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Abstract In vivo optical imaging has become a popular
tool in animal laboratories. Currently, many in vivo optical
imaging systems are available on the market, which often
makes it difficult for research groups to decide which sys-
tem fits their needs best. In this work we compared different
commercially available systems, which can measure both
bioluminescent and fluorescent light. The systems were
tested for their bioluminescent and fluorescent sensitivity
both in vitro and in vivo. The IVIS Lumina II was found to
be most sensitive for bioluminescence imaging, with the
Photon Imager a close second. Contrary, the Kodak system
was, in vitro, the most sensitive system for fluorescence
imaging. In vivo, the fluorescence sensitivity of the systems
was similar. Finally, we examined the added value of spec-
tral unmixing algorithms for in vivo optical imaging and
demonstrated that spectral unmixing resulted in at least a
doubling of the in vivo sensitivity. Additionally, spectral
unmixing also enabled separate imaging of dyes with
overlapping spectra which were, without spectral unmixing,
not distinguishable.
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Introduction

In vivo optical imaging is a non-invasive imaging technique
that pictures and reveals molecular and biological processes
using bioluminescent and fluorescent reporters and/or
probes. It is a powerful tool for monitoring and tracking
cells, gene expression, new drug compounds, metabolites,
pathogens, etc. in living animals. Consequently, in vivo
optical imaging is used extensively on small animals in the
fields of diagnostics [1–4], disease development and
-progress [5–7], drug discovery & development [2, 8–11]
and functional genomics [12]. In the future, it could even be
used to aid tumor resection surgery in superficial tissues;
like breast-conserving surgery [13]. The success of this
technology is attributed to its high sensitivity, high temporal
resolution, high throughput capacities, ease of use and ex-
cellent cost-effectiveness. This in contrast to other, non-
optical imaging techniques, like radiography, ultrasound,
magnetic resonance imaging (MRI), computed- (CT) and
positron emission tomography (PET), which have a higher
tissue penetration, but often lack contrast and high temporal
resolution. Additionally, functional studies are not straight-
forward with the latter techniques and they are often less
safe, more expensive and labor-intensive. Nevertheless, in
vivo optical imaging has also drawbacks and one of them is
the limited penetration of light through tissues. This is due
to scattering and absorbance of light by tissues. Additional-
ly, tissue auto-fluorescence further complicates in vivo op-
tical fluorescent imaging [14]. However, these problems
associated with in vivo optical imaging have partly been
solved by the introduction of near-infrared (NIR) fluores-
cent probes [15, 16]. Indeed, the scattering and absorbance
of light by tissues reaches a minimum at wavelengths be-
tween 700 nm and 900 nm. Additionally, the autofluores-
cence of tissues is also lower in the NIR. A further new
development in the field of in vivo optical imaging is the
combination with other, structural, imaging modalities, like
MRI or CT [9].

S. K. Cool :N. N. Sanders (*)
Laboratory of Gene Therapy, Department of Nutrition, Genetics
and Ethology, Faculty of Veterinary Medicine, Ghent University,
Merelbeke 9820, Belgium
e-mail: Niek.Sanders@UGent.be

S. K. Cool : S. C. De Smedt
Laboratory of General Biochemistry and Physical Pharmacy,
Department of Pharmaceutics, Faculty of Pharmaceutical Sciences,
Ghent University,
Ghent 9000, Belgium

K. Breyne : E. Meyer
Laboratory of Biochemistry, Department of Pharmacology,
Toxicology and Biochemistry, Faculty of Veterinary Medicine,
Ghent University,
Merelbeke 9820, Belgium

J Fluoresc (2013) 23:909–920
DOI 10.1007/s10895-013-1215-9



The performance of an in vivo optical imaging system is
largely dependent on the quality of the charge coupled
device (CCD) camera, which is the heart of every optical
imaging system. When evaluating different systems, it is
best to compare some of the features of the CCD camera.
A back-thinned, back-illuminated CCD is designed to have
an increased photon absorption, enhancing the quantum
efficiency of the CCD and the sensitivity of the system. A
second important parameter of a CCD is its dark current, i.e.
the ‘signal’ generated in absence of light. It is the charge that
leaks into a pixel during the exposure time in the absence of
light. This readout noise is the limiting factor in low-light
images, as is often the case with bioluminescent imaging.
Dark current can be limited in two ways. One possibility is
to cool the camera. CCD cameras are cooled to −29 °C or
−90 °C, depending on the CCD chip design, to obtain a
sufficiently low dark current. A second possibility to
reduce dark current is the use of a cooled intensifier
tube, which intensifies incoming signal-photons by a
factor of 106 before they reach the CCD. This means
that dark current is no longer an issue, as it is not
intensified. Binning is often used to increase the sensi-
tivity of a CCD. It is the mathematical combination of
pixels to one computed ‘pixel’. Binning results in an
increase of the dynamic range and sensitivity, however,
it reduces the spatial resolution.

