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Abstract. An advantage of fluorescence methods over other imaging modalities is the ability to concurrently
resolve multiple moieties using fluorochromes emitting at different spectral regions. Simultaneous imaging of
spectrally separated agents is helpful in interrogating multiple functions or establishing internal controls for accu-
rate measurements. Herein, we investigated multimoiety imaging in the context of a limited-projection-angle
hybrid fluorescence molecular tomography (FMT), and x-ray computed tomography implementation and the
further registration with positron emission tomography (PET) data. Multichannel FMT systems may image fluo-
rescent probes of varying distribution patterns. Therefore, it is possible that different channels may require differ-
ent use of priors and regularization parameters. We examined the performance of automatically estimating
regularization factors implementing priors, using data-driven regularization specific for limited-projection-
angle schemes. We were particularly interested in identifying the implementation variations between hybrid-
FMT channels due to probe distribution variation. For this reason, initial validation of the data-driven algorithm
on a phantom was followed by imaging different agent distributions in animals, assuming superficial and deep
seated activity. We further demonstrate the benefits of combining hybrid FMT with PET to gain multiple readings
on the molecular composition of disease. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License.
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1 Introduction
Fluorescence molecular tomography (FMT) reconstructs the
biodistribution of fluorescent agents and reporters that enable
noninvasive in vivo imaging of cells and cellular moieties in
small animals or other tissues.1–4 This basic ability can study
disease progression or monitor therapy noninvasively in vivo
using nonionizing energy.4,5 An important feature of fluores-
cence tomography is the ability to visualize different functional
or molecular parameters in the same animal, using fluoro-
chromes emitting at different spectral bands. One advantage
of approaches like this is the creation of internal controls
using, e.g., an active and an inactive form of an agent, each
labeled with a different fluorochrome.6,7 In this example, biodis-
tribution and delivery of the agent can be separated by active
targeting on the same animal by comparing the images at the
two fluorescence channels. Alternatively, different contrast
mechanisms can be concurrently studied, e.g., the relative
expression of different receptors or the relative concentrations
of different types of cells.

A complication of FMT imaging has been the ill-posed
nature of the inversion problem8–10 which limits the resolution
and the overall quantification ability of the method. Correspond-
ingly, different regularization schemes have been proposed,
e.g., the frequently employed Tikhonov regularization,9,11,12

to improve the accuracy. Implementations that combine an ana-
tomical imaging modality with FMT have also been proposed to
improve the inversion problem using anatomical information in
the inversion scheme.13–17 Anatomical information can be
employed in the forward model of photon propagation to
include realistic internal boundaries of the tissue examined.18,19

They can be further inserted in the inversion problem in the form
of priors to improve the regularization of the problem, typically
in a segment wise fashion with each segment corresponding to a
different anatomical region.20,21

Hybrid FMT x-ray computed tomography (XCT) imaging
geometries collecting tomographic data over 360-deg projec-
tions have been reported22–24 and demonstrated significant
improvements in imaging performance compared to stand-
alone FMT. However, these systems require dedicated hardware
and are expensive. Alternatively, the registration of FMT data
acquired in the planar geometry has been achieved using a
rigid holder to image animals under identical placement by
different modalities.25 These systems have also demonstrated
improvements over stand-alone systems and offer a practical
implementation that can also capitalize on the placement of sev-
eral stand-alone FMTand x-ray systems worldwide. A particular
aspect of the planar geometry is that it typically requires shorter
acquisition times compared to 360-deg devices, which acceler-
ates experimental time and reduces animal stress.

A next important step in the progress of limited-projection-
angle hybrid FMT approaches is the development of multispec-
tral schemes that capitalize on the unique ability of the hybrid
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optical method to simultaneously image several targeted agents
at higher imaging accuracy than stand-alone FMT systems.
Dual-wavelength concepts based on the combination of one
targeted and one untargeted probe have been introduced for
360-deg FMT systems.7,26 Instead, we interrogated, herein,
the performance of multispectral methods employing limited-
projection-angle FMT setups, which are more widely dissemi-
nated than 360-deg systems. Limited-projection-angle FMT
offers implementation simplicity, as it does not require rotating
gantries but offers a subset of the information available to 360-
deg systems. We particularly aimed at providing a framework
for reconstructions of multiple biological parameters that are
independent of the user input. This could enable nonbiased
imaging of multiple fluorochromes in the same animal and
lead toward simultaneous multispectral investigations of the
biodistribution of different molecules involved in disease pro-
gression or treatment efficacy.

Multiparameter imaging has been successfully implemented
in optical microscopy27 or epi-illumination methods.28 The
importance of multiparameter investigation is also reflected in
the emergence of new research fields such as systems biology,
which emphasizes the ability to interrogate network properties
and interactions of at least a few hundreds of proteins and genes.
This has driven the development of new fluorescence dyes and
probes, which allow imaging at multiple wavelengths.27,29

Complementing traditional molecular biology methods with
the noninvasive acquisition of multimolecular information is
highly desirable as a unique method that can offer insight
into dynamic processes in unperturbed biological tissues.
Correspondingly, hybrid FMT reconstructions implemented
using automatically computed priors have the potential to
deliver better accuracy in volumetric multiwavelength imaging,
complementing multiwavelength (multispectral) imaging strat-
egies considered in two-dimensional surface weighted epi-illu-
mination mode.28–30

The study design, herein, had two major goals. The first was
to investigate the previously unexplored ability and relative
accuracy by which two different fluorescent agents can be
resolved in the same mouse simultaneously, when using hybrid
implementations in limited-projection-angle FMT using priors.
For this purpose, we adapted a previously described method
implementing spatially varying regularization,31 which was ini-
tially developed based on 360-deg FMT data, and optimized it
for limited-projection-angle FMT-XCT. Our particular interest,
herein, was to evaluate whether and how the automatic compu-
tation of regularization factors could be translated to limited-
projection-angle FMT reconstructions. Therefore, we character-
ized different regularization factor computation results based on
varying regularization parameters used, and offer improved
reconstruction metrics for data driven a priori regularization.
In contrast to manual factor selection as applied in our previous
study,25 this approach solely relies on automatically computed
regularization factors and therefore enables independent
reconstruction of different fluorescent probes.

