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Abstract
Fluorescence sampling of cellular function is widely used in all aspects of biology, allowing the
visualization of cellular and sub-cellular biological processes with spatial resolutions in the range
from nanometers up to centimeters. Imaging of fluorescence in vivo has become the most
commonly used radiological tool in all pre-clinical work. In the last decade, full-body pre-clinical
imaging systems have emerged with a wide range of utilities and niche application areas. The
range of fluorescent probes that can be excited in the visible to near-infrared part of the
electromagnetic spectrum continues to expand, with the most value for in vivo use being beyond
the 630 nm wavelength, because the absorption of light sharply decreases. Whole-body in vivo
fluorescence imaging has not yet reached a state of maturity that allows its routine use in the scope
of large-scale pre-clinical studies. This is in part due to an incomplete understanding of what the
actual fundamental capabilities and limitations of this imaging modality are. However, progress is
continuously being made in research laboratories pushing the limits of the approach to consistently
improve its performance in terms of spatial resolution, sensitivity and quantification. This paper
reviews this imaging technology with a particular emphasis on its potential uses and limitations,
the required instrumentation, and the possible imaging geometries and applications. A detailed
account of the main commercially available systems is provided as well as some perspective
relating to the future of the technology development. Although the vast majority of applications of
in vivo small animal imaging are based on epi-illumination planar imaging, the future success of
the method relies heavily on the design of novel imaging systems based on state-of-the-art optical
technology used in conjunction with high spatial resolution structural modalities such as MRI, CT
or ultra-sound.
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1. Introduction
Many researchers in the biological sciences appreciate the extraordinary contrast and
specificity provided by fluorescence microscopy. Extrapolating this imaging paradigm to
whole-body animal imaging is enticing. However, the physical realities associated with
imaging in live tissue make this a continuously elusive objective, as will be evidenced in this
review paper. Nevertheless, the information derived from in vivo fluorescence imaging
systems can be regarded as an important complement to microscopy studies performed on
cell cultures and tissue slices because it provides information about specific biological
processes in fully integrated living systems1. Figure 1 illustrates the salient differences
between in vitro, ex vivo and in vivo fluorescence from biological applications relating to
brain imaging. Though in essence the underlying technological and biological principles
appear to be the same, imaging in each of these regimes imposes unique challenges
requiring significantly different approaches to system design.

In this review paper, the basic principles of imaging fluorescence in living tissue is
described, together with the practical challenges in designing, implementing, and assessing
these systems. Methods available to overcome some challenges using advanced imaging
system designs are discussed and an appreciation of the importance and challenges relating
to modeling light propagation in tissue is provided. Perhaps most important is to realize that
there is an intrinsic limit on the biological information that can be extracted from even the
most carefully designed in vivo imaging instrument. Understanding these limitations is
critical for researchers in the biological sciences wanting to use custom or commercial in
vivo systems in the scope of their research. If, at the onset of research planning, the intrinsic
limitations do not interfere with investigational endpoints, a choice must be made among
several technological offerings. This paper will help to guide these choices for systems
currently available commercially and in research laboratories.

The paper is divided into several sections covering the fundamentals of fluorescence
imaging through advanced technology topics. The In Vivo Imaging Methods section
discusses the intrinsic limitations of whole-body imaging. These limitations relate to the
interaction of light with microscopic tissue components as well as with the specificity and
sensitivity of the contrast that can currently be generated in living animals. A description is
also provided for the different types of imaging technologies that can be used for in vivo
imaging emphasizing which biochemical fluorophore properties can be extracted from each.
This is followed by a more detailed description of the various hardware components
required in whole-body fluorescence imaging, including state-of-the-art illumination and
light detection technology. This section concludes with a description of the various imaging
geometries that can be used to perform in vivo small animal imaging. The next section,
Survey of Commercially Available Systems, consists of an extensive survey of the main
commercial systems available on the market. This is presented in parallel with a discussion
of salient features of in vivo fluorescence imaging in terms of resolution, sensitivity and
quantification. The section entitled Applications reviews recent publications where in vivo
fluorescence imaging has been used to study certain biological phenomena. Finally, the
paper concludes with a Discussion section reviewing the research done in laboratories to
improve the capabilities of in vivo fluorescence imaging.

1In this paper the term in vivo is used in relation with studies performed using live animals, i.e., excluding work done with live cells in
cultures (see Fig. 1).
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2. In vivo Fluorescence Imaging Methods
2.1 Intrinsic limitations

In considering the potential use of in vivo fluorescence imaging in biological studies, there
are intrinsic limitations researchers should probably consider. In part, these limitations relate
to the interaction of light with microscopic components of tissue. Also, consideration must
be given to difficulties insuring that biomarkers of interest are associated with a detectable
level of optical contrast and that the origin of the latter is specific enough to deliver useful
objective information.

2.1.1 Tissue absorption, scattering and autofluorescence—The basic principle
behind in vivo fluorescence imaging is similar to that used in fluorescence microscopy
techniques (e.g., conventional fluorescence microscopy, confocal microscopy, multiphoton
microscopy, optical coherence tomography). However, when whole animals are
interrogated, the desired information is typically associated with biochemical events
occurring deep within the tissue. This implies that photons being part of the detected signal
have undergone multiple scattering events in the process of irradiance of the excitation light
into the body and radiance of the emission out of the body.

Microscopic components within tissue from small molecules (sugars, fatty acids, amino
acids, nucleotides, ions, water) and macromolecules (proteins, phospholipids, RNA, DNA,
polysaccharides) to larger structures such as organelles and cell membranes collectively
absorb light in the ultraviolet (UV) through the visible (VIS) wavelength range, Absorption
by tissue components in this wavelength range limits effective light penetration to a few
hundred microns However, significantly larger depths can be probed using light in the far-
red or near-infrared (NIR) wavelength range, where the main tissue absorbers are de-
oxyhemoglobin, oxyhemoglobin, water and lipids. In this spectral region, the absorption of
these chromophores is at least one order of magnitude lower than in the VIS part of the
spectrum potentially allowing detectable signals to be measured through several centimeters
of tissue.

In the NIR part of the electromagnetic spectrum, elastic scattering of photons dominates
over absorption, making multiple scattering the main mechanism for light propagation. This
phenomenon is so significant that on average photons have an equal probability of traveling
in any direction after having penetrated less than 1 mm of tissue. One of the consequences of
this is that light transport in tissue can often be modeled as a simple isotropic diffusive
process with reasonable precision as soon as photons have traveled more than a few
scattering distances [1]. This is a useful approximation because localization and
characterization of diseased tissue beyond the surface becomes nearly intractable unless
modeling techniques are applied to account for the photon scattering.

In the fluorescence process, scatter acts on both the excitation light and the fluorescence
emission traveling back to the tissue detection area. This introduces an intrinsic blurring in
fluorescence images, an effect that is amplified for fluorescent targets that are farther away
from the illumination and detection area. Another important consequence of scatter is that it
amplifies the effect of the wavelength-varying absorption spectrum of tissue chromophores,
causing the shape and peak position of detected fluorescence spectra to vary depending on
the pathlengths traversed by light in tissue [2].

Figure 2 demonstrates how photon scattering impacts fluorescence imaging in living tissue
using two numerically simulated mouse models. An 8 mm diameter tumor was located in the
abdomen in each simulated mouse, one near the surface and the other close to the axial
center of the animal. A generic fluorescent probe was assumed to have been perfectly
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absorbed by the synthetic lesion, providing an ideal though unrealistic infinite tumor-to-
background contrast. The diffusion approximation to light transport was used to simulate the
excitation light propagation into the tissue and the fluorescence emission, all from the top of
the animal (epi-illumination mode) [3]. As is demonstrated in the figure, a tumor with the
same contrast produces dramatically different intensities on the tissue surface depending on
its depth. It should be noted that other factors such as imperfect filtering, non-specific probe
fluorescence and tissue autofluorescence would yield even less accurate results. This
demonstration simply illustrates how photon scattering manifests as one of the most
significant difficulties in optical imaging of animals.

There is a wide variety of molecules present in living tissue that can act as biochemical
sources of autofluorescence [4, 5]. Examples include tryptophan, NADH, pyridoxine,
collagen, elastin, flavins, porphyrins as well as chlorophyll present in animal food. Because
the main excitation peaks for the natural fluorophores are usually in the visible part of the
spectrum, their impact on far-red and NIR fluorescence imaging is often negligible.
Nonetheless, fluorescence signals from the molecular probe of interest can still be corrupted,
especially when the probe is weakly fluorescing or sparsely distributed. For example, a weak
autofluorescence signal from the skin can overwhelm the fluorescence from a deeply
embedded tumor, and much of the autofluorescence in animals is located in the two largest
organs, skin and colon. The autofluorescence from the food present in the colon can be
minimized by feeding the animal with special non-fluorescent chow. The non-specific signal
from autofluorescence can either mask desired signals or be erroneously attributed to the
target signal, leading to an inability to discriminate the tissue of interest or to a severe
overestimation of the probe’s fluorescence activity. In recent years, careful implementation
of time-resolved measurements or spectral unmixing techniques have been integrated into
systems allowing correction for this unwanted signal [6, 7].