The lens, which is positioned before the CCD, is also of
importance in in vivo optical imaging. The two most impor-
tant parameters of any optical lens are the focal length and its
minimal and maximal aperture (diameter of the diaphragm).
The focal length of a lens is defined by the distance between
the middle of the lens and the focal point. The ratio of the focal
length to the pupil diameter of the aperture defines the focal
ratio, or f/number (Eq. 1).

f =number ¼ focal length

pupil diameter
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Notice that the f/number is inversely proportional to the
pupil diameter of the aperture. On modern lenses, the f/num-
ber can usually only be adjusted in discrete steps. These are
then called f/stops and in general each f/stop differs from the
previous f/stop by a factor that equals the square root of two.
Hence, the theoretical possible f/stops of a lens are given by

the following sequence: f =
ffiffiffi
2
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decrease of one f/stop implies, based on Eq. 1, that the
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p
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Therefore, when the f/stop is decreased with one step the
surface of the pupil of the aperture will double and hence
allow that a double amount of light can reach the CCD
camera. Consequently, to push an optical imaging system

to its maximum sensitivity one should use the lowest possi-
ble f/stop.

When using fluorescence imaging, the choice of the appro-
priate emission and excitation filters are of major importance.
Therefore, to evaluate an in vivo optical imaging system, one
should check both the available filters and check how easy it is
to interchange them. The bandpass of the filters is of critical
importance when working with multiple probes. The narrower
the bandpass of excitation and emission filters, the better the
system can detect multiple dyes and differentiate between the
spectra of the dyes and background auto-fluorescence. Spec-
tral unmixing is an additional tool to resolve different
fluorophores with overlapping spectra by excitation- or
emission-based unmixing of these fluorophores. Spectra
unmixing makes use of an algorithm that can distinguish the
spectral signatures of different fluorescent dyes or biolumi-
nescent reporters and calculate the respective contribution of
each on every pixel of an image [17].

Finally, an integrated gas anesthesia system and a heating
system to support the body temperature of the animals are
also crucial.

Materials and Methods

Instrumentation

The IVIS Lumina II is designed for both bioluminescent
(BLI) and fluorescent imaging (FLI). For FLI, light coming
from a tungsten halogen lamp is guided through one of 10
possible excitation filters. The animals are top illuminated
by the excitation light as illustrated in Table 1. The emitted
fluorescent light is subsequently filtered by one of 4 broad
band-pass emission filters present in the standard filter
wheel. The standard filter wheel can be replaced by 4 other
possible filter wheels each containing 7 emission filters with
a narrow bandpass of 20 nm. For this study the narrow
bandpass emission filters were used. For BLI, the light
produced by the luciferase catalyzed reaction within the
animals is guided through an open position present in the
emission filter wheel. The fluorescent light or the biolumi-
nescent light is subsequently collected by a f/.95–f/16 lens
mounted on a back-thinned, back-illuminated, 1024×1024
pixels, 16 bit CCD camera which is thermoelectrically
cooled with a Peltier element to −90 °C. The minimal
detectable radiance of the camera is 100 photons/s/sr/cm2,
where sr stands for steradian, which is the SI unit of solid
angle. It is used to describe two-dimensional angular spans
in three-dimensional space. More detailed specifications on
the lens and CCD camera are shown in Table 1, which gives
a side-by-side comparison of the technical aspects of the
tested systems. The field of view (FOV) can be adjusted to
either: 5×5 cm, 7.5×7.5 cm, 10×10 cm or 12.5×12.5 cm by
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lowering the imaging stage. At the highest FOV up to three
mice can be imaged at once. There is an accessory lens
available, with a maximal FOVof 24×24 cm, which allows
simultaneous imaging of five mice. Image analysis and
spectral unmixing was performed by the living image 3.1
software from CaliperLS.

The Photon Imager (see Table 1) is capable of real-time
bioluminescent and fluorescent in vivo imaging and also of
imaging of non-anaesthetized animals with an optional
module. A halogen lamp generates light which is filtered
through a continuous linear filter, which makes it possible to
select 20 nm wide bands of wavelengths between 400 and
800 nm, with a 5 nm precision. The photon imager uses the
following six high pass filters for filtering the emission
light: 530 nm, 570 nm, 615 nm, 660 nm, 700 nm and
770 nm. This type of emission filter makes it impossible
to spectral unmix certain combinations of emission spectra.
In this paper the in vivo images generated with the Photon
imager were corrected for auto-fluorescence. The system
does this automatically by taking an additional image of
the animal using excitation light with a wavelength that is
50 nm shorter than the one used for the signal acquisition.
Subsequently, this background image was subtracted from
the original image. A f/1.4 - f/22 lens with computer-
controlled zoom, allowing for a continuous FOV from 8×
6 cm to 24×18 cm is used to capture the emitted light. The
Photon imager uses a cooled intensifier tube that amplifies

the original photon signal by a factor 106 making CCD
cooling redundant. Due to this amplification the Photon
Imager has a temporal resolution of 20 ms which enables
the user to perform kinetic studies, as signal accumulation is
displayed in real-time. The weakest detectable radiance is 75
photons/s/sr/cm2. The system uses the Photo Vision soft-
ware for acquiring and the M3Vision software for analyzing
and manipulating images.

