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Fusion imagingof radionuclide-basedmolecular (PET) and structural
data [x-ray computed tomography (CT)] hasbeenfirmlyestablished.
Here we show that optical measurements [fluorescence-mediated
tomography (FMT)] show exquisite congruence to radionuclide
measurements and that information can be seamlessly integrated
and visualized. Using biocompatible nanoparticles as a generic
platform (containing a 18F isotope and a far red fluorochrome), we
show good correlations between FMT and PET in probe concentra-
tion (r2 > 0.99) and spatial signal distribution (r2 > 0.85). Using a
mouse model of cancer and different imaging probes to measure
tumoral proteases, macrophage content and integrin expression
simultaneously, we demonstrate the distinct tumoral locations of
probes in multiple channels in vivo. The findings also suggest that
FMT can serve as a surrogate modality for the screening and devel-
opment of radionuclide-based imaging agents.

fluorescence-mediated tomography | molecular imaging | multimodal
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Today, clinical imaging is used largely to provide anatomic,
physiological, andmetabolic information, but it generally cannot

provide information about the underlying molecular aberrations of
disease.Molecular imagingprobeshave thepotential toprovide such
information by interrogating specific targets, such as cell surface
receptors, enzymes, and structural proteins. By detecting specific
molecular markers, imaging probes could vastly improve the early
detection and staging of disease, and thus promote tailoring of tar-
geted therapies for individual patients. There is also considerable
interest in identifyingandvalidating surrogate imagingbiomarkers as
indicators of drug efficacy in clinical trials and medical practice (1).
Increasingly, particular attention has been paid to the develop-

ment of combined PET–optical molecular imaging agents for
translational applications, because these two modalities can pro-
vide complementarymolecular information.A combined approach
would be invaluable for purposes such as whole-body imaging
(with, e.g., PET) and subsequent surgical intervention (with, e.g.,
an intraoperative optical imaging system). Moreover, because
preclinical studies canuse opticalmodalities, a combined approach
would significantly reduce the hurdles commonly encounteredwith
nuclear imaging and thus accelerate throughput and the develop-
ment of PET imaging agents. For instance, this strategy would
obviate some of the need for expensive equipment, controlled
facilities, and a local cyclotron for supplying the radionuclide, and
also would reduce the costs associated with handling radioactivity.
Furthermore, by targeting the agent toward a surrogate biomarker,
its specific localization within the tissue could be visualized via
fluorescence; thus, this technique could provide a better under-
standing of underlying pathophysiology of disease.
A unique platform for the combined development of targeted

multifunctional imaging agents is provided by biocompatible nano-
particles (2–5). Such materials have been targeted to endothelial
cells (6), growth factor receptors, and specific immune cells (7, 8),
and also have been used to report on biological processes, such as
phagocytosis (9). The recent introduction of efficient bio-orthogonal
chemistries to radiolabel nanomaterials has further accelerated the
development of such materials (10, 11). But although considerable
progress has been made in the design and synthesis of multifunc-

tional agents (including smallmolecules),much less is knownonhow
well optical and PET measurements correlate in vivo.
Like PET (12), fluorescence-mediated tomography (FMT) is

inherently quantitative, relies on reconstructionsof rawdatasets, and
often uses structural imaging (CT) to visualize molecular informa-
tion in its correct anatomic reference (13–15). In the present study,
we aimed to (i) determine the similarities (or differences) between
FMT and PET datasets obtained in vitro and in vivo, (ii) determine
the correlation of signals, (iii) ascertain whether FMT agents can be
used to design PET imaging agents (or whether there are funda-
mental differences), and (iv) determine whether FMT and PET
datasets can be merged into multicolor images in which each color
reports on a different biological process, cell type, or pathway in real
time. Our findings demonstrate exquisite congruence between
optical FMT and PET measurements, and indicate that multi-
channel FMT/PET-CT fusion can seamlessly integrate and visualize
thesedata.This advance likelywill accelerate thedevelopmentof the
next generation of PET/optical molecular imaging agents.