The second goal was to demonstrate an extension of the
application of hybrid FMT-XCT using the XCT to further regis-
ter hybrid FMT findings with those from another molecular im-
aging modality, i.e., positron emission tomography (PET). This
second goal can lead to the integration of optical contrast with
that of other imaging modalities, yielding an information dataset
that is of increased descriptive ability as to disease parameters.
In the particular example, herein, we combined imaging of

tumor vascularization or vascular endothelial growth factor
(VEGF) expression, αvβ3-integrin overexpression and tumor
metabolism using coregistered [18F]-FDG-PET and FMT-
XCT, providing multiparametric datasets.

By this experimental study, we provide a methodological
framework for multimolecular in vivo investigations. We discuss
the obvious extension of this work by employing a larger num-
ber of fluorescent agents at different spectral bands and the
possibility of coregistration with a larger number of imaging
modalities.

2 Methods

2.1 Limited-Projection-Angle FMT-XCT Acquisition
and Coregistration

Acquisition and coregistration of FMT and XCT datasets were
performed as previously described in Ref. 25. In brief, anes-
thetized mice were placed in an imaging cartridge consisting
of two transparent parallel plates. These served the purpose
of immobilizing the mice during the different measurement
steps and for translation between imaging devices. Also, it pro-
vided a common coordinate system that could be used for cor-
egistration of all datasets due to its rigid shape.

FMT images were acquired in transillumination mode using
a commercially available limited-projection-angle FMT device
(FMT 2500, VisEn Medical, Woburn, Massachusetts—now
PerkinElmer) with two channels at 680∕700 and 750∕770 nm
excitation/emission wavelength, respectively. The acquisition
time for each channel was 5 to 10 min.

XCT data were acquired using a micro-PET-XCT device
(Inveon, Siemens Preclinical Solutions, Knoxville, Tennessee)
in 10 to 15 min and automatically reconstructed by the manu-
facturer’s software. The reconstructed datasets were exported in
digital imaging and communication in medicine (DICOM) for-
mat to be coregistered with the FMT data. Segmentation of
bones, lungs, and heart was performed as previously
described.25,32 For the subcutaneous tumor mice, an additional
segmentation of the tumor area was performed. This area was
selected manually based on the XCT images.

2.2 PET Acquisition, Coregistration, and
Reconstruction

PET data were acquired using the same micro-PET-XCT device
as for XCT data acquisition. After XCT imaging, the mouse was
automatically passed on into the PET device. [18F]-FDG-PET
acquisition took around 8 min.

Reconstruction of PET data was realized by the manufac-
turer’s software and DICOM images were exported for coregis-
tration to FMT-XCT data. Since PET and XCT data were
acquired with a hybrid device, coordinates for coregistration
of both datasets were given by the device manufacturer, and
coregistration to FMT-XCT reconstructions was therefore
straightforward.

2.3 FMT-XCT Reconstruction

The reconstruction process was performed as described in
Ref. 25, except that automatic schemes for spatially varying
regularization were researched and employed here instead of
manually chosen priors.

Briefly, photon propagation was modeled based on a solution
of the diffusion equation, implemented using a finite element
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solver.22 For a set of measurements between multiple source-
detector pairs contained in vector y and obtained from an
unknown fluorescence distribution x, the solver calculated a
weight matrix leading to a linear matrix equation

y ¼ Wx: (1)

Each row in W contains the relative contribution of all
different voxels in the image x for a single source-detector
measurement. Correspondingly, different rows contain a similar
calculation for each source-detector pair measurement.

The inversion of Eq. (1) leads to an ill-posed problem that
needs regularization of the residual norm, which is often realized
by a Tikhonov type regularization matrix.9,11 It is known that the
reconstruction of x can be improved by integrating anatomical
information in the regularization term of the inverse prob-
lem.20,25 This results in the following expression:

X ¼ argminðkWx − yk22 þ λ2kLxk22Þ; (2)

where L is the regularization matrix which contains in this case
different values for different tissue segments in its diagonal,
henceforth denoted as regularization factors, instead of being
the identity matrix as typical in the conventional Tikhonov regu-
larization. λ represents the regularization parameter that deter-
mines the influence of the second term, and therefore in our
case of the respective a priori knowledge, on the minimization
problem. X is the result of the reconstructed fluorescence
distribution.

2.4 Automatic Estimation of Regularization Factors
for Reconstructions Using Priors

A data-driven two-step inversion method was previously pro-
posed in the context of 360-deg systems21,31 for automatically
estimating spatially varying regularization factors in the L-
matrix, employed to establish priors in Eq. (2). The two-step
inversion method consists of a first inversion step, performed
using anatomical information as prior information in the forward
model and employing Eq. (2) with L ¼ I (I being the identity
matrix) to derive the relative fluorescence strengths per segment.
Regularization factors for each segment are then estimated from
reconstructed intensity values in the different tissue segments;
typically, proportionally to the calculated mean signal intensity
per segment. The second inversion step incorporates these seg-
ment-specific regularization factors into the diagonal of the L-
matrix in order to achieve spatially varying regularization in
combination with an adequate regularization parameter λ. The
advantage of the two-step data-driven approach is that it is
free of user-based assumptions or heuristic selection of regulari-
zation factors.