2.1.2 In vivo sources of optical contrast—Naturally occurring endogenous
fluorescence from small animal tissue is not a source of contrast that is routinely used in the
scope of preclinical studies, to a large extent because of the small contrast and specificity
that is associated with it. Mainly, sources of fluorescence contrast in animal studies are from
exogenously administered fluorophores, fluorophore precursors or genetic engineering to
metabolically produce fluorescent proteins. In the case of exogenous or precursor
fluorophores, the contrast between the targeted tissue and the normal tissue in live animals is
orders of magnitude lower than what is demonstrated with the same probes in vitro,
regardless of binding affinity or specificity. This is due to the presence of unbound
fluorophore molecules and/or non-specific binding. Exceptions include tumor cell lines
transfected with a fluorescent protein, such as some of the green or red fluorescence proteins
(GFP, RFP), which are uniquely expressed in the cell types they are transfected into, thereby
providing nearly perfect contrast. As with autofluorescence, weak signals from any
fluorophore near the source or detector location can overwhelm the signals from deeper
tissue regions under investigation. However, unlike autofluorescence, this signal is
generated directly from the molecular probe itself. Therefore, using lifetime characteristics
or spectral unmixing does not help decouple the fluorescence signal of interest from the
nonspecific background signal. Interestingly, recent studies show that temporal techniques
can help decouple these signals by exploiting different uptake and clearance characteristics
specific to each organ [8].

The capabilities and limitations of all small animal fluorescence imaging systems can be
understood in the context of these biophysical factors. Some of the challenges may be
partially addressed through optimal hardware and software design, but some problems
simply cannot be solved because of the intrinsic limitations described here, as will be
evidenced in the remainder of the review paper.
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2.2 Imaging fluorophore biochemical properties
The objective when designing a small animal fluorescence imaging system is the detection
and mapping of specific fluorescent biomarkers relevant to the given biological study goals.
By far, the most commonly imaged parameter is the intensity of the fluorescence emission,
which is usually accomplished based on continuous-wave (CW) technology2. Usually, for
relatively low fluorophore concentrations, the measured intensity is monotonically related to
the product of the fluorophore concentration, the extinction coefficient and the quantum
yield. However, in cases where the concentration is large, care must be used when
interpreting fluorescent data because re-absorption of fluorescent light and quenching might
impact the signal by making the emission process non-linear. Moreover, for tissue imaging
the measured intensity emanating from sub-surface fluorophores depends non-linearly on
the intensity of the excitation light because of scattering and absorption. This makes
recovery of fluorophore biochemical properties, such as local concentration, reliant on light
transport modeling as well as the experimental evaluation of intrinsic molecular parameters
prior to in vivo imaging (e.g., quantum yield and extinction coefficient). Moreover, the
ability to derive biochemical properties in vivo is in general reliant on carefully
implemented calibration procedures that are unique for each imaging instrument.

Fluorophore concentration derived from fluorescent light intensity measurements is not the
only property from which biological information can be obtained. Some systems are capable
of imaging the fluorescence lifetime, revealing the influence of the chemical environment on
the fluorescent molecules. An important aspect of lifetime imaging is that it is independent
of fluorophore concentration and provides a method to explore tissue chemistry unique to
fluorescence measurements. However, while fluorescence lifetime imaging has been
demonstrated in live animals, extracting lifetime requires that measurements are resolved in
time, increasing the complexity of the source and detector measurement system
dramatically. This may be achieved either in the frequency domain (FD) or the time-domain
(TD). In the case of FD technology, the excitation source is modulated with frequencies in
the 100’s of MHz range and measurements consist in the phase shift of the time-varying
fluorescence emission light. On the other hand, TD systems use pulsed sources and very
sensitive gated detectors. Systems capable of these measurements (FD, TD) are described in
more detail below. The frequency domain systems are not commonly used in small animal
imaging, because the tissue thicknesses are small, and so the phase shift that would be
measured would necessarily be low unless the frequency of operation was very high, i.e.,
above 300 MHz. As such, few systems have used this technology for small animal imaging
because the cost is high and stability is lower than systems below this frequency range.

2.3 Instrumentation
The commercialization and development of prototype small animal fluorescence imaging
systems has progressed rapidly over the past decade and a wide variety in approaches and
components have been used. Optical devices are the highest growth area in pre-clinical
imaging research and an increasing number of pharmaceutical companies use them in the
development and assessment of new drugs. Others focus on the use of these instruments to
follow longitudinal changes in diseased tissue in live animals, tracking disease progression
or response to intervention. A review of commercial systems (see Section 3) reveals that the
technology has not yet converged to a few widely applied technologies and that there exists
a wide range of approaches and capabilities. The range of choices in the field is driven by
factors such as cost, data types required, ease of use, ability to couple to other imaging
systems, and scientific collaborations.

2In the biomedical optics literature, another word that is often used in place of continuous-wave is steady-state.
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Figure 3 provides an overview of the hardware required for different types of imaging data.
All in vivo fluorescence imaging systems are designed around the idea that a portion of the
fluorescence emission spectrum of the molecule of interest can be separated spectrally from
the excitation and/or background light signals. This is achieved with filtering strategies, such
as dielectric interference filters, liquid crystal tunable filters, spectrograph gratings.
Ultimately the filtering capability of a system is a major fundamental limitation which will
dictate lower limits of detection of fluorophores.

For imaging applications based on cameras (see Figs. 4(a), (b), (d), (e) in the Imaging
geometries section below), many filtering strategies such as interference filters can at best
provide 2 to 3 orders of magnitude of suppression of the excitation light, and so the
remainder of the excitation light is left to leak through to the detector and ultimately
provides a background signal which must be accounted for. These attenuation factors are
several orders of magnitude lower than typical values provided for high-end filters by
manufacturers. Typically, the quoted values are for normal light incidence on the surface of
the filters. However slight angular deviations from normal incidence lead to dramatic
degradation of the attenuation power. For imaging applications based on cameras, the angle
of incidence is not normal on average, which explains the relatively limited attenuation
factors of these instruments. In situations where light is collected from a point or a small
area on the surface (see Figs. 4(c) and (f) in the Imaging geometries section below), the
filters can be placed in a near afocal geometry, allowing improved filtering of fluorescent
light. Therefore, while filtering specifications are not commonly provided for a fixed source-
geometry combination, this can be essential to evaluate for utility of the system.

When designing an imaging system, a reasonable strategy for maximizing signal intensity
could consist in irradiating tissue with light such that the fluorescent molecules of interest
are excited right at the peak wavelength of their absorption spectrum. However, the choice
of the excitation wavelengths must be balanced with the ability of the detection system to
filter or otherwise reject the excitation light in the measured signal. Consequently
fluorophores with small Stoke’s shifts, such as most organic fluorophores, are usually
excited at wavelengths shorter than right on their absorption peak, in order to allow better
wavelength separation between the incident light and the emitted light. Alternatively some
fluorophores have multiple absorption bands allowing more flexibility when choosing the
excitation wavelength. While some excitation sources allow flexibility in terms of
illumination wavelengths, others are fixed and thus the fluorophores to be used must be
considered in the design or purchase phase of the system.

Another factor to consider is the capability to use a priori knowledge of the spectrum or
fluorescence lifetime associated with the detected light. Using grating-based spectrographs,
liquid crystal tunable filters, or filter wheels with several bandpass filters over the emission
range, pre-recorded basis spectra can be used to decouple the autofluorescence signal from
the fluorescence of the probe. In addition to removing autofluorescence, spectrally resolved
data can also provide a platform for imaging several fluorophores simultaneously, using the
same spectral un-mixing algorithms, As seen in the Discussion section, this is a key feature
of some of the more recently advanced systems available. Another method consists in using
prior knowledge of the lifetime of the fluorophores to separate them based on time-resolved
signals. Typically, this would involve fitting TD signals, obtained for example using time-
correlated single photon counting technology (TCSPC), with multi-exponential expressions
in order to determine the relative contribution of each major fluorophore. These techniques,
either based on spectral signature or lifetime, have been used for planar and tomography
imaging and can improve the sensitivity of the imaging system significantly. As seen in the
Discussion section, this is a key feature of some of the more recently advanced systems
available.
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Excitation can be achieved by a wide variety of light sources including filtered filament or
gas discharge lamps (tungsten and xenon), light-emitting-diodes (LED), or any laser system,
including gas, crystal, and diode lasers. Versatile imaging instruments, in terms of number
of available wavelengths, can be designed using expansive systems such as tunable lasers
(e.g. Ti:Sapphire laser) but relatively inexpensive broad band lamps can be used to provide a
flexible platform since filters can be used to select different excitation wavelengths.
However, the isotropic emission of lamps limits the ability to focus a large amount of power
on the tissue surface and limits their use to applications having large fiberoptic cable
delivery or direct lens-based delivery of the light. Lamps also require relatively long warm-
up times and are considerably less stable than solid-state devices. Intensity variations of
lamps can be in the range of 10-50% over an imaging session, whereas the stability of diode
lasers can typically be in 0.1% range if they are low power or temperature controlled.
Finally, lamp-based systems are not suitable for time or frequency domain measurements
which require precise and rapid modulation of the source intensity.