Results
Approach. In this study we used a unique, biocompatible nano-
particle platform for fusion imaging (Fig. 1A and Fig. S1). The
nanoparticle was based on a well-developed dextranated core-shell
nanoparticle [cross-linked iron oxide (CLIO)], similar to a recently
FDA-approved nanomaterial. To be suitable for fusion imaging, the
dextran surface was first aminated and then reacted with hydroxy-
succinimide-derivatized fluorochromes and azides for clicking short
18F-PEGs to the material. When injected i.v., the 30-nm nano-
particleshadabloodhalf-life of∼6handwereexcreted at<5%at 24
h, by which time they had accumulated primarily in macrophages
(83%) and to a lesser degree in neutrophils (15%) (Fig. S2).
Importantly, the nanoparticles can be further reacted with targeting
ligands (peptides, aptamers, antibodies) or other chelators [e.g., for
64Cu (16, 17) or 89Zr labeling (18)]. When labeled with PET iso-
topes, the specific activities were 37.9mCi 18F/mg Fe (1.47 GBq/mg
Fe) or 34.5 mCi 64Cu/mg Fe (1.28 GBq/mg Fe).
Multimodality image fusion can be achieved with feature rec-

ognition (19), contour mapping (20), fiducial matching (13, 15,
21), or other approaches (22). In this study, we adopted thefiducial
matching technique, a robust and well-developed method. All
images were acquired in a spatially confined imaging cassette with
22 predefined fiducial markers detectable by CT, PET, and optical
imaging (Fig. 1B).
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All images were acquired as DICOM data sets and individually
exported and stored on a home-built PACS (Picture Archive and
Communication System) server. To fuse and visualize images from
the three different modalities and channels (n= 4 for FMT, n= 1
for PET, n = 1 for CT), we developed and tested an easy-to-use
plug-in for an open-source DICOM viewer (OsiriX). For each
fusion, the fiducial markers on the imaging cartridge were selected
on individual channels, which then, through drag-and-drop actions,
resulted in resampled fused multichannel images, as illustrated in
Fig. 1C. Fused datasets were stored in the DICOM format. The
design and use of the plug-in is described in detail in SI Methods.

Signal Linearity and Detection Threshold. Signal linearity and de-
tection thresholds of FMT and PET were initially evaluated in
agar-based phantoms, in which wells were filled with serial dilu-
tions of 18F-CLIO-VT680 or 64Cu-CLIO-VT680. Image z-stacks
were obtained and rendered in 3D. From these volumes, activities
and fluorochrome concentrations were determined based on pre-
vious calibration curves. There was excellent correlation between
PET and FMT signals, with a correlation coefficient value (r2) of>
0.99 for 18F-CLIO-VT680 (Fig. 2A). Given the specific activities
and fluorochrome loading of the nanoparticles in this study, the
detection thresholdwas 0.025 μgFe/mLbyPETand1.25 μgFe/mL
by FMT. Similar experiments also were conducted with 64Cu-
labeled nanoparticles with longer half-lives (Fig. 2B). Here the
correlation coefficient was >0.99, and the detection threshold was
0.1 μg of Fe/mLby PET imaging. These values are somewhat lower

than those achieved with 18F, most likely because of the lower
branching ratio of 64Cu (23).

Spatial Coregistration. Because signal congruence is an essential
benchmark for any fusion method, we determined the congruence
of the fusion approachbetweenFMTandPET.Fusionwasbasedon
landmarks on the imaging cassette, and fiducials were aligned using
OsiriX. Excellent spatial agreement was obtained after fusion (Fig.
3). The congruence between PET and FMT datasets in the xy plane
was quantified with a cross-correlation function (CCF) based on
Pearson’s coefficient (PC), as was applied previously for micro-
scopic imaging (24). The peak correlation coefficient of the 2D
signal was 0.85 (P< 0.05)when the datasets were at an xy translation
of 0. When the matrices were intentionally misaligned by inducing
predefined relative translations along the x-axis and y-axis direc-
tions, the correlation coefficient decreased rapidly, signifying good
coregistration of signal distribution betweenFMTandPET (Fig. 3).