Stand-alone FMT reconstructions based on limited-projec-
tion-angle (planar) geometries tend to have surface artifacts.31

This effect is more pronounced as the number of projections
decreases.33 In addition, limited projections limit the resolution
achieved along the projection axis.34 Our approach, herein, con-
sisted of investigating whether automatically computed regulari-
zation factors can lead to improvements in these artifacts and
yield more accurate images. For this purpose, we examined
how different regularization parameters λ would influence the
computation of regularization factors in the step 1 inversion.
Our objective was to find an ideal λ for the automatic estimation

of regularization factors for the step 2 inversion. This was ini-
tially tested on phantom data containing fluorescent insertions.

During the step 1 inversion described above, Tikhonov
reconstruction using the identity matrix was performed and
an initial regularization parameter was chosen by L-curve analy-
sis at the L-curve corner.35 Subsequently, we increased the value
of λ until we created an over-regularized state represented by
smoothing the entire reconstruction toward a single bright lesion
in the middle of the phantom. The motivation for this L-curve
analysis was to find a value for λwhere the regularization is high
enough to suppress surface artifacts, but still enable a repre-
sentative overall fluorescence distribution. The best λ value
identified in this process was then used in the step 1 inversion
to derive segment-specific regularization factors, the latter
employed in the L-matrix of the step 2 inversion. The seg-
ment-specific regularization factors were determined by com-
puting the mean reconstructed intensity Iseg per segment

IsegðλÞ ¼
P

seg xreconðλÞ
Nvoxel;seg

; (3)

to be the sum of the reconstructed fluorescence xrecon in each
segment divided by the number of voxels in this segment
Nvoxel;seg. The Iseg values were then normalized so that the seg-
ment with the highest Iseg value was attributed the value 1 in the
L-matrix (during the step 2 inversion), the segment with the
lowest Iseg value was attributed the value of 3, and all other
segments were regularized with a value between 1 and 3 propor-
tionally to their Iseg value. This allocation of L-matrix regulari-
zation factors is, therefore, a variation of the method presented
by Hyde et al.31 An approach that has been validated in the past
and confirmed to yield optimal results.21,25

2.5 Phantom Characteristics

The phantoms and corresponding acquisition data employed in
this study have been reported in Ref. 25. The phantoms were
composed of a mixture of intralipid, ink, agar, and water accord-
ing to the known spectral properties of ink and published scat-
tering properties of intralipid, in order to attain tissue properties
of μs

0 ¼ 12 cm−1 and μa ¼ 0.2 cm−1. They were shaped to
semicylinders resembling the shape of a mouse torso, with a
maximal diameter of 30 mm. Two tubes filled with a fluores-
cence dye with the peak excitation at 679 nm and peak emission
at 702 nm (Alexa Fluor 680, Life Technologies Ltd, Paisley,
UK) were inserted into the phantom to mimic fluorescently
labeled tumors.

The phantom data were used to develop and test the auto-
matic regularization factor estimation from coregistered
limited-projection-angle FMT-XCTon clearly defined and well-
known tissue before moving on to the more heterogeneous
mouse models where the fluorescence biodistribution is typi-
cally unknown prior to ex vivo validation.

2.6 Animal Studies

Three mouse models were employed in this study, two for study-
ing superficial tumors and one exhibiting deeper-seated tumors.
Optical signals attenuate nonlinearly with the source depth.
Consequently, the selection of different depths is important in
the investigations of optical imaging to examine the ability of
the method to reliably perform as a function of depth.
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Deep-seated tumors were investigated using a transgenic
mouse model spontaneously developing tumors in the lung
(Kras, Ref. 36). Mice at the age of approximately 15–18 weeks
were injected intravenously before imaging with, respectively,
2 nmol of two different fluorescence probes, one targeting
αvβ3-integrins (IntegriSense680, Perkin Elmer, Waltham, Mas-
sachusetts) and a blood-pool agent (AngioSense750 Perkin
Elmer, Waltham, Massachusetts). The excitation/emission
maxima of IntegriSense680 and AngioSense750 are approxi-
mately at 680∕705 nm and 750∕770 nm, respectively. Angio-
Sense can be used in oncology to study angiogenesis and was,
therefore, chosen to provide information on vascularization and
perfusion, in addition to the molecular information granted by
the αvβ3-integrin overexpression. AngioSense was injected in
different mice both 1.5 and 24 h prior to imaging but did not
show significant biodistribution differences between these
two time points as confirmed by ex vivo validation studies.
We hence only show, herein, results from a mouse injected 24 h
prior to FMT-XCT measurements, i.e., at the same time point for
which IntegriSense data was also acquired. This study examined,
therefore, a physiological parameter (vascularization/perfusion)
and a molecular parameter (αvβ3-integrin overexpression).

The second mouse model was a xenograft breast cancer
model. We subcutaneously injected Balb/C nude mice with
106 4T1 cells in the neck region and let the tumor grow for
10 days. Twenty-fours hours prior to imaging, mice were
intravenously administered scVEGF/Cy (SibTech Inc., Brook-
field, Connecticut), a fluorescence agent binding to VEGF
receptor 2 (VEGFR-2) and emitting at around 700 nm. This
agent was employed to study the ability to visualize a second
molecular target in one channel, whereby the second channel
again imaged IntegriSense750. In this way, we could examine
the relative distribution patterns of VEGFR-2 and αvβ3-integrin.

The third mouse model was employed to demonstrate the
capacity of hybrid FMT-XCT and to combine the findings
with results from PET imaging. In this pilot study, 6 × 106

Lewis lung carcinoma (LLC) cells were injected subcutaneously
in the right shoulder region and 4 × 106 cells in the left shoulder
region of a nude mouse. The tumors were allowed to grow for
9 days. Twenty-four hours before FMT-XCT imaging, the mice
was injected with IntegriSense680. Additionally, 45 min before
PET imaging the mice were injected with approximately
13 MBq of [18F]-FDG tracer.

For imaging, mice were anesthetized (Isoflurane 2%, O2

0.9 L∕min), placed in an imaging cassette, and consecutively
imaged by XCT, PET (only for LLC mice), and FMT. After im-
aging, they were euthanized and frozen at −80°C for ex vivo
validation.