The Kodak Image Station can image both bioluminescent
and fluorescent signals. This system uses a xenon lamp as
illumination source. For FLI, light passes through an excita-
tion filter and is projected via fiber optics through the optical
transparent table on which the animal is positioned (bottom
illumination). The setup is outlined in Table 1. Fluorescent
light is collected through the optical transparent table and
guided by a 45° high efficiency mirror through an emission
filter. The instrument contains a four-insert filter wheel, which
can hold emission filters of choice between 420 and 850 nm,
plus an open position for BLI. The filtered emission light is
collected through an f/2 - f/32, 10x automatic zoom lens
which guides the light to a thermoelectrically cooled
(−29 °C) CCD camera.

Animals

Ten weeks old female nude mice (NMRINu/Nu) were pur-
chased from Janvier Breeding Center (Le Genest St. Isle,

Table 1 Comparison of some of the most important characteristics of the three in vivo optical imaging systems

J Fluoresc (2013) 23:909–920 911



France). Animals were anaesthetized with an intraperitoneal
(i.p.) injection of 0.1 ml/10 g of an isotonic solution
containing 10 mg/ml ketamine and 1 mg/ml xylazine. The
experiments were approved by the ethical committee of the
Faculty of Veterinary Medicine (Ghent University;
EC2010/002).

Liposomes

Liposomes contained 55 mol% DPPC (dipalmitoylphos
phatidylcholine), 5 mol % DSPE-PEG-Biotin (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene
glycol2000-biotin), 39 mol % cholesterol and either 1 mol %
DiD (1,1-dioctadecyl-3,3,3′,3′-tetramethylindodicarbo
cyanine perchlorate) (Invitrogen, USA) or 1 mol% DiR
(1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine io-
dide) (AnaSpec, USA). DPPC, DSPE-PEG-Biotin and cho-
lesterol were purchased from Avanti Polar Lipids (Alabaster,
USA). DiD and DiR are lipophilic fluorescent tracers that
stably insert in lipid (bi)layers. The emission and excitation
spectra of DiD and DiR inserted in phospholipid bilayer
membranes are shown in Fig. 1a. We prepared the lipo-
somes via the evaporation/hydration method. Lipids,
dissolved in chloroform, were mixed in a round-bottomed
flask. Subsequently, the chloroform was evaporated at 37 °C
using a rotavapor. The resulting lipid film was rehydrated
using 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer (20 mmol/l HEPES, pH 7.4) at a final lipid
concentration of 5 mg/ml. The obtained suspension is
extruded 10 times through a 100 nm pore polycarbonate
filter membrane using a mini-extruder (Avanti Polar Lipids).
The resulting liposome suspension contained 224nM fluores-
cent dye.

Fluorescence Imaging

In Vitro Sensitivity A serial dilution (using 3-fold dilution
steps) of the fluorescent labeled liposomes was prepared in
triplicate in a black 96-well plate (Greiner Bio-One,

Belgium) using HEPES buffered glucose (20 mM HEPES,
5 % glucose, pH 7.4). The concentration of the DiD and DiR
labeled liposomes ranged between 224 nM and 4 pM DiR or
DiD. As a background, we used the fluorescent signal
measured in wells containing only the HEPES buffered
glucose.

In Vivo Sensitivity Four concentrations of DiD-liposomes
(0.224 nM, 0.0448 nM, 0.0112 nM and 0.0056 nM) and
HEPES buffered glucose were mixed 1:1 with matrigel
(BD Biosciences, Belgium). 200 μl of these mixtures
was injected subcutaneously (s.c.) in five spots on the
dorsal side with a 26G needle (Fig. 3a). The 1:1 mix-
ture of HEPES buffered glucose and matrigel was
injected in the middle of the back and served as a
negative control. Matrigel was used to increase the
viscoelasticity of the dispersions and hence to retain
the injected liposomes as much as possible within the injected
area. This mouse was used as a standard to compare all three
systems.

For the spectral unmixing experiments we also used,
besides living mice, the XMF-2 Fluorescent phantom mouse
(CaliperLS) in which we inserted rostrally a rod containing
Alexa750 and caudally a rod with 850 nm quantum dots
(QD850). The spectra of these fluorescent dyes are shown in
Fig. 1b. Spectral unmixing was performed with the spectral
unmixing algorithm on the IVIS lumina II.

Several images were taken with each system and
representative images are shown in Figs. 2 and 3. The
generated pictures show as much signal as possible for
each system separately, while showing as little back-
ground as possible.

Bioluminescence Imaging

In Vitro Sensitivity To determine the bioluminescence sen-
sitivity of the instruments we made a serial dilution of a
stock suspension of bioluminescent Escherichia coli (E. coli
XEN14, Caliper Life Sciences) containing 1.5×106 CFU
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Fig. 1 A. Excitation (dotted lines) and emission (full lines) spectra of
DiD (blue) and DiR (green) bound to phospholipid bilayer membranes.
The excitation maxima of DiD and DiR are around 650 nm and
750 nm, while their emission maxima are around 670 nm and
780 nm, respectively (Source: Invitrogen Fluorescence SpectraViewer).
B. Excitation (dotted lines) and emission (full lines) spectra of AF750

(black) and QD800 (red). The excitation maximum of AF750 is
around 750 nm, while the excitation peak of QD800 is elongated
from around 300 nm to 700 nm. Their emission maxima are very
similar, i.e. around 780 nm, (Source: Invitrogen Fluorescence
SpectraViewer)
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(colony forming units) per ml. Out of this stock suspension
we prepared nine different E. coli concentrations in black 96-
well plates using magnesium free PBS (Invitrogen): 0, 10,
100, 1000, 1500, 1.5×104, 1.5×105, and 1.5×106 CFU per
100 μl. As background we used the average bioluminescent
signal coming from two wells containing 100 μl PBS.