LED’s and laser diodes (LD) are very stable and may be modulated or pulsed for time-
resolved measurements. LD’s are ideal for focusing power in raster-scanning or fiber-based
light delivery geometries, though LED’s may also be used if power requirements allow.
Since LD’s and LED’s are available only for discrete or relatively narrow wavelength bands,
systems capable of exciting fluorophores with different excitation wavelengths require
multiple diode devices. This can increase the cost of the system, especially if power
requirements require that diodes be cooled. Nonetheless many systems have gone to
multiple bands of LEDs or LD’s to provide the kind of flexibility now commonly available
in flow cytometry. As mentioned above, tunable lasers provide the most flexibility in terms
of wavelength, and can be operated in a pulsed mode, but are still comparatively expensive
by almost an order of magnitude in cost. However certain systems, such as crystal lasers and
Ti:sapphire systems and other options such as broad band supercontinuum laser sources, are
increasingly becoming more reliable in their environmental controls and physical
stabilization, as prices continue to notch downwards.

Available detectors also vary widely and include charged coupled device arrays (CCD’s),
intensified CCD’s, electron multiplication CCD’s (EMCCD), avalanche photodiodes
(APD’s), and photomultiplier tubes (PMT’s). While the latter is by far the most sensitive
instrument and offers exceptional dynamic range, the cost often prohibits use in parallelized
high-resolution arrays. Furthermore, most PMT’s lose sensitivity above 850 nm. PMT’s are
often used in scanning devices or fiber-coupled devices that acquire measurements
sequentially. APD’s cost less, but are also less sensitive than PMT’s. CCD’s are the most
common among detectors and can image an entire animal with one acquisition. They are
limited to CW measurements, though time gated operation is possible in some scenarios.
Earlier and less expensive systems had 12-bit or 14-bit digitization in the acquisition
providing a relatively limited dynamic range. Most current cameras operate with 16-bit
digitization providing superior dynamic range because there the intensity range varies up to
65,536. Another important criterion here is that the number of bits available for digitization
be matched with a chip having enough full-well capacity for the whole digitization range to
be used. Large dynamical range can be especially important in background removal or for
dealing with light leakage issues where image subtraction can effectively remove unwanted
signals, and yet can easily preserve the key 8-bits (256 levels) of information that are
displayed to the user. Since humans can only perceive about 8-bits of information, images
are typically ‘windowed’ to the relevant 8-bits of display that preserves the minimum and
maximum intensities in the image. Having a wider range of bits available in digitization
allows better potential to accurately capture the relevant part of the signal, without having
intensity saturation at the high end or all autofluorescence dominating at the low end of the
intensity scale. The dark current of most imaging systems is not typically a major factor in

Leblond et al. Page 7

J Photochem Photobiol B. Author manuscript; available in PMC 2013 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



epi-illumination planar imaging, because the lower limits on detection are typically the
autofluorescence of the tissue, and specular reflectance getting through the system filters.
Thus, while bioluminescence or trans-illumination systems must have ultralow dark current
levels that come with CCD’s cooled to −90° C, the standard epi-fluorescence imaging
typically does not.

2.4 Imaging geometries
Unlike x-ray imaging, which is always configured in simple planar-transmission geometry,
the complicated nature of far-red and NIR light propagation in tissue makes the imaging
configuration of fluorescence systems of critical importance, ultimately determining the
information content of the images. Diagrams summarizing the various geometries used are
provided in Fig. 4. In general, all measurements are acquired in either reflectance mode
(henceforth referred to as epi-illumination), in which the source and detectors reside on the
same side of the tissue (Figs. 4(a), (b) and (c)), or transmission mode (trans-illumination),
which involves illuminating the tissue from one side and detecting the emitted light that has
passed through the tissue (Figs. 4(d), (e) and (f)). Within these general categories, light
sources and light detectors may be configured to achieve various spatial resolutions and
enhanced tissue sampling capabilities.

Broad beam imagers use light sources spread over a large area, usually the entire animal.
The emitted light is usually acquired over the entire illumination area through a camera lens/
filter assembly attached to a CCD camera as shown in Fig. 4(a). While filtered lamps are
commonly used for these systems, LED’s and beam expanded lasers have also been used.
Broad beam systems are simple, relatively inexpensive, and provide rapid acquisition since
the entire animal, or a set of animals, can be imaged with a single exposure. These
characteristics make the broad beam imaging systems attractive for many researchers.
However, the simplicity imposes limitations on the information content extracted from the
images. Specifically, broad beam systems are almost always configured in the epi-
illumination geometry and are severely limited in their ability to probe deep tissues due to
light scattering and non-specific signal contamination such as autofluorescence of tissue. As
mentioned in the Instrumentation section, effective filtering of the excitation light is also a
major issue in broad beam geometries because of angle of incidence related performance
issues that are typical in all types of optical filters.

Some epi-illumination systems use raster-scanning devices for the source and/or the
detector. Raster scanning sources are usually implemented with a collimated beam of light
from a laser diode, redirected off of fast galvanometer scanning mirror units through a scan
lens. Measurements can be made for each source position on the tissue surface through, for
example, a telecentric scan system using two-axis galvanometer mirrors. Though not shown
explicitly in Fig. 4, it should be noted that raster scanning illumination/detection could also
be implemented using motorized fiber optic sub-assemblies. Some systems collect light
from the entire tissue surface for each source position (Fig. 4(b)) while others may have a
limited number of detector positions on the tissue surface for each source position (Fig.
4(c)). While different source-to-detector distances can be used to probe different tissue
depths, even raster-scanning systems in the epi-illumination geometry suffer from relatively
poor depth sensitivity and surface-weighted imaging.

Trans-illumination systems are configured such that the excitation and emission light is
transmitted through a portion of the tissue, usually through the entire animal. By nature, the
measurements contain information from deep inside the tissue, though each measurement
represents an average of the tissue volume sampled by the bulk of the tissue through which
the light has passed. If implemented in a broad beam planar imaging fashion, this type of
imaging is akin to X-ray projection imaging methods similar to a mammogram technique
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(Fig. 4(d)). Information can be extracted by calculating the ratio of the fluorescence and
excitation intensities measured at the detectors which reduces the influence of varying
optical properties in the tissue. Another possibility consists of incorporating tomographic
image reconstruction techniques based on models of light propagation in tissue. These
techniques are described in some details in the Discussion section.

Trans-illumination images contain more information and are more sensitive to deeply seated
fluorophores than those acquired with epi-illumination configurations. Indeed, trans-
illumination signals are only weakly affected by the depth of fluorophores while the
corresponding signals in an epi-illumination system decrease exponentially with depth.
While this is a clear advantage in terms of imaging accuracy, trans-illumination imaging is
usually performed in a raster-scanning configuration (Fig. 4(e) and (f)) and therefore
requires a substantially longer time to acquire a single image. This may be a significant issue
if throughput is an important factor in the imaging study being performed. The reason trans-
illumination is usually performed with lasers rather than lamps is that the path lengths that
need to be traversed by light can be of the order of a several centimeters, therefore requiring
relatively large energy deposition for scan times to be maintained to a reasonable level.

The configurations shown in Fig. 4 suggest that imaging is performed in planar mode with
none of the main hardware components being allowed to move around the animal. However,
although this is not shown in Fig. 4, the design of systems optimized for tomographic
imaging is usually based on geometries in which the tissue is sampled in a manner more
reminiscent of conventional x-ray computed tomography than to that of planar x-ray
imaging. There are a wide variety of ways to achieve optical tomographic sampling of
tissue, most of which involve the motion of sources and/or detectors around the animal.

3. Results: Survey of Commercially Available Systems
This section is focused on the general applications and performance issues relevant for
researchers desiring to acquire or build a whole-body in vivo imaging system. As described
earlier in this review, there is a variety of important factors that should be used to guide
choices for in vivo imaging. The main categories for these factors are: (1) the targeted
biological information, (2) the basic instrumentation and data types to be obtained, and (3)
the imaging geometry. Specifically, this section discusses those aspects, using commercially
available imaging systems to emphasize certain issues. The main types of applications are
outlined as well as providing an assessment of the level of expectation a user should have in
terms of system performance given the choice of the system.