2.7 Imaging Performance Validation

For validation, the frozen mice were cryosectioned in a cryo-
tome (CM 1950, Leica Microsystems GmbH, Wetzlar,
Germany). During slicing, we employed an imaging system37

to acquire images of the real fluorescence distribution in
every tissue slice at both wavelengths to be compared to our
in vivo results. Images were acquired every 200 μm.

We compared the relative contrast of the fluorescence
strength between tumors and different tissues in vivo and ex vivo
in order to assess the performance of our reconstruction method.
For that, we computed the relative contrast CT1;T2 between any
two regions T1 and T2 analogously to standard contrast-to-noise
calculations as:

CT1;T2 ¼
μT1 − μT2

1
n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
n σTn

p ; (4)

where μT1 represents the mean signal intensity in one region (for
instance tumor) and μT2 represents the mean signal intensity in a
second region (for instance muscle), n is the number of different
regions (or segments) in a mouse or phantom, and σTn is the
standard deviation of the signal in the n’th region. CT1;T2 can
become negative if the mean signal intensity in T2 is higher
than in T1, i.e., μT1 < μT2. For jCT1;T2j ≤ 1, the contrast is
not distinguishable from the noise level in the images. For
good contrast, we expect jCT1;T2j ≫ 1.

For Kras mice, we chose regions of interest in the tumor,
muscle, lung, and heart and for 4T1 mice, we chose ROIs in
the center and margin of the tumor, as well as in muscle tissue
near the tumor. We also quantified the relative contrast recon-
structed in vivo in each of the whole tissue segments.

The accuracy of the localization of the reconstructed fluores-
cence signal in the phantom was evaluated as a function of the
regularization parameter λ used for respective regularization fac-
tor computation. To assess the reconstruction error, we com-
puted the percentage of the reconstructed signal in an area
delineated by a distance of 2 mm around the fluorescence
tubes (as described in Ref. 25). We further evaluated the accu-
racy of the localization in Kras, 4T1, and LLC experiments
based on intensity profiles through the in vivo and ex vivo
images. The threshold set for assuming that a fluorescence sig-
nal originates from a location of true probe accumulation was set
as the mean signal intensity in the entire mouse plus two stan-
dard deviations of background noise (as previously described
in Ref. 38).

3 Results

3.1 Evaluation of Regularization Factor Estimation

Figure 1(a) depicts four phantom reconstructions with different
values of λ using standard Tikhonov regularization, and the cor-
responding L-curve. The shown representative values of λn
included λ1 and its 2n−1 multiples (λ2 ≈ λ1 · 21; λ3 ≈ λ1 · 22;
λ4 ≈ λ1 · 23). Reconstruction for λ1 shows an elongated appear-
ance of the circular objects (fluorescent tubes) with the peak
intensity biased toward the surface. As the λ values increase
from λ1 to λ4, the reconstructed image appears more diffusive
in nature but the elongation is retained, due to the limited
angle projection data collected by the system. Figure 1(b)
lists the values of λ1 to λ6 in its rows and the corresponding regu-
larization factors for the two tubes and the background in its
columns. The left tube was assigned the lowest regularization
factor of 1 for all cases while the regularization factor for the
right tube changed with λ. The step 2 reconstructions resulting
from using the regularization factors computed with λ1 to λ6 are
evaluated in the rightmost two columns. The normalized relative
contrast (i.e., contrast values divided by the largest contrast
value, which was 17.5) between right tube and tissue and the
percentage of reconstructed signal lying up to 2 mm outside
the tube margin are given. Figure 1(c) shows the computed regu-
larization factors for the right tube as a function of all λ’s starting
at the L-curve corner with λ1 as a continuous line. We observed
that the regularization factors between λ1 and λ3 are in a similar
value range, with a local minimum at λ3, but rise quickly for
higher values of λ. The dashed line shows the change of the nor-
malized relative contrast in the right tube after step 2 inversion as
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a function of the used regularization parameter for regularization
factor estimation. The dotted line depicts the change of the per-
centage of the reconstructed signal lying within a distance of
2 mm from the tube. Figure 1(d) finally shows the examples
for the fluorescence distribution after step 2 inversion using
the regularization factors computed from step 1 inversion
with λ3, λ5, and λ6. The results from Figs. 1(b) and 1(c) suggest
that the relative contrast decreases for regularization factors
computed with λ > λ3 and the localization accuracy for
λ > λ4. This becomes obvious in the presented examples.
The top two phantom slices show the same reconstruction
with regularization factors computed with λ3, but with different
scaling to bring out the maximum signal in the right tube. The
two reconstructions on the bottom of Fig. 1(d) for λ5 and λ6 are
also scaled to the maximum value of the signal in the right tube.

Here, it becomes obvious that similarly high signals are also
reconstructed outside the tube area (arrows). Red circles high-
light the region that was used for the localization evaluation, i.e.,
tube radiusþ2 mm. The independent regularization parameter λ
used in step 2 was chosen to be the commonly used optimal
solution lying at the L-curve corner. In contrast to the phantom
reconstruction using priors shown in Ref. 25 where the regulari-
zation factors were manually set, the result in Fig. 1(d) was
achieved by automatic computation based on experimentally
determined regularization factors.

3.2 Dual-Wavelength Experiments

Table 1 lists the computed regularization factors after step 1
inversion for both Kras and 4T1 mouse models at the two

Fig. 1 (a) Tikhonov reconstruction (step 1 inversion) of fluorescence inclusions (red circles) in a tissue-
mimicking phantom for different regularization parameters λ, marked on the corresponding L-curve.
(b) Regularization factors computed from the respective reconstructions using six different λ values
and resulting contrast ratios and localization accuracy. (c) Computed regularization factor of the right
tube as a function of λ (continuous line), normalized contrast between right tube and tissue (dashed
line), and percentage of signal localized within 2-mm distance of the right tube (dotted line).
(d) Reconstructions using regularization factors calculated for λ3, λ5, and λ6 (step 2 inversion). The
red circles represent the area for localization evaluation defined by the tube radius þ2 mm. The chosen
regularization parameter for step 2 lies near the point of maximum curvature of the step 2 L-curve, at the
L-curve corner.
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employed wavelengths and represents the mean reconstructed
fluorescence strength per λ (columns) and segment (rows).