In Vivo Sensitivity Four different bacteria suspensions
containing 225×104, 225×103, 225×102, 2250 CFU in

100 μl PBS were mixed 1:1 with matrigel. 100 μl of these
mixtures was s.c. injected in four spots on the dorsal side
with a 26G needle. The number of bacteria per injection spot
was: 1.125×106, 1.125×105, 1.125×104 and 1125. In the
centre of the back, 100 μl of a 1:1 mixture of PBS and
matrigel was injected as a negative control. This mouse was
used as a standard to compare all three systems.

Several images were taken with each system and
representative images are shown in Figs. 6 and 7. The

Fig. 2 In vitro fluorescence sensitivity of the optical imaging systems.
Three serial dilution of DiD-liposomes (top row) and DiR-liposomes
(bottom row) were prepared in black 96-well plates (rows I, II, III) and
imaged with the three optical imaging systems. The concentration in
each row decreased from left to right. The images of the DiD-lipo-
somes were taken using the following settings; IVIS Lumina II: f/stop
2, exposure time 1 s, binning 2×2, filters λex=640 nm/λem=720 nm;
Photon Imager: f/stop 1.8, exposure time 4 s, filters λex=610 nm/λem=

660 nm; Image Station: f/stop 2.5, exposure time 60s, binning 2×2, filters
λex=630 nm/λem=700 nm. The images of the DiR-liposomes were
taken using the following settings; IVIS Lumina II: f/stop 2, exposure
time 10s, binning 1×1, filters λex=745 nm/λem=820 nm; Photon Im-
ager: f/stop 2, exposure time 10s, filters λex=720 nm/λem=770 nm;
Image Station: f/stop 2.5, exposure time 60s, binning 2×2, filters λex=
730 nm/λem=790 nm

Fig. 3 In vivo fluorescence sensitivity and image quality of the tested
optical imaging systems. Mixtures containing decreasing DiD-lipo-
some concentrations in matrigel were injected subcutaneously in four
different spots on the dorsal side. The location of these injections is
shown in scheme a. The concentration of the DiD-liposomes in spot
1, 2, 3 and 4 were 112 pM, 22.4 pM, 5.6 pM and 2.8 pM, respectively.
In spot (b) a mixture of buffer and matrigel was injected. Images b, c

and d show the same mouse imaged by the three evaluated systems.
The image were taken using the following settings; IVIS Lumina II: f/
stop 2, exposure time 1 s, binning 4×4, filters λex=640 nm/λem=
720 nm; Photon Imager: f/stop 1.4, exposure time 9 s, filters λex=
610 nm/λem=660 nm; Image Station: f/stop 2.51, exposure time 60s,
binning 4×4, filters λex=630 nm/λem=700 nm. The image of the
Photon Imager was obtained after background subtraction.
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generated pictures show as much signal as possible for
each system separately, while showing as little back-
ground as possible.

Results

In this paper we performed a side-by-side comparison of in
vivo optical imaging systems that are designed for both
fluorescence imaging (FLI) and bioluminescence imaging
(BLI) of small animals. The following three instruments
were tested: (1) IVIS Lumina II (CaliperLS, USA), (2)
Photon Imager (Biospace lab, France), and (3) Image Sta-
tion (Kodak, USA). These instruments are so-called planar
imaging systems that generate a 2D fluorescence or biolu-
minescence image that can be overlaid with a photographic
image of the animal. The sensitivity of the instruments and
the quality of the images were checked in vitro and in living
mice using fluorescent probes and bioluminescent bacteria.
Furthermore, the added value of spectral unmixing algo-
rithms was evaluated with the IVIS Lumina II.

Fluorescence Imaging Capabilities

In Vitro Sensitivity

An important parameter of an in vivo optical imaging system
is its sensitivity. To evaluate the fluorescence sensitivity of the
instruments we made three serial dilutions of DiD and DiR
labeled liposomes in black 96-well plates. The liposome con-
centrations were varied between 224 nM and 4 pM DiD or
DiR and the total volume in the wells was kept constant at 100
μL. The well plates were imaged with each instrument using
the most optimal settings. The selected settings are mentioned
in the legend of Fig. 2.We defined the visible detection limit as
the lowest concentration that was visible in all three dilution
series. The obtained images of the dilutions series are shown
in Fig. 2. With the IVIS Lumina II, the Photon Imager and the
Image Station, the visible detection limits of the DiD-
liposomes were 11 pM, 11 pM and 4 pM, respectively. The
detection limits of the DiR-liposomes were much higher and
equalled 100 pM, 100 pM and 34 pM (very weak signal, only
visible on the screen) in the IVIS Lumina II, the Photon
Imager and the Image Station, respectively.