In Vivo Correlation. Encouraged by the correlation in vitro, we next
performed in vivo experiments.Wechose to image tumor-associated
macrophages in BALB/c mice bearing CT26 colon carcinomas in
their flanks. Thismodel system and the nanoparticle distribution has
been validated for optical imaging; the nanoparticles preferentially
target tumor-associated macrophages (TAMs) (7). All mice under-
went PET-CT and FMT 24 h after injection of 64Cu-CLIO-VT680.
Asexpected, both imagingmodalities detecteda signal in the tumors,
and the spatial distribution and amplitude of the signals were well

Fig. 1. Approach. (A) A 30-nm nanoparticle with an iron oxide core and a dextran shell was used for multimodal imaging. The dextran shell carried ∼40 amines
per particle, which were used to attach more ligands. The clinical PET isotope 18F was attached with click chemistry. A near-infrared fluorochrome was used for
FMT, fluorescence histology, and flow cytometry. These underivatized nanoparticles are avidly taken up by myeloid cells (i.e., monocytes and macrophages).
However, this platform also can be derivatized with affinity ligands, such as peptides (6) or small molecules (3). (B) (Top) An imaging cassette and an adapter
specifically developed for use in the Inveon PET-CT platform. This adapter can befixed to the gurney, allowing seamless positioning of the cassette in the CT and
PET ring. (Middle) Surface-renderedCT imageof amouse inside the imaging cassette. The lid of the cassettewas segmentedout to show thefiducialwells that are
used for FMT/PET-CT fusion (yellow arrows). (Bottom) A 3D reconstruction of a CT, FMT, and PET dataset after injection of 18F-CLIO-VT680 into a control mouse.
Nanoparticle signalwaspredominantly seen in the liver and spleen. (C) Thealgorithmformultichannel fusionbasedonfiducials. The softwareplug-in is described
inmore detail in SIMethods. Raw imagedatasets are resampled and coregistered (horizontal arrow) tomatch image dimensions, and then fused (vertical arrow).
Images on the right were acquired in a four-channel FMT-CT experiment (described in detail in SI Methods).
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correlated (Fig. 4A). In coregistered volumes of interest (including
individual tumors), the fluorescence concentration measured by
FMT correlated well with activity quantified by PET (r2 = 0.82, P=
0.002; Fig. 4B). After imaging, tumors were excised for ex vivo
analysis. In vivo PET and FMT signals for tumors correlated well
with theexvivogold standard, tissue scintillation (Fig. 4B). Inparallel
to phantom imaging,wealsoanalyzed the colocalizationofFMTand
PETsignals in the xyplaneusing theCCF. In vivo, the correlationwas
r2 = 0.56 (P < 0.05; Fig. 4C).

Multichannel Integration. To expand our ability to fuse and simul-
taneously visualize different molecular markers in vivo, we ex-
plored the integration of multichannel optical datasets into the
PET-CT framework. Tumor-bearing mice were injected i.v. with
three molecular probes: (i) the TAM-targeting nanoparticles
described above (64Cu-CLIO-VT680), (ii) a cathepsin imaging
probe (excitation, 750 nm), and (iii) an αVβ3 integrin imaging
probe (excitation, 635nm). The aim of this experiment was to
compare the signal distribution of the PET candidate probe with
that of independent markers of malignancy, such as high protease
activity (25) and integrin expression (26, 27). Spectrally resolved
signals were observed in the tumors of all mice (Fig. 5A). Quin-
tuple fusion of three FMT channels with PET and CT (Fig. 5B)
resulted in overall colocalization of signals within the tumor and its
immediate vicinity, but with distinct local distributions for a given
agent (Fig. 5C). To validate these in vivo imaging results, we

performed additional in vitro imaging experiments at the macro-
scopic and microscopic levels (Fig. 6). Overall, in vivo and in vitro
fluorescence reflectance and autoradiography data were well
correlated (Fig. 6 A–D). The integrin signal was highest at the
tumor margins, whereas cathepsin activity and phagocytosis were
often higher within the tumor bulk. These observations were
confirmed microscopically (Fig. 6 E–J).