3.1 Commercial whole-body preclinical imaging
As a basis for the discussion in this section, Table 1 summarizes the main technical features
of the imagers that are commercially available, while Fig. 5 shows images acquired with
each one of those eight systems illustrating specific features distinguishing the instruments,.
It is clear that the information in Table 1 can become obsolete relatively quickly because of
the possible commercialization of novel systems as well as the continuous upgrades that are
being made on existing systems. However the aim here is to use the commercially available
instruments as a technological baseline upon which the discussion of applications and
performance issues can be made

Inspection of the summary table provides an overview of the main differences between the
imaging systems. Most of the systems rely on illumination based on filtered lamps and
detection based on a cooled CCD camera. The table provides the main technical
specifications for each of these components. In the case of illumination, the type of lamp
that is used is provided along with the maximum output power (all wavelengths combined).
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In the case of CCD cameras, the cooling temperature is specified as a mean to assess the
noise features of the chip. The resolution of the latter is also provided in terms of number of
megapixels (MP) as well as the size of each pixel. Finally, when available the dynamical
range of each CCD chip is provided in terms of the number of bits available. For three out of
the eight systems, illumination is performed with laser diodes. For one of those systems,
laser illumination is done at multiple points in order to generate trans-illumination CCD-
based tomography datasets allowing fluorescence images to be reconstructed showing the
distribution inside the body of the animal (Fig. 5(f)). One of the other laser-based systems
uses sub-nanosecond pulsed laser diodes with PMT-based detection performed in
conjunction with time-correlated single-photon counting technology (TCSPC). This epi-
illumination system uses a raster-scanning method to sample areas of the animal surface.
The time-domain nature of the signal allows the lifetime of the fluorophore (Fig. 5(g)) as
well as its approximate depth to be extracted. The last laser-based system defocuses the light
onto tissue in order to illuminate large areas. The collection is then performed with a CCD
camera.

In the table, the applications each system is equipped to do are divided into six different
categories, mentioned here in order of increasing data processing complexity: planar
imaging, multiplexing, lifetime imaging, topography, spectral unmixing and tomography.
Some important aspects relating to planar imaging, multiplexing and spectral unmixing are
further described below, while lifetime imaging and tomography are addressed in the
Discussion section.

3.1.1 Planar imaging—Planar imaging is by far the most common application and can be
performed by all imagers found in the table. Scattered light propagation in tissue as well as
the ubiquitous presence of autofluorescence in signals in general renders epi-illumination
planar imaging sensitive to surface and, to a lesser extent, to subsurface fluorophores. The
depth penetration increases for longer wavelengths. Also, the contamination with
autofluorescence decreases for longer wavelengths, and is substantially lower once
excitation is longer than 750 nm, i.e., in the NIR spectrum. The inherent impact of
autofluorescence is intrinsically decreased in the case trans-illumination planar imaging,
which can only be performed with a few of the commercial systems. Figure 5(e) shows two
images of the same animal, one having been acquired in epi-illumination mode, while the
other one has been acquired in trans-illumination. Most of the fluorescence contrast in the
epi-illumination image comes from autofluorescence, which is mostly absent on the trans-
illumination image.

3.1.2 Multiplexing—The pool of potential fluorophores that can be used in the scope of
preclinical studies is vast [9, 10]. Since each of these fluorophores have different excitation
and emission properties (peak position, spectral shape), an important property that a system
should have is versatility in terms of potential excitation and emission wavelengths that can
be isolated with the use of filtering techniques. Systems that are based on lamps are
inherently more flexible in terms of available excitation wavelengths when compared with
laser-based systems which would require several laser diodes to be used. In terms of light
collection, both CCD-based and PMT-based systems come equipped with a mechanism for
filtering the light. The intrinsic spectral sensitivity of the CCD chip as well as the PMT is
important in determining the versatility of a system, as well as the number of motorized
filters that can be installed in front of the detector and used for imaging the same animal.
This is relevant when multiplexed images need to be acquired to highlight different
fluorophores almost simultaneously. Figures 5(a), (b) and (c) show planar epi-illumination
images corresponding to single-wavelength, dual-wavelength and tripe-wavelength
multiplexed images, respectively.
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3.1.3 Spectral processing to identify fluorophore signals—The most versatile
system in terms of multi-spectral imaging is that which is equipped with liquid crystal
tunable filters. This technology allows for the isolation of specific spectral bandwidths with
a choice of resolutions down to a few nanometers. The acquisition of a ‘spectral cube’ of
data allows the data processing to go one step further than in the case of multiplexing. In
fact, state-of-the-art algorithms have been developed which are able to isolate the
contribution of individual fluorophores, including the contribution of autofluorescence. This
feature is particularly useful for sub-surface imaging where autofluorescence is known to
often contribute a great deal. Routine use of this type of algorithm requires the user to define
databases of basis in vivo fluorophore spectra against which the data cube is fitted.

Other technical instrument features represented in Table 1 are related to how they facilitate
the experimental workflow of preparing and imaging animals. This includes such things as
the presence of hook-up for anesthesia tube, temperature controlled animal environment as
well as the number of animals that can be imaged simultaneously. Other parameters of
importance are related to multi-modality imaging. This can take multiple forms, the most
basic of which being the availability of a white-light imaging system showing the user a
visible image overlaid with a fluorescence image. This, or the presence of a profilometry
system, can be used to provide a minimal anatomical reference against which one can
interpret the spatial location of the imaged fluorescent sources, as is seen in Fig. 5. Other
more sophisticated ways to provide anatomical landmarks consists in coupling the imager
with a structural modality such as a planar x-ray system (Fig. 5(h)). The multi-modality
imaging section in the table also provides information about the extent of which the
instruments come equipped with tools facilitating the co-registration with images acquired
with different modalities. This comes either in the form of multi-modal mouse beds
accompanied with image fusion software or simply in the form of registration software
based on optical fiducial mapping.

3.2 Performance requirements
To this point, both in the research community (see Discussion section below) as well as in
the commercial world, the range of uses required is not realistically contained in a single
instrument, typically because of patent niches, markets and costs limitations. Therefore,
prior to building or acquiring an imager, it is important to decide what type of biological
question the instrument is expected to help answer. A feature that makes the field of in vivo
imaging challenging for medical imaging scientists but perhaps daunting for users, is that no
clear consensus has been reached determining the limits of the approach and the optimal
configuration, in terms of hardware, software and data processing methods. In fact, as will
be shown in the Discussion section, there is still a large community of scientists working on
different fundamental aspects of whole-body in vivo fluorescence imaging. Still, there are
certain features of the modality which cannot be circumvented no matter how well an
instrument is designed with the existing technology. These limitations, further described
below, broadly fall into three categories, namely: spatial resolution, sensitivity, and
quantification. It should be mentioned that prior to acquiring an in vivo imager, the
manufacturer should be able to provide clear guidelines mapping those limitations onto the
biological questions one is interested to investigate.

3.2.1 Spatial resolution—In mice, the spatial resolution of the imaging approach is
fundamentally limited by the scattering nature of light, and this can vary between different
systems and methods as well as between different biological applications. The most
dominant and perhaps least commonly understood part of optical imaging is the fact the
spatial resolution of planar images will vary considerably with depth of the fluorophore
distribution, thereby making interpretation of the images reliant on a proper appreciation of
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light transport in tissue. The spatial resolution can be as good a microscopy (i.e., a few
hundred microns) on the surface of tissue if the system is designed that way, but degrades
considerably with depth, reaching perhaps less than one millimeter for sub-dermal imaging
in broad beam epi-illumination mode, and degrading to a few millimeters at depths in the
middle of a mouse. This depth-dependent resolution is a ubiquitous trait of epi-illumination
imaging, the impact of which is slightly reduced if planar imaging is performed in trans-
illumination mode. Systems relying on imaging methods appropriate for fluorescence
tomography can partially avoid this pitfall because light-transport models are then used as
part of the reconstruction method aiming at recovering the position of the molecules. Again,
this increased precision comes at the cost of increased imaging times as well as potential
problems created by the increased complexity of the image reconstruction method. Raster-
scanning approaches can lead to improved quantification and resolution for surface imaging
[11], but actually are less efficient at detecting deeply seated fluorophores, unless the source
and detector fibers are separated spatially. However, raster scanning also comes at the cost
of a significantly increased imaging time that decreases animal throughput, which can be
detrimental to the conduct of large volume preclinical studies.

3.2.2 Sensitivity—Sensitivity refers to the concentration or density of fluorescent
molecules that can be locally detected in an animal. The signal emanating from the target is
always polluted by non-specific signals coming from autofluorescence of tissue, excitation
light leakage through the filters, as well as biological signals in the form of unbound
exogenous dyes or contrast agents present in the blood or organs which are not relevant to
the study design. Typically, a large part of the autofluorescence comes from the skin while
the non-bound or non-specifically bound components can potentially come from anywhere
within the animal. This implies that for an imager to be efficient, the detection system
should have acceptable noise characteristics, but more importantly large dynamic range to
allow background removal techniques to be applied to the signal. If the dynamic range is too
small, it is likely that in applications where targets are associated with smaller contrast than
autofluorescence will dominate the detectable image. At a minimum, an in vivo system
should come equipped with a cooled CCD camera with large dynamic range. Some systems
allow for the possibility to perform bioluminescence imaging. In this case, there is no
autofluorescence but signal levels are typically two to three orders of magnitude smaller
than for fluorescence imaging. Ideally these systems must use CCD cameras cooled down to
−90°C or internal gain detectors (e.g., EMCCD, PMT). This level of noise suppression is not
really necessary for epi-illumination imaging but in some instances can be useful for planar
trans-illumination and tomography because of the reduced signal that is acquired.