In Vivo Sensitivity and Image Quality

In vivo FLI is, in contrast to in vitro experiments, complicated
by tissue autofluorescence as well as scattering and absor-
bance of light. Therefore, we also evaluated the in vivo
fluorescence sensitivity of the three instruments. Four differ-
ent DiD-liposome concentrations were mixed 1:1 with

matrigel and subcutaneously injected in separated spots on
the dorsal side of a mouse. Figure 3a depicts the location of the
injection spots. A 1:1 mixture of buffer and matrigel was
injected in between the four spots and served as a negative
control. The mice were imaged with the settings, mentioned in
the legend of Fig. 3. The IVIS Lumina II and the Image
Station were able to detect the three highest concentrations.
In contrast, all four spots could be seen with the Photon
imager. However, the fluorescence signal from the lowest
concentration was extremely weak and not well distinguish-
able from the spot above. Consequently, a person who is not
aware of the experimental design would most likely not con-
sider this spot as a positive signal. Therefore, we concluded
that the lowest detectable concentration of the DiD-liposomes
was 5.6 pM in all three instruments.

Advantages of Spectral Unmixing

Spectral unmixing software was available on the IVIS Lumina
II and the Image Station. The spectral unmixing software of
the Image Station was a beta-version at the time of the exper-
iments. Therefore, we decided to evaluate the advantages of
spectral unmixing using the IVIS Lumina II.

To evaluate whether the spectral unmixing algorithm
allows for separate imaging of dyes with overlapping spec-
tra we equipped the XFM-2 phantom mouse with two rods
which contain at their ends Alexa Fluor 750 (AF750) and
Quantum dots 850 (QD850), respectively (Fig. 1b). As
shown in Fig. 4b, it is impossible to image AF750 without
also detecting QD850. This is due to the broad excitation
peak of QD850 and the similar emission spectra of AF750
and QD850 (Fig. 1b). Subsequently, we determined whether
these dyes can be separated via spectrum unmixing. There-
fore, different images of the phantom mouse were made
using the following filter combinations: excitation filters
605 nm, 640 nm, 675 nm, 710 nm and 745 nm in combi-
nation with emission filter 800 nm. The spectral unmixing
software uses the information in these images to estimate the
excitation spectra of AF750 and QD850, and to calculate the
contribution of AF750 and QD850 to the total fluorescence
measured in each pixel. Figure 4b–d clearly demonstrate
that the spectral unmixing algorithm can separate both dyes
and hence confirms there is actually no AF750 present in the
lower rod. Similar results can be obtained by using the
Image Station’s excitation based spectral unmixing algo-
rithm (data not shown).

The added value of spectral unmixing was further dem-
onstrated using a mouse injected with four different DiD-
liposomes concentrations (Fig. 5). Four images of the
mouse, each taken with a different excitation and emission
filter combination (λex=640 nm and λem=720 nm, 740 nm,
760 nm, 780 nm), were constructed by the instrument. These
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images were subsequently used by the spectral unmixing
software to unmix the DiD-fluorescence signal from the back-
ground. The image of the mouse obtained after spectral
unmixing clearly reveals four different fluorescent spots

(Fig. 5c). In contrast, without spectral unmixing, the fourth
spot, containing the lowest DiD-liposome concentration,
remained invisible (Fig. 5b). This demonstrates that spectral
unmixing at least doubles the in vivo sensitivity.

Fig. 4 Separate imaging of two fluorescent dyes with overlapping
spectra using the spectral unmixing algorithm of the IVIS Lumina II.
A phantom mouse was equipped with two rods which contained at
their ends Alexa Fluor 750 (AF750) and quantum dot 850 (QD850),
respectively (Scheme a). Image b was obtained at the optimal filter
settings of AF750 (λex=745 nm and λem=800 nm). Images c and d

were obtained after spectral unmixing and they respectively show the
spectral unmixed AF750 component and QD850 component. Spectral
unmixing was performed by combining the 605 nm, 640 nm, 675 nm,
710 nm and 745 nm excitation filters with the 820 nm emission filter.
The other settings were: f/stop 2, exposure time automatically deter-
mined per filter combination by the system, binning 4×4

Fig. 5 Effect of spectral unmixing on the in vivo fluorescence sensi-
tivity. Mixtures containing decreasing DiD-liposome concentrations in
matrigel were subcutaneously injected in four different spots on the
dorsal side. The location of these injections is shown in scheme a. The
concentration of the DiD-liposomes in spot 1, 2, 3 and 4 were 224pM,
45pM, 11pM and 5.6pM, respectively. In spot (b) a mixture of buffer
and matrigel was injected. Image B was generated with the IVIS
Lumina II without using the spectral unmixing algorithm (settings: f/

stop 2, exposure time 1 s, binning 4×4, filters λex=640 nm/λem=
720 nm). Image C shows the DiD-liposmes in the same mouse after
spectral unmixing with the IVIS Lumina II. To generate image c, the
640 nm excitation filter was combined with the 720 nm, 740 nm,
760 nm and 780 nm emission filters. The other measuring parameters
were: f/stop 2, exposure time automatically determined per filter com-
bination by the system, binning 4×4
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Bioluminescence Imaging Capabilities

In Vitro Sensitivity

To compare the bioluminescence sensitivity of the three
instruments serial dilutions of bioluminescent E. coli were
made in a black 96-well plate. The amount of bacteria per
well varied between 1.5×106 and 100. The 96-well plates
were imaged with each instrument using the most optimal
settings, mentioned in the legend of Fig. 6. As shown in
Fig. 6, the lowest amount of bacteria that could be detected
by the IVIS Lumina II was 1500. However, to reach this
sensitivity the highest binning was needed. Due to this high
binning the spatial resolution was low, which caused a
fusion of the bioluminescent signals of neighbouring wells.
The Photon Imager and the Image Station were less sensi-
tive: the lowest amount of bacteria that could be detected
was 1.5×104 and 1.5×105, respectively. However, the Pho-
ton Imager generated bioluminescent spots that were nicely
demarcated.

