such as a mouse.
This technique can yield in real time detailed information
about the strength and position of the internal light sources.

The reconstruction algorithm consists of finding an ap-
proximate solution to a system of linear equations that relate
the source strength at each point inside the object to the pho-
ton density at the surface. We have presented a simple form
for the Green’s function, called the tangential plane �TP� ap-
proximation, based on the diffusion model for photon trans-
port. The TP approximation takes into account the effective
reflectivity of the surface and can be expressed in a very com-
putationally efficient manner. Light sources are estimated by
minimizing forward modeled photon density misfit to the data
using a non-negative least-squares algorithm.

As a demonstration of the DLIT technique, we have deter-
mined the 3-D source distribution from measured single-
perspective, multiple-bandpass spectra images of a phantom
mouse and live mice with one or two calibrated internal light
sources. In these test cases, the reconstruction technique was
able to locate the multiple sources with a depth accuracy of
�1 mm, and 1 to 20% relative error in intensity, for sources
inside the complex object surface. An in vivo mouse tumor
model experiment was conducted in which the mouse was
imaged viewing its dorsal and ventral side. A tumor producing
prominent signal on both sides was identified at depth in the
peritoneal cavity by DLIT, and the light intensity estimates
from the dorsal and ventral side were in agreement. Source
strength and location were retrieved with high accuracy in the
in vivo bead studies for a number of implantation sites, and
we find the agreement in source strength of the deep perito-
neal tumor source to be encouraging. The reconstruction al-
gorithm is very fast, requiring about a minute on a 3.4-GHz
PC for iterations on 800 data elements and adaptively refined
solution space of up to �200 elements.

Our results to date suggest that the homogeneous approxi-
mation appropriately determines light source location and in-
tensity for sources in a number of regions in the living mouse.
However, for photon propagating through more pronounced
heterogeneous paths, through the liver and lungs, for example,
the tomographic model may require a more sophisticated de-
scription of photon transport and in vivo tissue optical prop-
erty measurements for more accurate source estimations in
living animal models. Methods to extend the DLIT algorithm
to include heterogeneous tissue properties are facilitated by
the digital mouse atlas and are under investigation.

The tomographic results presented here are in the context
of a single-view imaging system, which has the advantage of

ions, dorsal and ventral views.

Left cardiac Peritoneal cavity

h
�

Flux
�ph/sec�

Depth
�mm�

Flux
�ph/sec�

3.6�107 10.1 3.9�108

3.6�108 3.7 3.9�108
-luc les

Dept
�mm

6.2

2.3
high throughput, but the disadvantage in that not all sides of
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he mouse can be imaged simultaneously. The DLIT algo-
ithm can be applied equally well to multiview optical imag-
ng systems, and this will be discussed in a future publication.
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