3.2.3 Quantification—Quantification refers to the potential of an instrument to provide
data sets from which the correct concentration or density of molecules can be retrieved. In
its current implementation (commercial and laboratory systems), in vivo fluorescence
imaging is not a modality that is capable of providing quantitative information in the
strictest sense of the term. In principle, quantification in fluorescence imaging can be
approached only through a combination of light transport modeling, data normalization and
calibration. The closest to actual quantification that optical fluorescence sampling has
achieved is through the use of normalized datasets, either in the ratio of emission to
excitation [12, 13], or in the wavelength ratio of the fluorophore at different wavelengths
[14]. Ref. [13] has shown that the approach of normalized emission/excitation ratio for
fluorescence tomography works well, because the signals have travelled more or less the
same tissue pathlengths. The impact of this normalization is to approximately cancel out
geometrical and heterogeneity effects that cannot be controlled experimentally, because they
enter the signal typically as multiplicative factors, and are roughly equal in magnitude for
each of the two signals. Similar normalization or ratiometric approaches can be achieved
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with two wavelength approaches in either excitation or emission, yet a hard comparison of
signal to noise with these techniques has not been established. This approach is very
important because of the complex shapes and highly heterogeneous optical properties of
small animals in vivo, which are difficult to control for or accurately model with light
transport tools.

Spatial resolution, sensitivity and quantification potential are features that a manufacturer
should be able to provide a user prior to acquiring an instrument. Beyond this, commercial
systems are used in research laboratories for a variety of applications, a review of which is
provided in the next section. Analysis of these applications shows that biological studies are
concerned with certain traits which are commonly required from an instrument. Below, an
enumeration of these traits is accompanied by the main system characteristics that are
facilitating them.

• Detection of deeply seated fluorophores: planar trans-illumination imaging (Fig.
5(e)), fluorescence tomography (Fig. 5(f)).

• Discrimination between specific and non-specific fluorescence: spectral unmixing
(Fig. 5(d)), lifetime imaging (Fig. 5(g)), multiplexing (Fig. 5(b) and (c)), kinetic
imaging methods [15].

• Large animal throughput for accelerated research: epi-illumination CCD-based
imaging coupled with optical lenses conferring large field-of-view.

• Localization of fluorescent molecules in 3D: fluorescence tomography (Fig. 5(f))
and topography.

• Co-registration with anatomic landmarks: integrated structural imaging
modality (Fig. 5(h)), animal beds compatible with magnetic resonance imaging
(MRI) or computed tomography (CT), co-registration software based on optical
fiducials or profilometry image (see, e.g., [16]).

4. Applications
Whole-animal fluorescence imaging has found widespread use in preclinical studies of
disease progression and pathology, response to therapy, receptor targeted applications and
probe development. An organ system overview of recent developments and applications of
in vivo whole-body fluorescence imaging is presented below.

4.1 Neurological
At the level of the nervous system, the various in vivo fluorescence imaging techniques have
been mostly exploited to image brain tumors in mice [17-20]. MRI co-registered
fluorescence tomography (FT) was used to quantify cathepsin B activity in glioma tumors
and monitor chemotherapeutic response to temozolomide treatment [17, 18]. There is also
evidence of improved detection of diffuse gliomas using a EGF-targeted dye when
compared to the gold standard of MRI [19]. Veiseh et al. used Cy5.5-conjugated chlorotoxin
to image malignant gliomas and medulloblastoma brain tumors with exquisite resolution of
cancer foci from normal tissues without the need of an impaired blood brain barrier (BBB)
[20].

In addition to mice tumor models, fluorescence imaging has been exploited to further
understand epilepsy, dementia, stroke, drug delivery, and BBB changes. Semi-quantitative
planar fluorescence imaging and CT-coupled FT using a fluorescent probe that binds
amyloid-β plaques probed burden of disease in an Alzheimer’s disease mouse model [21,
22]. In a different application, diffuse optical tomography (DOT) was used to study the
course of epileptic seizures and subsequent localization of epileptic foci [23]. In a mouse
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model of cerebral infract, planar fluorescence imaging and a new albumin-conjugated dye
were used to longitudinally monitor BBB impairment following arterial occlusion [24]. In
another study, they showed increased levels of fluorescence due to anti-CD40 antibody
accumulation in the stroke-affected hemisphere [25].

Matrix metalloproteinases (MMPs) appear to be implicated in the pathophysiology of stroke.
Using their animal model of cerebral infract, Klohs et al. studied MMP activation using an
MMP-activatable probe, and showed significantly higher levels of fluorescence in the
stroke-affected hemisphere. Furthermore, they also showed a significant decrease in
fluorescence and lesion volumes with administration of MMP inhibitor [26]. Johnson et al.
showed that intrathecal delivery of butyrylcholinesterase led to visualization and
quantification of drug distribution to the central nervous system [27].

Using planar fluorescence imaging, Pham et. al. assessed a newly synthesized cargo moiety
for delivery of imaging or therapeutic agents due to its ability to cross an intact BBB [28].
Some of these studies provide the advantage of in vivo, noninvasive, and longitudinal
imaging of fluorescent agents across the BBB, in sharp contrast to standard ways of
assessing BBB passage, i.e., ex vivo visualization of Evans Blue accumulation in the brain.
To date, whole-animal fluorescence imaging has shown promise in understanding brain
physiology and pathology in a broad range of circumstances from cancer, to epilepsy, to
BBB physiology, and targeted probes in a non-invasive and longitudinal manner.

4.2 Cardiovascular
One of the most significant pathogenic processes in cardiovascular disease is
atherosclerosis, which causes vasculature plaque formation, and, when severe enough, can
lead to tissue infarction and death, e.g., heart attacks, or myocardial infarcts. By taking
advantage of in vivo fluorescence imaging capabilities, researchers have been able to probe
at these two pathological states: atherosclerosis [29-31] and myocardial infarction [31, 32].

Many factors are involved in the pathogenesis of atherosclerosis, but macrophages are
known to be involved in the formation and associated complications of atherosclerotic
plaques, e.g., plaque ruptures with thrombotic events. FT on atherosclerotic mice visualized
fluorescent signals from matrix metalloproteinase and cathepsin B activatable probes that
co-localized to atherosclerotic areas of macrophage infiltration [29-31]. Planar fluorescence
epi-illumination imaging was used to image hypochlorous generating MPO positive cells as
a means to detect atherosclerotic plaques [33]. These studies provide evidence regarding the
usefulness of this imaging modality to study atherosclerosis and basic molecular and cellular
inflammatory processes (e.g., HOCl production and phagocytic activity).

In a mouse model of infarction, FT visualized phagocytic protease activity and macrophage
magneto-fluorescent nanoparticle uptake in wild-type and wound-healing deficient mice.
This study found that nanoparticle and protease-activatable fluorescent probe co-localized
with MRI, histological, and immunohistochemical areas of tumor infarct and macrophage
infiltration [34, 35]. This work has shown how FT may be used to non-invasively
characterize the progression of healing in a myocardial infarction. All these applications
have taken advantage of known biological processes specific for the disease in question (i.e.,
protease activity in macrophages, and developed fluorescent-targeted probes to quantify
those processes).

4.3 Respiratory
To date, efforts using optical imaging of the respiratory system have focused primarily on
lung tumor imaging [36-39] and airway inflammation [37]. A tomography system was used
to image a mouse lung tumor model in which fluorescent yields were reliably used to assess
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disease progression [39]. Another use of in vivo tomography imaging probed gene
expression profiling of proteases in lung cancer. A strong correlation between tumor size
and fluorescent signal in an animal model of primary lung adenocarcinoma was found using
a protease-activatable probe with CT coupled FT [40].

Using a fluorescent protease-activatable probe and a fluorescent intravascular probe in FT, a
murine model after lipopolysaccharide (LPS)-induced airway inflammation showed co-
localization of fluorescent signals to areas of inflammation and LPS passage. In addition, a
linear, dose-dependent trend in LPS dosage and protease activity was noted [37]. In a mouse
model of eosinophilic-induced airway inflammation, FT detected eosinophil-specific probe
activity to lower airways and lung parenchyma as well as response to dexamethasone
treatment [41]. These reports showed the feasibility of using FT for in vivo study of the
time-dependency of inflammatory insults to the respiratory system.