In Vivo Sensitivity and Image Quality

To evaluate whether the bioluminescence imaging capabilities
of an in vivo optical imaging instrument can be estimated
from in vitro experiments, we subcutaneously injected four
different amounts of bacteria in separated spots on the dorsal
side of a mouse. Matrigel was again used to keep the bacteria
as much as possible in the injected area. A negative control
consisting of a 1:1 mixture of buffer and matrigel was injected
in between the four spots (Fig. 7a). The mice were imaged
with the three instruments using the settings given in the
legend of Fig. 7. The visible detection limit of bacteria in the
Photon Imager and the Image Station was 1.125×104 and
1.125×105 CFU. In agreement with the in vitro data (Fig. 6)
the IVIS Lumina II was also the most sensitive instrument in

vivo and allowed the detection of 1125 CFU. Again, a high
binning was needed to reach this high sensitivity which made
the bioluminescent spots obtained with the IVIS Lumina II
diffuse. By digitally smoothing the images afterwards, making
them appear as if they were obtained using lower binning,
better quality images could be obtained.

Discussion

The enormous success of in vivo optical imaging techniques
in fundamental pre-clinical research is accompanied by a
drastic increase in the number of companies that develop
and offer these systems. For research groups planning to
purchase such a system, it is not always easy to decide
which system suits their needs best. This article aims to
aid them in their search for the most appropriate in vivo
optical imaging system capable of both fluorescence and
bioluminescence imaging. We compared three state of the
art systems: the IVIS Lumina II (CaliperLS, USA), the
Photon Imager (Biospace, France) and the Image Station
(Kodak, USA). Other in vivo optical imaging systems have
recently been compared [18, 19]. We evaluated the perfor-
mance of the systems by examining their sensitivity in vitro
and in vivo for both 2D bioluminescent and fluorescent
imaging. The comparison was done side-by-side to exclude
differences between systems arising from variations in sam-
ple preparation, injection volume or mice. Additionally, the
added value of spectral unmixing algorithms for in vivo
optical imaging systems was studied. All measurements
were performed at the most optimal settings of each system.
These settings, which included exposure time, f/stop, bin-
ning, emission and excitation filters, were selected in agree-
ment with the companies’ optical imaging experts. If one
studies these settings it is remarkable that the selected filters
by the expert of CaliperLS do not perfectly fit the theoretical

Fig. 6 In vitro bioluminescence sensitivity of the optical imaging
systems. Two serial dilutions of bioluminescent Escherichia coli were
prepared in 96-well plates (rows I and II) and imaged with the three
systems. The bacterial concentration in each row decreased from left to
right. The images of the bioluminescent bacteria were taken using the

following settings; IVIS Lumina II: f/stop 1, exposure time 300 s,
binning 16×16 (to reduce the spot size we changed the binning to
1×1 after the image was taken) Photon Imager: f/stop 1.4, exposure
time 301 s; Image Station: f/stop 2.51, exposure time 180 s, binning
16×16
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spectra of the dyes. This was an intentional choice as it is
their experience that dyes show a red shift in vivo.

To evaluate the FLI capacities of the systems we used
liposomes with a composition similar to the commercially
available doxorubicine liposomes (Doxil®) [20]. These li-
posomes were labelled with DiD and DiR because their
excitation/emission spectra are optimal for in vivo optical
imaging (Fig. 1). Indeed, light with a wavelength below
~600 nm is strongly absorbed by endogenous chromo-
phores, e.g. haemoglobin and melanin. Additionally, light
is also scattered by tissues and this scattering decreases with
increasing wavelength. Light with a wavelength above
900 nm however, is strongly absorbed by the water in the
tissues. Therefore, the optimal window for optical imaging
in vivo is between ~600 nm and 900 nm - also called the
“optical window”. From the FLI experiments we can con-
clude that all systems can detect minute quantities of labeled
liposomes. The Image Station, however, is the most sensi-
tive system as the lowest visible DiD- and DiR-liposome
concentration in 96-well plates is respectively 4 pM and 34
pM, whereas in the others systems, the visible detection
limit of these fluorescent liposomes is respectively 11 pM
and 100 pM. The higher exposure time (1 min instead of
seconds in the other systems) used to generate the image
may explain its higher sensitivity. On the other hand, longer
exposure times on the other instruments resulted in a higher
background fluorescence. When studying the images of the
96 well plates obtained with the Photon Imager, one can
notice that the area of the fluorescent spots in the wells with
the lowest concentrations were highly variable and often
covered only a small portion of the wells. An inhomoge-
neous exposure of the wells to the excitation light is most