For Kras mice, step 1 inversion with λ1 suggests that the fluo-
rescent probe uptake at both wavelengths was highest in the
bones. This would result in a segment-specific regularization
factor of 1 in the L-matrix of Eq. (2), representing the step 2
inversion. The other segment-specific entries into the L-matrix,
i.e., for tissue, lung, and heart, at 680 nm would for instance be
1.6, 2.21, and 3, respectively. The computation of these seg-
ment-specific regularization factors changes as a function of
increasing λ, as can be seen in Table 1 for the values computed
with λ2 and λ3. In contrast to the results obtained with λ1, step 1
inversion with λ3 suggests that the highest fluorescence probe
uptake at 680 nm is in the lung. In this case, the elements of
the L-matrix corresponding to the lung segment would be
assigned a value of 1.

Figure 2 shows the results after step 2 inversion of the Kras
mouse model using the respective regularization factors from
Table 1 for λ3. Figure 2(a) depicts the two in vivo reconstruction
slices at different locations in the chest of the mouse and
Fig. 2(b) contains the corresponding ex vivo cryosections for
validation. An example for the choice of regions of interest
for the determination of the relative contrast between tissues
is given in the top in vivo and ex vivo slices by dashed white
ellipses for tumor (t), muscle (m), lung (l), and heart (h). The
bottom slice in Fig. 1(a) additionally shows the segmentation
of lung and heart in the in vivo data as white dashed contour
lines. Figure 2(c) depicts a three-dimensional (3-D) rendered
image of the whole reconstructed volume. Here, the lung is
shown in transparent light yellow in order to allow the evalu-
ation of the location of the reconstructed fluorescence distribu-
tion. In all panels of Fig. 2, the cyan signal represents the
distribution of IntegriSense680 and magenta the distribution
of AngioSense750. Cyan arrows highlight the tumors and
magenta arrows the heart. A clear difference in the biodistribu-
tion of the two probes is observable in the ex vivo slices. This is
reflected in the in vivo reconstruction, where IntegriSense680
is mainly reconstructed in the tumor area and AngioSense750
is more broadly distributed in the lung and heart area.

Figure 2(d) shows the normalized intensity profiles through
the dashed straight white lines in the in vivo and ex vivo slices in
Figs. 2(a) and 2(b). Dashed lines in the graph represent in vivo
and continuous lines ex vivo data. An arrow highlights the posi-
tion of the biggest tumor in the ex vivo slice [Fig. 2(b)] and the
graph to facilitate correlation of corresponding data points. The
ex vivo intensity profile shows high IntegriSense680 uptake in
the tumor compared to the surrounding lung as well as to heart
and the other tissue. Ex vivo fluorescence distribution of
AngioSense750 in tumor, lung, and heart on the contrary is
of a similar intensity level. The in vivo profiles qualitatively mir-
ror the ex vivo profiles when it comes to recovering the highest
fluorescence peaks. For AngioSense750, though, a descent
between tumor and heart area can be observed that is higher
than observable in the ex vivo validation slices. We further
examined the agreement between in vivo reconstructions and
ex vivo cryosections by comparing the relative contrast between
tissue segments and between selected regions of interest, as
described in Sec. 2. Table 2 lists these values where rows contain
the different contrast ratios, columns the respective fluorescent
probe. The compared tissues are given in the “Regions” column,
where the first tissue goes as μT1 and the second tissue as μT2
into Eq. (4), respectively. Highest whole segment contrast
for IntegriSense680 was obtained for the lung region and
accordingly for ROIs in the tumor, both in vivo and ex vivo.
Although the contrast between the whole lung and other tissues
is still rather low due to the contribution of both diseased and
normal lung tissue, contrast ratios rise significantly when focus-
ing on the contribution of the tumors alone. For AngioSense750,
the small absolute value of the lung/heart contrast ratio indicates
little contrast between those segments. Similarly high values
were also obtained when comparing localized tumor signals
to both heart and lung.

Figure 3 shows the results after step 2 inversion of the 4T1
mouse model using the respective regularization factors listed in
Table 1 for λ3. Figure 3(a) depicts two in vivo reconstruction
slices at different locations in the neck/shoulder region of the
mouse and Fig. 3(b) contains the corresponding ex vivo cryosec-
tions for validation. An example for the choice of ROIs is given

Table 1 Regularization factors computed for different values of λ after Tikhonov reconstruction of Kras and 4T1 mouse models. Columns contain
values for each respective λ and rows contain values for each respective segment. For both wavelengths, the model-specific segments are
allocated a factor between 1 and 3 representing the mean reconstructed fluorescence strength in this segment. A value of 1 means highest
fluorescence signal, a value of 3 lowest fluorescence signal.