4.4 Gastrointestinal
Fluorescence imaging of whole-animals at the gastrointestinal level has focused mostly on
developing betters ways to image, quantify, and monitor neoplastic disease. Montet et al
used FT to quantify the vascular volume fraction (VVF) in an orthotopic colon cancer model
and an ectopic tumor model. Investigators were able to monitor the course of angiogenesis
and therapeutic response to anti-angiogenic treatment [42]. Von Burstin et al probed the
sensitivity limits of their fluorescence system to detect early pancreatic cancer using two
different protease-activatable NIR fluorescent probes: one to cathepsin B/H/L/S proteases
and the other to matrix metalloproteinase. Both NIR fluorescent probes were detected at the
earlier stages of disease [43]. An orthotopic RFP-expressing pancreatic cancer model was
assessed for tumor burden and progression, with a high correlation in tumor burden found
between fluorescence and ultrasound imaging [44]. In a similar study with a GFP-expressing
cell line, Wack et al. detected pancreatic cancer with exquisite specificity and sensitivity
[45]. Studies combining fluorescence tomography with MRI have shown that EGF uptake
could be tracked in pancreatic tumors over time, where tumor size was imaged with T1 and
T2 MR, and EGF signals were sampled by injection of EGF-IRDye800CW [46].

4.5 Immunological
One developing application of whole-body fluorescence imaging has been in
lymphangiographic fluorescent methods to image lymphatic vessels, drainage, and sentinel
nodes [47-50]. In a study using planar epi-illumination imaging, lymphatic vessels and their
axillary lymph node sites of drainage were visualized using a NIR quantum dot probe [49].
The same research group developed a multicolored, lymphangiographic method with
cyanine dye-conjugated immunoglobulins to map the lymphatic drainage patterns into
corresponding axillary, cervical and thoracic nodes [48]. Mapping of lymphatic drainage and
lymph nodes was also done using dual-modality, radionuclide-coupled fluorescent probes
[47] or to Gd(III) for MRI [50].

In a study using FT, Garofalakis et al. identified GFP expressing T cells in mice with limits
of detection as low as 3×105 T cells in the spleen and thymus [51]. The effects on T cell
accumulation and their longitudinal changes in lymphoid organs was measured with FT in
transgenic mice with GFP-expressing T cells following brain ischemia [52]. In another
study, FT detected fluorescent-labeled cytotoxic T lymphocytes (CTLs) to monitor CTL
immunotherapy and biodistribution [53].

The immune system plays an essential role in rejection of transplanted organs. Recently,
Christen et al. used FT to detect and monitor macrophage response in heterotropic cardiac
isografts and allografts. They were able to quantify differences in rejection between the two
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types of grafts using fluorescence imaging [54]. FT holds promise in providing a
quantifiable in vivo imaging modality to track various cell-specific processes of the immune
system, such as macrophage recruitment, T cell distribution, non-specific phagocytic
activity, and transplanted organ rejection.

4.6 Musculoskeletal
Musculoskeletal processes such as bone formation, resorption, and quiescent bone
maintenance require a balance between osteoclast and osteoblast function. Current attempts
in visualizing the musculoskeletal system have taken advantage of basic features inherent to
these processes [55-58]. In one study, FT was used to image the complete growing skeleton
and corresponding osteoblastic activity with a bisphosphonate-conjugated NIR fluorescent
probe with high binding affinity to hydroxyapatite, the major mineral product of osteoblasts
and other calcifying cells. Furthermore, FT compared to 99mTc-MDP radioscintigraphy
showed better resolution of anatomical structures, faster acquisition times, but poorer
visualization of deep tissues [56]. In a similar study, active bone formation and bone
resorption as well as quiescent bone using FT imaged a neonatal, adult mouse with bone
defects [55]. MicroCT and FT quantified two different dimensions of bone formation in
mice following implantation of mesenchymal stem cells over-expressing the osteogenic
gene, BMP2 [58]. A cathepsin protease-activatable probe measured osteoclast activity and
detected bone loss 6 days before conventional radiographic techniques in an ovariectomized
mouse model, i.e., a mouse model to monitor bone loss as a result of estrogen removal [59].

FT with a bisphosphonate-conjugated NIR fluorescent probe imaged regions of bone
formation, but, like 99mTc-MDP, was unable to visualize osteoclastic surfaces from
osteolytic metastasis [55]. In vivo fluorescence imaging was used to detect the specific bony
biodistribution of multiple myeloma lesions manifested in diffuse bone disease - a hallmark
of multiple myeloma metastatic cancer [60]. Fluorescence imaging of a GFP-expressing
prostate cancer bone metastasis mouse model detected early intraosseous tumor growth [61].
Fournier et al. used a GFP-expressing breast cancer bone metastasis mouse model to
measure tumor burden and assess the effects of bisphosphonates on osteolysis and tumor
growth [62].

In addition to studying bony processes, some manifestations of autoimmune disease, such as
rheumatoid arthritis (RA), are a common ailment affecting the musculoskeletal system. In an
RA mouse model, FT localized fluorescence in arthritic joints from protease-activatable
probes, and subsequently, monitored therapeutic response to the immunosupressant drug
methotrexate [63]. Since evidence shows that activated synovial macrophages express a
particular kind of folate receptor, a folate-linked NIR fluorescent probe was used for early
and late in vivo detection of arthritis in two different animal models [64]. In vivo
fluorescence imaging also assessed response to arthritic treatment. IKK-2 is a potent
inhibitor of NF-κB, known to play an important role in arthritis. In an arthritic animal model
where higher levels of fluorescence at arthritic joints correlate with extent of disease, IKK-2
treated and control animals displayed similar (lower) levels of fluorescence. Meanwhile,
arthritic animals that did not undergo treatment had significantly higher levels of
fluorescence [65].

4.7 Reproductive
Most of the work to date using whole-body fluorescence imaging of the reproductive system
has focused on ex vivo fluorescence imaging of ovarian peritoneal metastatic models
[66-72]. These studies developed ovarian peritoneal metastatic models, injected a targeted
fluorescent dye, sacrificed the animals, and subsequently used whole-body fluorescence
imaging. Investigated targeted probes include: D-galactose receptor ligands [66, 69, 72],
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lectin-binding BODIPY conjugated avidin dyes [67], a dual modality MRI-fluorescence dye
[68], a β-galactosidase activatable probe [71], and a self-quenched avidin dye [70].

4.8 Targeted probe development
To date, development of diagnostic or therapeutic targeted probes remains the most common
application of whole-body fluorescence imaging. These probes have been used to study
vascular endothelial growth factor [73], endothelial cells [74], acidic pH-activatable
environments [36], integrin proteins key in angiogenesis of tumor vasculature [75], blood-
pooling agents [76], NIR fluorescent probes for dynamic contrast enhancement [15, 77],
fluorescent-protein expressing tumors [78-80], transgene expression [81], receptor targeted
probes [82, 83], quantum dots [83-85], apoptosis detection [86], and metalloexopeptidase
involved in cancer pathogenesis [87], among others. One major application of in vivo
fluorescence imaging has been to use fluorescent-tagged antibodies to detect tumors over-
expressing receptors of interest. Two studies localized and differentiated subcutaneous
tumors with different levels of receptor over-expression: (1) tumors over-expressing EGF
receptors, HER1 or HER2; (2) tumors over-expressing interleukin receptor, IL-2Rα; and (3)
control tumors without over-expression of a targeted receptor. Tumors were simultaneously
visualized and differentiated in the same animal using a cocktail of fluorescent-tagged
antibodies [88, 89]. Gee et al. distinguished tumors over-expressing different levels of
HER2, and subsequently monitored response to treatment with the HER2 antibody,
trastuzumab [90].

MMP is involved in tumor infiltration and aggressiveness. With the use of an MMP-
activatable probe, Bremer et al. detected MMP-over-expressing subcutaneous tumors [91].
A multimodal contrast agent, gadophorin, was used to study the organ-specific
biodistribution of hematopoetic cells using MRI, in vivo fluorescence imaging, and
fluorescence microscopy [92]. Carcinoembryogenic antigen (CEA) is a well-studied marker
for various tumors, and recently, fluorescence imaging in vivo was used to detect CEA-over-
expressing tumors with a new, high-afinity anti-CEA probe [93].

Asialoglycoprotein receptor (ASGP-R), a radioscintigrapic 99mTc-labeled pharmaceutical
target, was recently visualized with a NIRF-DTPA-galactosyl-dextran ligand [82]. A
fluorescent caspase-activatable apoptosis-specific probe detected in vivo parasitic induced
apoptosis in liver abscess and colon xenograft mouse models [86]. Duysen and Lockdridge
used whole-body fluorescence imaging to study the activity, biodistribution, retention, and
clearance of the organophosphate bioscavenger, butyrylcholinesterase [94].