likely responsible for this observation. DiD-liposomes are
more easily detected than DiR-liposomes which might be
due to the higher fluorescence quantum yield of DiD (0.33
versus 0.28 for DiR in MeOH) [21] and the fact that the
quantum efficiency of the CCD cameras present in the three
systems is lower in the near infrared region. One would
expect that, due to tissue scattering and absorption, a certain
fluorophore concentration is harder to detect in vivo than in
vitro, however, we did not observe this in our in vivo
experiments. Indeed, with the IVIS Lumina II and the Pho-
ton Imager we found that the lowest detectable concentra-
tion of DiD-liposomes in mice was slightly lower as in 96-
well plates (i.e. 5.6 pM). The fact that the excitation and
emission spectrum of DiD-liposomes falls in the optical
window for in vivo optical imaging cannot completely ex-
plain this observation. We believe that the following reason
might be responsible for this observation. Light coming
from a well of a 96-well plate is only detected through the
opening on the top of the well, which has a surface of only
0.32 cm2. Upon subcutaneous injection, DiD-liposomes are
expected to spread out over an area that is much larger than
the surface of a well of a 96-well plate. This larger surface
will facilitate the excitation of the dyes and subsequent
detection of emission light. These phenomena probably
compensate for the attenuation of excitation and emission
light by tissues.

The autofluorescence of tissues is a major hurdle for in
vivo fluorescence imaging. This is especially the case when
dyes are used that do not fluoresce in the optical window.
Additionally, when one wants to use multiple fluorophores,
i.e. multiplexing, it is sometimes difficult to find fluorescent
dyes that do not have overlapping spectra. In these cases,

Fig. 7 In vivo bioluminescence sensitivity and image quality of the
tested optical imaging systems. Decreasing amounts of bioluminescent
bacteria mixed with matrigel were subcutaneously injected in four
different spots on the dorsal side. The location of these injections is
shown in scheme a. The number of bacteria in spot 1, 2, 3 and 4 are
1.125×106, 1.125×105, 1.125×104 and 1125 respectively. In spot (b) a

mixture of buffer and matrigel was injected. Images B, C and D show
the same mouse imaged by the three evaluated systems. Image were
taken using the following settings; IVIS Lumina II: f/stop 1, exposure
time 300 s, binning 8×8; Photon Imager: f/stop 1.6, exposure time
307 s; Image Station: f/stop 2.51, exposure time 360 s, binning 16×16
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spectral unmixing can offer a solution. Spectral unmixing
makes use of a mathematical algorithm that finds the signal
distribution and the pure spectrum of each component [17].
Spectral unmixing is available on both the IVIS Lumina II
and Image Station. The software of the Image Station was a
beta-version in which the excitation based spectral
unmixing allows the user to separate different fluoro-
chromes out of a mixture. Due to the beta-status of the
Image Station’s specral unmixing software, the IVIS Lumi-
na II spectral unmixing algorithm was intensively used as
proof of concept. By running an excitation and/or emission
filter scan, the spectral unmixing algorithm, based on the
multivariate curve resolution method, allows for separation
of the different spectral components and visualization of
their distribution [17]. We evaluated the spectral unmixing
algorithm using Alexa Fluor 750 (AF750) and Quantum
dots 850 (QD850). Both dyes have similar emission spectra
and due to the broad excitation peak of QD850, it is not
possible to image AF750 separately. Indeed, when using the
appropriate filter settings for AF750, QD850 will also be
measured. Through spectral unmixing we were able to dis-
tinguish between AF750 and QD850. Additionally, we dem-
onstrate that spectral unmixing can at least double the in
vivo sensitivity of an in vivo optical imaging system. Sim-
ilar results could be obtained with the Image Station’s
unmixing algorithms. Weak fluorescence signals with inten-
sities near the auto-fluorescence of the animal were difficult
to detect in the past. Nowadays however, it is possible to
filter out the autofluorescence present in every single pixel
of an image via spectral unmixing. This is possible due to
the fact that the spectral unmixing algorithm constructs
excitation or emission spectra of the different fluorescent
sources, including the autofluorescence, present in the ani-
mal. To construct these spectral signatures, images taken at
different excitation/emission filter combinations have to be
loaded in the software. Additionally, to assist the software,
the number of expected fluorescent sources can be fixed.

As mentioned, the number of available excitation and
emission filters and their properties are of major importance
for fluorescence imaging. The IVIS Lumina II is standard
equipped with 10 excitations filter with a bandpass of 35 nm
and a standard filter wheel that holds four emission filters
with a rather broad bandpass as well. With these standard
filter sets, spectral unmixing is not recommended. There-
fore, additional filter wheels containing emission filters with
a narrow bandpass (20 nm) are optionally available. How-
ever, these filter wheels are preconfigured and can only hold
seven emission filters. Therefore, if for example a mouse
contains dyes that have to be imaged with emission filters
on separate filter wheels one must replace the wheel while
the animal is present on the stage. To change the emission
filter wheel in the IVIS Lumina II one has to open the
imaging chamber and unscrew the holder. Therefore,