KRas 4T1

Wavelength Segment λ1 λ2 λ3 Segment λ1 λ2 λ3

680 Tissue 1.60 2.85 3.00 Tissue 2.89 3.00 3.00

Bone 1.00 1.00 2.10 Bone 3.00 2.54 1.78

Lung 2.21 1.41 1.00 Tumor 1.00 1.00 1.00

Heart 3.00 3.00 1.77

750 Tissue 1.55 3.00 3.00 Tissue 3.00 3.00 3.00

Bone 1.00 1.49 1.92 Bone 2.94 2.76 2.51

Lung 3.00 2.67 1.09 Tumor 1.00 1.00 1.00

Heart 2.08 1.00 1.00
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in the top in vivo and ex vivo slices by dashed white ellipses for
tumor margin (tm), tumor center (tc), and muscle (m). The bot-
tom slice in Fig. 3(a) shows the contour of the tumor segment
used for in vivo reconstruction. In all panels of Fig. 3, the cyan
signal represents the distribution of scVEGF/Cy and magenta
the distribution of IntegriSense750. Both in vivo and ex vivo
slices show IntegriSense750 accumulation in the center of the
tumor whereas scVEGF/Cy is accumulated at the tumor margin
(cyan arrows). Figure 3(c) depicts a 3-D rendered image of
the reconstructed fluorescence at both wavelengths. The
reconstruction of scVEGF/Cy uptake throughout the mouse is
equivalent as for the single slices shown in Fig. 3(a), namely
on the tumor boundary. This probe mainly accumulates in the
margins (note the donut shape of the reconstruction) and
IntegriSense750 is in its center, with some overlap of both
probes in the peripheral regions of the tumor.

The same quantitative analysis as for the Kras model was
performed on the 4T1 model. Figure 3(d) depicts the intensity
profiles through the dashed white straight lines in ex vivo and in
vivo slices in Figs. 3(a) and 3(b). The graph shows in cyan the
normalized intensity of scVEGF/Cy emission and in magenta
the normalized intensity of IntegriSense750 emission. Dashed
lines represent the in vivo and continuous lines ex vivo data.
An arrow highlights the position of the tumor boundary in
the ex vivo slice [Fig. 3(b)] and the graph to facilitate correlation

of corresponding data points. The intensity profile of scVEGF/
Cy shows the highest intensities at the tumor margins while the
highest peak for IntegriSense750 is in the tumor center, both for
ex vivo and in vivo data. Contrast ratios for the whole tissue seg-
ments and for the selected regions of interest are listed in Table 3.
The whole segment contrast ratios show that both probes are
accumulated in the tumor segment. Contrast between ROIs in
the tumor center and margin furthermore confirm the exact
localization of the accumulation of each probe, i.e., in the
margin for scVEGF/Cy and in the center for IntegriSense
750. In vivo and ex vivo contrast ratios were in qualitative agree-
ment, i.e., highest contrast was achieved for margin/tissue for
scVEGF/Cy and center/tissue in both reconstructions and
cryosections.

3.3 FMT-XCT-PET Study

Figure 4 shows the reconstruction results of the LLC mouse
model including FMT, XCT, and PET data. In this case, the
expression of αvβ3-integrin was tracked with an optical probe
and metabolic activity with an [18F]-FDG PET radiotracer.
The reconstruction of IntegriSense680 was performed analo-
gously to the phantom, Kras, and 4T1 studies, i.e., using λ3≈
22 · λ1, with λ1 being the regularization parameter at the L-
curve corner of the step 1 regularization of the LLC mouse.

Fig. 2 Reconstruction of Kras tumor model using two different fluorescence probes and the two-step
inversion approach. (a) Overlay of two representative slices of in vivo reconstructions of
IntegriSense680 (cyan) and AngioSense750 (magenta) of the Kras mouse. Regions of interest in
tumor (t), lung (l), muscle (m), and heart (h) for contrast evaluation are shown in the top slice. White
dashed contours in the bottom slice show the segmentation of lung and heart. (b) Overlay of the cor-
responding fluorescence cryosection images. (c) Three-dimensional (3-D) representation of the recon-
structions throughout the volume. (d) Intensity profiles through the straight white dashed lines in (a) and
(b) of IntegriSense680 (cyan) and AngioSense750 (magenta) for in vivo (dashed lines) and ex vivo (con-
tinuous lines), respectively. (3-D rendering was implemented using AMIRA software).

Table 2 Comparison of in vivo and ex vivo contrast ratios in Kras mouse model. Left: Computed relative contrast for whole segments for both
wavelengths. Right: Relative contrast of model specific regions of interest. For Kras: tumor-to-lung, tumor-to-muscle, and tumor-to-heart contrast.

Kras—relative contrast (whole segments) Kras—relative contrast (ROI)

Regions

In vivo

Regions

In vivo Ex vivo

IS680 AS750 IS680 AS750 IS680 AS750

Lung/Tissue 2.47 1.24 Tumor/Lung 10.81 5.69 24.43 3.98

Lung/Bones 1.42 0.18 Tumor/Muscle 11.60 6.42 20.75 11.01

Lung/Heart 1.85 −0.37 Tumor/Heart 12.43 3.89 34.78 5.82
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Figure 4(a) depicts the different distribution of the two tracers,
the in vivo reconstruction of IntegriSense680 being shown in
orange and the [18F]-FDG-PET tracer in green. Figure 4(b)
shows the ex vivo validation of the optical probe distribution
where the fluorescence signal is shown as contrast-enhanced
orange overlay on a white light image. Figure 4(c) visualizes
the 3-D distribution of IntegriSense680 and [18F]-FDG recon-
structions and Fig. 4(d) indicates the locations of the subcuta-
neous LLC tumors on the 3-D rendered mouse skin by orange
arrows. Figure 4(e) depicts the normalized intensity profiles
through the white dashed lines in Figs. 4(a) and 4(b).
Continuous curves represent the profiles through line 1 and
dashed curves through line 2. The graph shows in orange the
normalized intensity of IntegriSense680 emission in the ex
vivo slice [Fig. 1(b)], in yellow the in vivo IntegriSense680
reconstruction [Fig. 1(a)], and in green the normalized intensity
of [18F]-FDG. A gray arrow highlights the position of the left
tumor in the ex vivo slice [Fig. 4(b)] and the graph to facilitate
correlation of corresponding data points.