In addition to receptor-targeted applications, Yang et al. used a GFP-expressing adenoviral
vector to monitor transgene expression in multiple organs using a planar epi-illumination
fluorescence imaging system [81]. Dynamic contrast-enhanced fluorescence imaging
simultaneously tracked the pharmacokinetics of two different fluorescent-tagged proteins
[77]. Hillman et al. developed a technique called dynamic fluorescence molecular imaging
whereby they study a dye’s in vivo biodistribution dynamics to develop anatomical maps for
organ identification and delineation [15]. A mouse model of adoptive transfer using a
Matrigel matrix implant with or without seeded human endothelial cells was distinguished in
vivo using a Cy5.5-anti-CD31 (anti-endothelial) antibody [74]. Another probe undergoing
pH-specific activation in lysosomes selectively tagged viable tumor cells in vivo [36].

Studying tumor vasculature and angiogenesis is an important application to whole-body in
vivo fluorescence imaging [42, 75, 76]. Tumor vasculature differs from normal vasculature
in many respects, including disordered vasculature, increased leakiness, deficient endothelial
junctions, and over-expression of particular receptors. Chang et. al. developed a
fluorescence imaging strategy to monitor levels of vascular endothelial growth factor
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(VEGF) in various tumors as well as monitor changes in VEGF expression following
antibody [95] or photodynamic therapy (PDT) treatment [73]. A perfusion type optical
contrast agent, SIDAG, was used to investigate the degree of angiogenesis, with results
showing a strong correlation with angiogenic burden [96]. In a similar study, Montet et. al.
quantified the vascular volume fraction of tumors with FT as a measure of angiogenic
burden, and subsequently monitored response to anti-angiogenic treatment [97]. FT
quantified and distinguished between three tumors with varying expression levels of the
proliferating endothelial ανβ3 integrin receptor [98]. Cai et al. used a peptide labeled
quantum dot that specifically binds to ανβ3 integrin receptor in vivo [75], and another report
detected tumor vasculature by a multispectral unmixing technique in a RFP-expressing
tumor [76].

5. Discussion
Whole-body in vivo fluorescence imaging is evolving, and may likely never reach a steady
state, as the applications and technological opportunities continue to drive this evolution.
There is a dynamic community of scientists involved in development of innovative
approaches to improve and characterize these modalities beyond what has been achieved
thus far, and as discoveries are made, the equipment and applications will advance. This
research is pursued with the goal of understanding and minimizing the impact of the
intrinsic limitations of the systems reviewed in this paper. A crucial part of the research that
is conducted consists in the development of novel molecular imaging probes that can
highlight more specifically biomarkers of disease [99-101]. Significant work is also devoted
to the development of novel fluorescent proteins with spectral features allowing them to be
used for deep tissue imaging [102-105]. Providing a review of in vivo fluorescence contrast
agents and the relevant biochemical mechanisms is outside the scope of this paper. Instead,
this discussion section provides an overview of the current work that is performed in
research laboratories aiming at improving the performance of whole-body fluorescence
imaging.

As seen in this paper, the preclinical work based on diffuse optical fluorescence imaging is
to a large extent done through planar epi-illumination imaging. Although this is not the
direction into which most innovative research and development efforts are concentrated,
innovative work has been presented improving the performance of epi-illumination imaging.
One such line of research consists in recovering planar images in terms of fluorophore
lifetime. For example, Hasan et al. [106] and Bloch et al. [107] present methods to recover
lifetime images based on time-domain technology. Meanwhile, the work of Hutchinson et al.
[108], Kuwana et al. [109] and Hattery et al. [110] is concerned with lifetime imaging based
on frequency-domain data sets. However, an important part of the research conducted in
whole-body small animal imaging is concerned with the development of novel fluorescence
tomography approaches pushing further the limits of the modality in terms of sensitivity,
quantification and spatial resolution. This research can be divided in several non-exclusive
areas from the design of state-of-the-art instruments to the development of sophisticated data
processing algorithms and software.

5.1 ‘State-of-the-Art’ fluorescence tomography instruments and methods
The drive to realize full 3D optical capabilities has been a technological challenge that many
researchers have investigated, with varying levels of success. The fluorescence tomography
problem is a difficult one to resolve because of its hyper-sensitivity to various sources of
noise such as modeling errors and statistical noise. In part, this is caused by the fact that the
diffuse optical tomography problem is intrinsically ill-posed meaning that for a given
fluorescence dataset there exists a large number of equivalent solutions. The challenge of
researchers working in this field consists of devising approaches that minimize this effect,
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ensuring that the images that are obtained are as close as possible to reality. There are
several approaches to this problem, with perhaps the most brute-force one being using
datasets consisting of a very large number of measurements in a manner that maximizes the
amount of tissue that is sampled. Another approach consists of redefining the tomography
problem in such a way as to provide prior spatial information based on structural images for
the location of the expected source of fluorescence. This latter approach brings together the
strengths of optical spectroscopy and avoids the weakness of poor spatial resolution, by
using structural imaging of other highly-resolved modalities such as CT, MRI or ultrasound.
The advent of spatially-guided fluorescence tomography represents a major paradigm shift
in the development of fluorescence imagers. Admittedly though this shifts the costs structure
of optical imaging significantly, as it ties it to availability of these more expensive imaging
systems. Coupling to ultrasound may prove more economical for applications where this
imaging helps visualize regions, as shown in Gruber et al. [111]. Other tomography
approaches include using data types in the reconstruction process that are more strongly
dependent on fluorophore properties, such as multi-spectral or time-resolved data sets.

Early fluorescence tomography instruments that were introduced are stand-alone in the sense
that the information they provide is strictly in the form of functional or molecular images of
specific biomarkers without structural landmarks. In most cases the outer surface was
extracted by an external mean such as laser profilometry or stereo-vision as is required for
modeling light-transport. A notable exception consisted in a system where the animal was
immersed in an optical matching liquid with properties resembling those of tissue [112]. At
the time, this approach was deemed acceptable because of the relaxed requirement for
extracting the surface boundary for light transport modeling. However, matching liquid-
based approaches were mostly abandoned due to cumbersome nature of the animal
preparation process, which was significantly slowing down preclinical studies as well as
limiting biological applications to organs below the neck. Other single-wavelength stand-
alone systems based on CCD detection and CW technology were also developed (see, for
example, Refs. [113-116]). The imaging geometry of these systems is such that large
measurement densities are acquired in trans-illumination mode. Another generation of
systems was developed with richer information content in the form of multi-spectral data,
either at the level of the excitation or emission wavelengths. For example, Davis et al. [117]
introduced a fiber-coupled CCD-based multi-spectral emission system using frequency-
domain technology, while the multi-spectral systems introduced by Zavattini et al. [118],
Leavesley et al. [119] and Li et al. [120] showed non-contact CCD-based instruments
relying on CW technology. The tomography systems presented by Kepshire et al. [121],
Brambilla et al. [122], Kumar et al. [123] and Niedre et al. [124] are different in the sense
that they are based on time-domain detection, either through the use of gated CCD cameras
or time-correlated single photon counting technology. Time-resolved imaging increases the
information content of the signal by, for example, allowing researchers to study lifetime
variations induced by different biochemical environments.. Another advantage of using
time-resolved systems is that datatypes such as mean time of photon arrival and time-gated
signals can be used potentially leading to improvements in the precision of recovered 3D
fluorescence images (see, e.g., the work of Lam et al. [125], Riley et al. [126], Niedre et al.
[124] and Leblond et al. [127]). The tomography systems mentioned thus far in this section
all acquire data in trans-illumination mode. However, the work of Kepshire et al. [128]
presents the development of a CCD-based epi-illumination CW raster-scanned tomography
system. It was found that this geometry severely limits the potential to perform tomography
to a depth of about 20 mm for spatial localization with, however, quantification capabilities
exponentially decreasing with depth.

In parallel with the development of innovative imaging methods, data processing algorithms
and software are being developed with the aim of maximizing the amount and the precision
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of biological information that can ultimately be extracted from in vivo datasets. In particular,
Refs. [13, 95, 129-157] develop approaches improving the methods used to solve the
fluorescence tomography problem based either on single-wavelength continuous-wave or
frequency-domain datasets. Then, Refs. [158-160] introduce algorithms for multi-spectral
image reconstruction providing evidence that the quality of reconstructed images can
potentially be improved with this approach. References [125, 126, 161] provide indirect
evidence that imaging gains can be obtained from tomography datasets acquired with time-
domain technology [125, 126]. Approaches using specific features of time-domain have also
been developed showing promise for improving upon the main limitations of in vivo
fluorescence imaging. Refs. [129, 143, 162-172] present the development of image
reconstruction methods, showing that it is possible to image lifetime in small animals from
deeply seated fluorophores. References [124, 127] show how using light signals from
photons that are weakly scattered can significantly improve the resolution of fluorescence
tomography.