changing filter wheels during an ongoing experiment is
not practical. However, it is possible to customize a filter
wheels by putting in the desired individual emission filters.
In the mean time, the Image Station from Kodak offers an
excitation filter wheel with 28 filters with a narrow bandpass
of 10 nm. Different emission filters between 420 nm and
850 nm are available with a bandpass of 35 nm, or different
filters upon costumer request. The amount of emission fil-
ters the system can hold is limited to four at any given time.
However, changing emission filters is very easy. Due to the
fact that the Image Station used excitation-based unmixing,
there is no need to change these filters once the system is set
up. The Photon Imager is equipped with linear spectral
excitation filters (400 nm–800 nm) which allows one to
select an excitation filter with a bandpass of 20 nm, every
5 nm. A limited number of emission filters (i.e. six) are
present. Nevertheless, other filters are available upon special
request. It is important to mention that the Photon Imager
makes use of high-pass emission filters, which makes it not
always evident to use multiple dyes in one experiment.

To evaluate the BLI capacities of the systems we diluted
luminescent E. coli in black 96-well plates and imaged them
in all three systems. These experiments showed that the
IVIS Lumina II is the most sensitive system for BLI, as
the lowest detectable number of bacteria in 96-well plates
was 1500 CFU. The Photon Imager and the Image Station
were respectively at least 2 and 10-fold less sensitive. BLI of
the subcutaneously injected bioluminescent bacteria showed
a similar trend. It is important to note that the high sensitiv-
ity of the IVIS Lumina II can only be reached when the
highest binning was applied. Due to this high binning the
spatial resolution of the IVIS lumina II was very low, which
caused a fusion of neighbouring bioluminescent signals.
The lower sensitivity of the Image Station in BLI might be
due to the fact that the amount of light produced by a
bioluminescent source is in general much lower than that
produced by a fluorescent source. Therefore, BLI typically
requires longer exposure times, which also results in a larger
noise accumulation in the Image Station. Additionally, the
amount of light that can reach the CCD camera of the IVIS
Lumina II is, due to the low f/stop of the lens (maximally
f/0.95), about 2.3 and 4-fold higher than in the Photon
Imager (maximally f/1.4) and Image Station (maximally
f/2), respectively.

The systems have different ways of illumination and
different types of lamps which have different light outputs.
Each system also shows its images in different units. It is
therefore difficult to compare the images quantitatively so
the different images are not set to a similar scale and are
compared qualitatively, as each image shows as much signal
as possible without background.

When comparing peripheral hardware, all systems are
equipped with an integrated gas anesthesia system and a
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catheter port. The IVIS Lumina II and Photon Imager use a
different system than the Image Station to support the body
temperature of the animals. The former two systems use a
heated stage, which is digitally controlled. Contrary, the
animals in the Image Station are placed in a transparent
closed box to which heated air flows around the body,
covering the entire animal. Gas anesthesia is administered
through a nose cone.

Finally, it is important to mention that the Image Station
can be upgraded to also acquire radioisotope-based signals
beside fluorescence and luminescence. CaliperLS also pro-
vides an X-ray integrated module system, while Biospace
have a different system for X-ray imaging. However, in the
latter, fusion of these images is, due to the usage of different
pathways labor intensive and sometimes misses accuracy.

An advantage of the Image Station and Photon Imager is
its flexibility. For example, it is possible to buy a basic BLI
instrument that can be upgraded afterwards with the fluo-
rescence module. Recently, Biospace lab also launched an
‘in actio module’ which makes it possible to image fluores-
cent and bioluminescent light in real time in non-sedated
animals. This is possible because of the intensifier tube,
which elevates the signal far above any dark-current back-
ground. Indeed, systems that employ a cooled CCD have a
higher read out noise in the first few seconds of measuring,
making real-time imaging difficult. Shortly after the intro-
duction of the in actio module, CaliperLS presented their
IVIS kinetic which is also able to perform real time optical
imaging in non-sedated animals. IVIS kinetics contains a
fast electron multiplying CCD. The Photon Imager and the
IVIS Lumina II can also be equipped with an additional
macrolens which makes it possible to acquire images at a
higher magnification. The Image Station has an integrated
zoom lens which allows one to obtain a higher magnification.

Conclusion

From this side-by-side comparison we can conclude that the
IVIS Lumina II is the most sensitive system for biolumines-
cence imaging. The Photon Imager was a close second,
while the Image Station was at least 10-fold less sensitive
than the IVIS Lumina II. For fluorescence imaging, the three
systems were quite comparable. The Kodak Image Station
was slightly more sensitive than the other two systems in
vitro. However, in vivo, the fluorescence sensitivity of the
three systems was comparable. Spectral unmixing algo-
rithms have recently been introduced in in vivo optical
imaging. Here we demonstrated that spectral unmixing not
only enables the separate imaging of dyes with overlapping
spectra, but also doubles the in vivo sensitivity and thus
allows for the detection of lower signals. Both the IVIS
Lumina II and Image Station can perform spectral unmixing,

although the spectral unmixing software from CaliperLS was,
at the time of the evaluation, more elaborate and easier to use.
The results of this side-by-side evaluation and the technical
comparison of the tested in vivo optical systems will be of
great help for those research groups that plan to invest in in
vivo optical imaging. Moreover, the work may also be of
importance for researchers who want to learn more about in
vivo optical imaging.
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