We observed that IntegriSense680 is only reconstructed in
the tumor area, in accordance with the ex vivo slice image.
The size of the left tumor, though, was overestimated and a
slight dislocation between ex vivo and in vivo fluorescence

locations could be observed. As can be expected, FDG
(green) shows the metabolic activity and is therefore not only
distributed in the tumors but also in heart and brain. An addi-
tional aggregation of FDG can be observed, though, between the
two tumors, as highlighted by green arrows in Figs. 4(a), 4(c),
and 4(e). This is neither visible after IntegriSense680
reconstruction nor is a third tumor distinguishable in the ex
vivo slice.

4 Discussion
Multichannel imaging is generally available to only a few im-
aging modalities, most notably optical,28 and optoacoustic im-
aging.39 The guiding force in this study was to develop
multispectral and multimodality FMT using a limited-projec-
tion-angle hybrid implementation in combination with XCT.
Particularly, we aimed at enabling simultaneous investigation
of multiple molecules using limited-projection-angle, hybrid
FMT-XCT, a capacity not documented before in the literature.
Contrary to assuming that imaging two targets would only be a
matter of adding an additional filter and a light source to the
previously developed limited-projection-angle FMT-XCT sys-
tem,25 the study, herein, instead focused on adapting a spatially
varying regularization inversion method,31 previously described

Fig. 3 Reconstruction of 4T1 tumor model using two different fluorescence probes and the two-step
inversion approach. (a) Overlay of scVEGF/Cy (cyan) and IntegriSense750 (magenta) in two represen-
tative slices from in vivo reconstruction. Regions of interest in tumor margin (tm), tumor center (tc), and
muscle (m) for contrast evaluation are shown in the top slice. The white dashed contour in the bottom
slice shows the segmentation of the tumor. (b) Overlay of the corresponding fluorescence cryosection
images. (c) 3-D representation of the reconstructions throughout the volume. (d) Intensity profiles through
the straight white dashed lines in (a) and (b) of scVEGF/Cy (cyan) and IntegriSense750 (magenta) for in
vivo (dashed lines) and ex vivo (continuous lines) data, respectively. (3-D rendering was implemented
using AMIRA software).

Table 3 Comparison of in vivo and ex vivo contrast ratios in 4T1 mouse model. Left: Computed relative contrast for whole segments for
both wavelengths. Right: Relative contrast of model specific regions of interest. For 4T1: tumor-margin-to-center, tumor-margin-to-tissue, and
tumor-center-to-tissue ratios.

4T1—relative contrast (whole segments) 4T1—relative contrast (ROI)

Ratios

In vivo

Ratios

In vivo Ex vivo

scVEGF/Cy IS750 scVEGF/Cy IS750 scVEGF/Cy IS750

Tumor/Tissue 2.98 3.71 Margin/Center 5.81 −1.25 5.37 −9.94

Tumor/Bones 1.68 3.57 Margin/Tissue 8.46 4.90 20.78 10.11

Center/Tissue 2.65 6.15 15.41 20.06
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for 360-deg FMT data, to a limited-projection-angle implemen-
tation. The particular challenge, herein, was to identify on
whether the regularization parameters are wavelength dependent
and then on overall developing a methodology for automatic
computation of regularization factors which would be optimal
for limited-projection-angle FMT reconstructions. A next aim
of the proposal was to offer the first co-registration of PET-
FMT-XCT hybrid data, based on limited-projection-angle
FMT reconstructions using priors.

The study defined a data-driven method based on two-step
inversion for the application of prior knowledge to the
reconstruction of limited-projection-angle hybrid FMT-XCT
images. The first step was based on the computation of the
mean reconstructed fluorescence strength per segment after
Tikhonov reconstruction. The resulting regularization factors
were subsequently used to guide the second inversion step.

We first investigated the influence of different regularization
parameters λ on the automatic computation of regularization fac-
tors in a phantom. Although the effect of surface weighting was
reduced with increasing values of λ [Fig. 1(a)], the increase in λ
values also resulted in changed regularization factors, especially
for λ values that were larger than λ3, as evinced by the steep rise
of the regularization factor curve in Fig. 1(c). This affected the
contrast and localization of the fluorescence signal after step 2
inversion, which both decreased with increasing λ. According to
these results, we considered a regularization with λ3 ≈ 4 · λ1,
with λ1 being the λ-value found at the corner of the L-curve cal-
culated for the step 1 regularization. This proved to be a good
compromise between high surface weighting and overregulari-
zation. We then confirmed this finding by applying our method
to different mouse models, containing deep-seated tumors and
superficial tumors. For both imaging studies carried out, indi-
vidual channel specific regularization factors were found
using λ3. In vivo reconstruction results using this prior knowl-
edge correlated with the validation from ex vivo cryosections,
both in respect to signal localization and relative contrast.

Previously acquired data from lung imaging studies in Kras
mice employing IntegriSense21,25 were consulted to validate the
regularization factors employed, herein. IntegriSense was shown
in these studies to label tumors in the lung. Imaging within
the lung requires regularization factors of lower value than
the regularization factors of surrounding tissues. Such lower
factors were only obtained in our current study using λ3. The
data-driven approach presented, herein, can therefore replace
the manual selection of regularization factors and may
provide user-independent and therefore possibly unbiased
reconstructions.

Finally, we demonstrated how the combination of a different
molecular imaging modality, i.e., PET, can also be employed
to offer complementary information into different molecular
processes. This approach takes advantage of particular strengths
that each imaging modality may have, especially in regard to the
availability of different agents that complement the ability to
label desired targets. In this particular study, we observed on
the one hand that PET reliably reconstructs the tumor location
while FMT results exhibit a slight displacement between
reconstruction and ex vivo validation. On the other hand, the
uptake of [18F]-FDG in nondiseased tissue can complicate
the distinction of tumors from normal tissue. In this context,
FMT was capable of contributing important information to
this study since it reliably enabled the assessment of the number
of tumors. Nevertheless, both modalities were able to recon-
struct one large and one smaller tumor, in agreement with
the injected cell number and cryosection results. Thus, the com-
bination of PET and FMT in this case provided complementary
information on the mouse model. An obvious further extension
would be the integration of MRI data and the exploitation of its
anatomical and functional imaging properties in combination
with the molecular and anatomical data provided by limited-pro-
jection-angle FMT, PET, and XCT.