As mentioned previously, significant research effort is invested in building systems that are
combining fluorescence imaging with modalities providing high spatial resolution structural
information. An example of this is the instrument presented in Davis et al. [117] where
fiber-based optical detection is performed within the core of a 4T MRI system. In multi-
modal approaches such as this one, the structural information is used in different ways. The
simplest one consists in overlaying the fluorescence tomography images on the structural
image allowing the localization of the fluorescent sources against anatomical landmarks
[113, 121]. A more involved technique consists in using the anatomical information to
impose constraints when resolving the fluorescence tomography problem thereby potentially
improving the accuracy of the reconstructed images. In some cases the biological target of
interest (e.g., a tumor) can be seen in the anatomical images. Then, this spatial information
is used to guide convergence of the reconstruction algorithm toward those solutions that are
consistent with the location of the sources of fluorescence. References [7, 21, 117, 121,
173-177] present data processing methods and analysis showing that the inclusion of prior
structural information can in fact improve the accuracy of fluorescence tomography images.

5.2 Technology assessment
The main thrust of this review paper has been the presentation of current and prospective
technology that can be used to perform whole-body in vivo fluorescence imaging. Emphasis
has been on aspects such as intrinsic limitations and potential uses of the modality,
instrumentation components, advantages and disadvantages of different imaging geometries,
characterization of available commercial systems, and, finally, a review of the literature
presenting biological results derived from this multi-faceted approach. In retrospect, it is
apparent that the full potential of in vivo fluorescence imaging has not been fully exploited
yet. The wide variety of available commercial systems (Table 1) partly illustrates this fact
demonstrating that a clear consensus may never emerge as to the optimal approach for in
vivo small animal imaging. This is because the choice of any one individual system is
associated with one offering a balance between sufficient biological information at a price
compatible with the scale of the available funding or related to the cost-effectiveness motive
of the user. There will always be a tradeoff between financial investment for biological
information that will provide a range of quality in the systems, as is true with standard
human imaging systems as well.

Leaving aside issues relating to development costs, an important aspect that has to be
considered in assessing the state of the technology is that convergence to a universally
adopted imaging method is prevented by the wide variety of biological markers and
fluorescent probe combinations that are being used and that will be developed for future
preclinical applications. Each biological application typically involves fluorophores with
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different spectral signatures, anatomical accumulation sites and fluorescence contrast levels.
In closing, some comments are presented relating to technical design specifications future
systems should have in order to allow them to successfully emerge as versatile whole-body
fluorescence imaging tools. These final comments are divided into two categories, namely,
specificity and sensitivity.

Specificity—A more universal imaging methodology will require the use of
instrumentation (illumination and detection sub-assemblies) versatile enough to image at
multiple wavelengths allowing the separation of different fluorophore species or removal of
non-specific signals. In a very concrete example, spectral versatility allows the development
of methods to isolate and remove the contribution of tissue autofluorecence. As discussed
earlier, increasing the specificity of the technology can be achieved through multiplexing,
but perhaps most effectively through the use of multi-spectral illumination and/or detection,
as well as through the use of lifetime imaging based on time-domain detection.

Sensitivity—Another aspect than should be addressed in order to develop approaches that
are as universal as possible consists in maximizing the sensitivity of the technology. High
enough sensitivity would allow systems to acquire fluorescence signals transmitted through
small animals with sufficient signal-to-noise. Contrary to reflection signals, trans-
illumination signals depend only weakly on the location of the fluorescent molecules. This
makes surface-weighted epi-illumination configurations less attractive than planar trans-
illumination or tomography geometries when the objective is to reduce the imaging
constraints relating to fluorophore location. As pointed out earlier, the development of such
systems involves highly sensitive detection based, e.g., on PMT’s or low temperature cooled
CCD cameras. Such detection characteristics are also desirable in order to allow an
instrument to image fluorescence contrast as low as possible. In fact, as mentioned earlier,
optimizing system design to image low fluorescence contrast in trans-illumination can be
achieved by selecting detection methods with low noise characteristics and large dynamical
range.
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Figure 1.
Illustration showing different fluorescence imaging paths used in the scope of preclinical
studies. High resolution, high sensitivity and high specificity images can be rendered down
to sub-micron resolution in vitro to study cellular and sub-cellular molecular processes. The
top-right part of the figure shows two-photon microscopy images of mouse hippocampal
neuron and glial cells transfected with GFP and RFP, respectively (courtesy of Dr Paul De
Koninck, www.greenspine.ca). Animal models can be used for ex vivo studies of tissue
slices as well as for whole-body in vivo studies. Ex vivo slices shown (middle-right images)
correspond to brain tissue with glioma cells highlighted with fluorescence from GFP and the
endogenous molecule Protoporphyrin IX. The in vivo whole-body image (lower-right in the
figure) corresponds to a fluorescence tomography image associated with PpIX contrast from
a brain tumor model.

Leblond et al. Page 30

J Photochem Photobiol B. Author manuscript; available in PMC 2013 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.greenspine.ca


Figure 2.
Images showing the impact photon scattering can have on fluorescence imaging in living
tissue. Two numerically simulated mouse models were used. An 8 mm diameter spherical
tumor was located in the abdomen in each simulated mouse: (b) near the surface, (d) close to
the axial center of the animal. Simulation results are shown for broad beam epi-illumination
imaging: (a) shows the illuminated area on the surface of the animal while (c) and (e) show
the outgoing light at the surface for the tumors shown in (b) and (d), respectively. In both
cases, no background fluorescence was assumed. The intensity of the outgoing light in (e) is
approximately one-thousandth of that shown in (c).
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Figure 3.
Three major hardware design strategies for in vivo fluorescence imaging are shown in the
columns of the table. Comparison of the imaging approaches is provided in terms of the
main four components needed for each. They are listed in the rows where the intersection
boxes detail the relevant data or components.
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Figure 4.
Schematic rendering of different methods that can be used for whole-body fluorescence
imaging. The first row shows epi-illumination geometries: (a) broad beam illumination with
wide-field camera detection; (b) raster-scan illumination with wide-field camera detection,
(c) raster-scan illumination and detection. The lower row of images shows the corresponding
trans-illumination configurations. Not shown in the figure are configurations optimized for
tomography imaging and fiber-based planar configurations.
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Figure 5.
Whole-body fluorescence images acquired in vivo with existing commercial systems: (a)
Single-wavelength image (excitation: ~680 nm, emission: ~720 nm) of an oxazine-derivate
dye binding to beta-amyloid deposits present in Alzheimer’s disease (NightOWL-LB 983,
courtesy of Berthold Technologies). (b) Tumor grown sub-cutaneously on right hip from
A431 tumor cells. Image shows contrast associated with IRDye680 BoneTag (grayscale,
excitation: 680 nm, emission: ~700 nm) and IRDye800CW EGF (pseudo-color, excitation:
780 nm, emission: ~800 nm) (Pearl Imager, courtesy of LI-COR Biosciences). (c) Imaging
of XPA-1 tumors grown orthotopically in transgenic CFP nude mice from pancreatic cancer
cells transfected with two fluorescent proteins to express GFP in the nucleus and RFP in the
cytoplasm. Images show the dual-colored tumor in red (RFP) and green (GFP) color scales,
while the pancreas and rest of the mouse appear in blue from the CFP [178] (iBox). (d)
Images from a nude mouse with three sub-dermal tumors labeled with fluorescent proteins.
The left-most image shows a representation of the fluorescence emanating from the animal
(no spectral decomposition) while the other image is a composite combining the spectrally
unmixed GFP, RFP and mPlum-FP images (green, red and magenta color scales,
respectively) and the food autofluorescence (in blue) [6] (Maestro). (e) Images of
approximately 1×1013 quantum dots (excitation: ~800 nm) implanted medial to the left
kidney. The deeply-seated distribution of fluorescent molecules cannot be distinguished
from autofluorescence sources in the epi-illumination image (left) but is clearly visible on
the trans-illumination image (right) (IVIS Spectrum, courtesy of Caliper Life Sciences). (f)
Multiplexed quantification of metalloproteinase and cathepsin activity in 4T1 mammary fat
pas tumors. Fluorescence tomography image shows contrast from agents ProSense 750
(distributed throughout the tumor – red color scale) and MMPSense 680 (distributed on the
surface of the tumor - in green) (FT 2500, courtesy of VisEn Medical). (g) Simultaneous
lifetime imaging of two molecular biomarkers binding to cancer in xenograft mouse model
(U-87MG glioblastoma cell line with mutation in EGF receptor) injected in flank of a nude
mouse: lifetime of C225-Cy5.5 (C225 antibody-Cetuximab, an EGFR targeting antibody) in
liver (image A), in the tumor (image B) and of Tf-DY682 (transferrin protein binding to
transferrin receptors) in the tumor (image C) (Optix MX2, courtesy of ART Advanced
Research and Technologies). (h) Combined digital X-ray image fluorescence image
(excitation: ~720nm, emission: ~790nm) (KODAK In Vivo Imaging System, courtesy of
Carestream Health).
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