Fig. 3. Coregistration of FMT and PET in tissue phantoms. Three-dimensional, surface-rendered reconstruction of FMT-CT, PET-CT, and FMT/PET-CT images
show good correlations in spatial signal distribution. Because of the greater sensitivity of PET, the positive area is slightly larger for this modality. The
correlation of spatial FMT and PET signal distributions in coregistered data was quantitated with a CCF (the 3D mesh on the right) based on the PC (perfect
coregistration, PC = 1; no coregistration, PC = 0). In high-colocalized conditions, the CCF is close to 1 at its maximum, which occurs for low relative translations,
that is, Δx ≈ Δy ≈ 0. The CCF analysis shown here indicates very good concurrence between the PET and FMT reconstructions.

Fig. 2. Signal correlation in phantoms. Two-dimensional images of tissue
phantoms, acquired by PET and FMT imaging. 18F-CLIO-VT680 (A) and 64Cu-
CLIO-VT680 (B) were diluted serially, and the concentration was reported
according to the iron content in the nanoparticle core. The correlation
between FMT and PET signals is shown on the right. FMT signals are
reported as fluorescence concentration (nM); PET signals, as counts per
volume (Bq/mL).

Fig. 4. Comparison of modalities in vivo. (A) FMT-CT, PET-CT, and FMT/PET-
CT reconstructions of a representative mouse with bilateral flank tumors.
The signal intensity was color-coded and was found to correlate well in
amplitude and location. (B) Correlations of in vivo FMT to in vivo PET signal
(Upper), ex vivo tumoral activity (measured by scintillation counting) to in
vivo PET (Middle), and in vivo FMT signal to ex vivo scintillation counting
(Lower). (C) As shown in Fig. 3 for phantoms, signal distribution was com-
pared using the CCF. A good correlation of modalities was found.
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Discussion
In vivo imaging is a powerful tool for studying connections between
biological processes at different temporal and spatial scales. Recently
developed imaging technologies are capable of quantitating a variety
of markers in vivo. Of these, the most widely applied is probably flu-
orescence optical imaging (28), with a number of technologies (e.g.,
FMT, multiphoton microscopy) already adapted for in vivo exper-
imental use. These techniques are now on the verge of addressing
fundamental questions inmolecular oncology:Howdo themolecular
and cellular components of signaling pathways interact in vivo?What
are the kinetics and flux rates of such networks? What are the dif-
ferences between pathways in malignant and healthy tissue? Can we
identify the dominant regulators that will translate into the most
efficient readouts of cancer progression and therapeutic efficacy?
In parallel, various clinical imaging technologies (e.g., PET, CT,

MRI) have emerged as sensitive tools for cancer detection, disease
staging, and readouts for determining treatment response (29, 30).
One of the most significant obstacles hindering the expansion and
utility of such methods is the slow development and validation of
translatable molecular imaging probes. Although rational design
frequently yieldsfirst-generation prototypes, agents for clinical use
commonly undergo stringent iterative redesign, optimization, and
validation procedures, which can take many years. Thus, high-
throughput surrogatemethods that provide information about the
behavior of isotope-labeled agents in vivo would be highly desir-
able for accelerating agent design and validation. Many of the
high-throughput technologies used in today’s drug development
rely on fluorescence; thus, the development and validation of
imaging approaches that bridge the gap between these high-
throughput approaches and PET imaging is a worthy goal.
Various requirements must be met before FMT can be used as a

surrogate modality for PET agent development, including linearity
of signal correlation between modalities, robust coregistration and
colocalization of signals, and comparable detection thresholds.
Using nanoparticles with fixed fluorochrome/radionuclide ratios
and an iron oxide core for signal normalization, we compared pre-
clinical PETandFMT imagingwith respect to these criteria. Precise
analysis was achieved via a multimodal fusion approach, using an

imaging cartridge with fiducial markers in free-space multichannel
FMT and a DICOM viewer software module for image fusion. We

Fig. 5. In vivo multichannel FMT/PET-CT. FMT/PET-CT of tumor-bearing mice, coinjected with a fluorochrome-derived RGD peptide targeting integrin
(Integrisense), a protease sensor (Prosense), and the nanoparticle PET agent (64Cu-CLIO-VT680). (A and B) In 2D images, FMT (A) and PET (B) signal intensities
were color-coded, whereas 3D reconstructions show a surface-rendered signal. (C) Overall, the signals in all FMT channels and in PET colocalized in tumors;
however, when assessed at higher magnification, distinct differences between probes due to their different target profiles became evident.