Labeling and imaging multiple biological entities enable
simultaneous investigation of different tissues and organs, or

Fig. 4 Reconstruction of LLC mouse model and coregistration of FMT-XCT-PET. (a) In vivo
reconstruction of IntegriSense680 (orange) and overlay of FDG-PET reconstruction (green). The
green arrow highlights a region where the PET reconstruction indicates higher FDG uptake. FMT
reconstruction in the same area does not show any fluorescence signal. (b) Ex vivo validation slice
of IntegriSense 680 fluorescence (orange). The fluorescence image was enhanced for better contrast.
(c) 3-D representation of both FMT (orange) and PET (green) reconstructions. Orange arrows point to
the tumors as reconstructed by FMT and PET. The green arrow points to a third region of increased
FDG uptake. (d) 3-D rendering of mouse skin and highlighted tumor areas (arrows). (e) Intensity
profiles through the white dashed lines in (a) and (b) of ex vivo IntegriSense680 (orange), in vivo
IntegriSense680 (yellow), and [18F]-FDG (green) for line 1 (continuous) and line 2 (dashed), respectively.
(3-D rendering was implemented using AMIRA software).
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tracking of several cell populations, therefore enhancing insight
into cell and developmental biology, cancer studies, and bio-
medicine.29 Although findings based on in vitro and ex vivo
approaches help in understanding the fundamental roles of dif-
ferent molecules in diseases or healing processes, in vivo tools
can deepen the understanding of enzymatic activation and pro-
tein regulation in time-dependent cellular and molecular events.
Simultaneous acquisition of multiple key features improves,
hence, the understanding of such processes40 or the characteri-
zation of cancer types41–43 and facilitates the development of
efficient drugs and therapies.

Taking advantage of the spectral potential of optical imaging
methods and in particular of the in vivo imaging capabilities of
FMT is, therefore, of predominant importance. The potential of
FMT to perform tomographic imaging in planar geometry ren-
ders it furthermore a flexible and fast multimodality compatible
device. We showed and discussed, herein, that hybrid limited-
projection-angle FMT reconstructions are suitable for indepen-
dent assessment of different spectral signatures in the same
animal and can, hence, be used for multispectral studies, or
multiparametric investigations in combination with other
imaging modalities. Thus, complementary data can be gathered
and an information-rich experimental environment is cre-
ated.26,40,44,45 The reduced acquisition times and the coregistra-
tion potential to basically any other in vivo imaging device
provided by the imaging cartridge, make limited-projection-
angle FMT particularly interesting for such multiparameter stud-
ies. Our approach of adapting automatic regularization factor
computation to limited-projection-angle FMT is all the more
important, the more manual factor selection is likely to bias
the outcome of the reconstruction. This is particularly relevant
for studies employing multiple fluorochromes in the same ani-
mal. In this context, anatomical data always stays unchanged
while the fluorescence distribution differs depending on the
used probe at each wavelength. Therefore, applying the same
regularization factors for reconstructing all wavelengths may
be wrong, since the different fluorochromes may distribute dif-
ferently. Manually selecting different factors per wavelength
could, on the other hand, introduce bias.

Beyond the investigation of multiple molecules, alternative
dual-wavelength approaches aim at improving the quantification
of fluorescence expression by separation of probe uptake and
target presence6 in epi-illumination imaging. In this example,
one wavelength was used to establish an internal control by pro-
viding a background measurement by an untargeted fluores-
cence probe. Similarly, such a concept was recently applied
to FMT (Ref. 7) and showed the improved reconstruction of
fluorescence localization. In order to move toward absolute
quantification in contrast to relative quantification as presented
herein, as well as improved localization, the adaptation of such
internal control methods could further enhance multiparameter
FMT methods, particularly in regard to longitudinal studies
where the measurements at different time points should be quan-
titatively comparable. One untargeted probe could consequently
be used to normalize many other functional probes. Due to the
wavelength-independent nature of our hybrid method, an exten-
sion of our concept to measuring more than two probes would
suggest itself. Hence, accurate and quantitative reconstructions
of many fluorescence molecules could be achieved.

Several limitations are present in this study. Slight discrep-
ancies in tumor localization still exist and were observed in this
study in mice containing more than one tumor (Kras and LLC).

The fluorescence emission from multiple locations, hence, still
affects accurate reconstruction. Additionally, broadly distributed
fluorescence, as exhibited by AngioSense in the Kras model,
was less consistently recovered than the localized signal from
IntegriSense, as shown in the intensity profile in Fig. 2(d).
The distinction of signal from background in such cases
seems less reliable. Several approaches to account for these
limitations are conceivable. Using contrast agents for XCT or
employing MRI as anatomical imaging modality could improve
the segmentation of tumor tissue and hence directly influence
the FMT reconstruction in terms of localization. More impor-
tantly, localization as well as quantification and background
detection issues could be resolved by adapting the previously
proposed internal control method.

To conclude, the automatic computation of regularization
factors for a priori reconstruction enables simultaneous but in-
dependent investigation of multiple molecules and accurate
comparison and combination of limited-projection-angle FMT
with other molecular imaging devices. This is of utmost impor-
tance for the realistic assessment of any disease, since multiple
molecules play a role in their progression and therapy. Such in
vivo, noninvasive, and multiparameter investigations can signifi-
cantly improve the understanding of dynamic processes because
the same animal can be imaged over longer time periods and
information is gathered from the most realistic experimental
setup possible—the living organism. Last but not least, such
multiple dynamic readings could be employed beyond tradi-
tional biological investigations to computational models of dis-
eases and systems biology applications.
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