Fig. 6. Ex vivo high-resolution imaging showing differential probe uptake
in a tumor. (A–C) Ex vivo fluorescence reflectance imaging of the same
tumor in respective wavelengths depicting probe distribution of coinjected
molecular sensors. The box in C shows localization of the histology shown in
E–J. (D) Autoradiography demonstrating a similar signal pattern as that of
fluorescence imaging in C, because it reports on the same nanoparticle. (E
and F) H&E histology. The box in E shows the locations of F–J. (G–J) Fluo-
rescence microscopy of the same section in respective channels showing
differential microscopic distribution of three coinjected probes. The integrin
signal is accentuated in the tumor margin in vessel-like structures, whereas
the nanoparticles accumulates in TAMs. (Original magnification 200×.)
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found excellent correlation of signal amplitudes in phantoms (r2 >
0.99) and in tumor-bearing mice (r2 = 0.82), and noted that both in
vivo modalities were well correlated with the ex vivo scintillation of
tumor specimens. Importantly, the correlation of signals was linear
over a considerable dynamic range. Given the specific activities and
fluorochrome loading of the nanoparticles in this study, the detec-
tion threshold for PET was ∼10-fold better than that for optical
imaging. This comparison is somewhat arbitrary, however, because
it depends on specific activities and the type of fluorochrome used.
Furthermore, detection is time-dependent, because the radiotracer,
unlike a fluorochrome, decays.
PET and FMT imaging rely on profoundly different physical

principles. In PET, the spatial resolution is limited by the distance
that a positron travels after its emission from the parent isotope until
its annihilation on encountering an electron. Annihilation of a
positronproduces twogammarays,which travel freely throughtissue
until detected (31).Thus, theoriginof the two rays,which signifies an
areawith high signal in reconstructed PET images,may not precisely
colocalize with the isotope location. In contrast, with FMT imaging,
the fluorochrome is excited with a laser, which causes it to emit a
photon in the exact location of the agent. This emitted photon is
subject to absorptionwhile traveling through tissue, however. Scatter
is observed in both modalities and is corrected for in respective
reconstruction algorithms (SIMethods). Given the divergent physics
of FMT and PET signal detection, we thought it important to
compare the spatial signal distribution of both modalities. The cor-
relation between FMT- and PET-derived signals suggest that even
though the aforementioned differences reduce spatial resolution of
each modality, FMT/PET fusion imaging is a viable option.
After reconstructing the PET, CT, and FMT datasets using a

widely used algorithm (SI Methods), we converted data to the
DICOM standard and used the fiducial markers on the cartridge
identified by CT and FMT for landmark-based coregistration. The
data were resampled to match image matrices and dimensions and
then fused with the developed plug-in. Each channel was assigned a
color look-up table (CLUT), and if signal overlap was detected,
colors were mixed accordingly. Especially in situations when multi-
pleFMTchannels are fused, the choice of a single-colorCLUT,with
signal intensity encoded by brightness, might be beneficial (Fig. 1C).
Each channel canbewindowed individually to optimize thedynamic
range for viewing. The signal can be quantified either on work-
stations of respective scanners or, better, in the DICOM viewer, in
which regionsof interest aredrawnonone single-channel imageand
then copied onto the remaining channels, thereby ensuring identical
region size and position. In the system used in this study, we used an
imaging cassette to immobilize animals and simplify fusion between
modalities via fixed fiducials on the cassette. For certain biological
experiments, it is necessary for animals to move between scanning
devices. In these scenarios, other fusion techniques would be pref-
erable, such as the use of anatomic landmarks, mutual information,
and warping algorithms. This is especially important for temporal
examination of animals over multiple-day or -week periods.
The hybrid imaging method reported here has at least three

distinct applications: (i) It is an experimental tool for parallel
visualization of different biological processes in vivo and in real-
time, (ii) it might accelerate the chemistry of PET agent probe
development, and (iii) itmight advance the clinicalmanagement of
cancer patients. Fluorescence imaging is increasingly viewed as a
valuable intraoperative (32–34) and diagnostic tool (e.g., colono-
scopy) (35, 36) for providingmolecular information (37). A hybrid
PET/fluorescent agent could serve a dual purpose; PET-CT
imaging would delineate tumors noninvasively throughout the
entire body and facilitate preoperative staging of disease, and also
serve as an aid for planning surgery. After 10 half-lives (∼18 h for
18F), the isotope on the nanoparticle will have decayed, but the
fluorescence tag can still be used for intraoperative optical imag-
ing. For example, probes that demarcate the tumor margin could
be used to guide surgical removal of the diseased tissue.

In conclusion, the data presented here demonstrate the sen-
sitivity and quantitative capability of FMT. The predictive nature
of biological datasets likely will enable the development of
clinical PET reporters. Combined FMT/PET-CT multichannel
imaging currently offers parallel interrogation of up to five
molecular targets. This capability enhances the simultaneous
examination of biomarker clusters, and ultimately improves our
understanding of biological systems.

Methods
Nanoparticles. Nanoparticles were prepared as described in SI Methods. A
click-labeling strategy was used for 18F-labeling of nanoparticles.

Mice. Five C57/BL6 mice were injected with 18F-CLIO-VT680 and used for
biodistribution studies 4 h later. The cellular distribution of nanoparticles
was assessed by flow cytometry in three additional C57/BL6 mice as descri-
bed in SI Methods. Eight BALB/c mice received s.c. injections with 106

autologous colon carcinoma CT26 cells (American Type Culture Collection)
into each flank and underwent imaging 10 days later. Five mice underwent
single-channel FMT/PET-CT, and three other mice underwent three-channel
FMT/PET-CT, followed by ex vivo imaging. Mice were anesthetized (iso-
flurane 1.5%; O2 2 L/min) during imaging with a gas delivery system inte-
grated into a multimodal imaging cartridge. The histological analysis is
described in SI Methods. All animal experiments were approved by Massa-
chusetts General Hospital’s Institutional Review Committee.

Image Acquisition. PET-CT images were acquired on a Siemens Inveon unit,
and FMT imaging was done with a VisEn Medical FMT-2500 system in three
channels (excitation/emission wavelengths 635/655 nm, 680/700 nm, and 750/
780 nm). The vendors specify a PET system sensitivity of 10%and a FMT system
detection threshold at 1 pmol in a diffusive medium for full tomographic data
acquisition with amaximum source density of 1 × 1mm. Integrisense-635 and
Prosense-750 (VisEn Medical) were injected at doses of 5 and 2 nmol per
mouse, respectively. Image acquisition and reconstruction are described in
detail in SI Methods.

Image Coregistration. PET and CT image reconstructions were converted into
the DICOM format, and PET images were coregistered to CT using a preset
transformation matrix using native software on the Inveon (IRW; Siemens).
Three-dimensional regions of interest were drawn on the fused PET-CT
images to encompass individual tumors on the left and right flanks. The
average activity value (MBq) for each region of interest was recorded, decay-
corrected to a common time point, and correlated to both ex vivo scintillation
counts and in vivo fluorescence from FMT. Data were then imported into
OsiriX (OsiriX Foundation) to coregister FMT, PET, and CT images. Fiducials on
the imaging cartridge were visualized and tagged in FMT and CT images with
point markers to define their location in 3D, allowing point-based regis-
tration of FMT data to CT coordinates. Using OsiriX’s open source, a custom-
built plug-in allowed us to simultaneously view and analyze multiple com-
binations of fused images (SI Methods).

Agreement of spatial FMT and PET signal distribution in coregistered
datasets was quantitated with a CCF based on PC, which provides a measure
of the linear relationship between two different variables, with a value
ranging between 0 and 1 (perfect coregistration, PC = 1; no coregistration, PC
= 0). Whereas these variables represent signal intensity values in space, we
also determined the accuracy of coregistration and visualized the spatial
correlation. To do this, we calculated the CCF between the volumetric dis-
tribution of the two datasets and translated the volume distribution of one
dataset with respect to the other by Δx and Δy along the x and y axes. The
CCF thus obtained gives the PC value for each translation. The better the
colocalization, the greater the resulting CCF sharpness. In high-colocalized
conditions, the CCF is at its maximum (∼1), which occurs for exact fusion at
low relative translations, that is, Δx ≈ Δy ≈ 0.
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