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Abstract. Bioluminescence imaging �BLI� allows detection of biologi-
cal functions in genetically modified cells, bacteria, or animals ex-
pressing a luciferase �i.e., firefly, Renilla, or aequorin�. Given the high
sensitivity and minimal toxicity of BLI, in vivo studies on molecular
events can be performed noninvasively in living rodents. To date, de-
tection of bioluminescence in living animals has required long expo-
sure times that are incompatible with studies on dynamic signaling
pathways or nonanaesthetised freely moving animals. Here we de-
velop an imaging system that allows: 1. bioluminescence to be re-
corded at a rate of 25 images/s using a third generation intensified
charge-coupled device �CCD� camera running in a photon counting
mode, and 2. coregistration of a video image from a second CCD
camera under infrared lighting. The sensitivity of this instrument per-
mits studies with subsecond temporal resolution in nonanaesthetized
and unrestrained mice expressing firefly luciferase and imaging of cal-
cium signaling in transgenic mice expressing green fluorescent protein
�GFP� aequorin. This imaging system enables studies on signal trans-
duction, tumor growth, gene expression, or infectious processes in
nonanaesthetized and freely moving animals. © 2008 Society of Photo-Optical
Instrumentation Engineers. �DOI: 10.1117/1.2976426�

Keywords: luminescence; photon counting camera; whole body imaging; high tem-
poral resolution; moving animals; unanesthetized; video tracking; registration.
Paper 08002R received Jan. 3, 2008; revised manuscript received May 19, 2008;
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Introduction

olecular imaging is a noninvasive method for studying the
hemistry of life in whole living organisms such as rodents.
his rapidly expanding field is driven by innovative develop-
ents, constantly offering new tools for imaging the molecu-

ar basis of biological processes.

Present address: Institut Pasteur, Plate-forme d’Imagerie Dynamique, 25 Rue du
octeur Roux 75724, Paris Cedex 15, France.
ddress all correspondence to Bertrand Tavitian, Laboratoire d’Imagerie
oléculaire Expérimentale, SHFJ, I2BM, CEA, Inserm U 803 4 Place Leclerc,

1400 Orsay, France; Tel: +33 1 6986 7779; Fax: +33 16986 7786; E-mail:
ertrand.tavitian@cea.fr.
ournal of Biomedical Optics 054035-
To date, molecular imaging in whole animals has been
restricted to relatively lengthy time scales �generally seconds
to minutes�. Molecular imaging has therefore been limited to
anaesthetized or restrained animals. Physiological experi-
ments do not take motion into account, despite its importance
in studies on animal cognition or neuromuscular diseases.1

Moreover, rapid and transient phenomena such as signal
transduction processes could not be kinetically investigated
with accuracy by in vivo noninvasive techniques. It has been
also reported that anesthesia can induce cytotoxicity in PC12

1083-3668/2008/13�5�/054035/10/$25.00 © 2008 SPIE
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ells2 and blood flow variations,3 and has influences on the
ptake of nuclear tracers.4 Performing molecular imaging
tudies without the use of anaesthetics and in freely moving
nimals would limit the interference with signalization pro-
esses. Consequently, behavioral studies and brain activity
onitoring on awake rodents have been undertaken using im-

ging modalities such as functional magnetic resonance imag-
ng �fMRI�, but most experiments were realized on restrained
nimals.5,6 Single photon emission computed tomography
SPECT� has also been performed on awake animals that
ere placed into a cylinder.7 Standard fluorescence and two-
hoton microscopy experiments have been realized in freely
oving animals,8 but they are limited to a specific part of the

ody. Hence, despite the fact that they offer detailed informa-
ion with great spatial resolution, they do not allow whole
ody imaging.

Among the different modalities of molecular imaging,9 lu-
inescence emission-based techniques appear the most attrac-

ive for the development of high temporal resolution imaging.
otably, the use of endogenous markers such as reporter
roteins10–13 allows observation of phenomena in a noninva-
ive way, which is critical for gathering data in physiological
onditions and for performing longitudinal studies. Moreover,
hese approaches can be performed at high temporal reso-
ution, because photons are produced at a high frequency in
he visible range.

Bioluminescence has a great advantage over fluorescence,
ecause no exogenous excitation light is required. No back-
round is produced, leading to a good signal-to-noise ratio
SNR� and enabling biological events having fast kinetics to
e detected by adapted instruments.14 However, the absence
f background signal in bioluminescence makes the localiza-
ion of the contour of the animal impossible. Therefore, im-
ging on moving animals requires an additional tracking sys-
em to follow animal motion.

Because of their sensitivity, cooled charge-coupled device
CCD� cameras are largely used to detect the very small
mount of light produced by bioluminescence reactions or by
uorescence probes. However, given that signals encountered

n bioluminescence studies are by far lower than fluorescence
missions, these systems require an exposure time of several
econds to overcome the readout noise.15 This is critical for
ynamic signaling pathway studies or behavior mechanism
nvestigations. A similar problem would appear if experiments
ere performed in nonanaesthetized or unrestrained animals,

s the animal movement during these few seconds would blur
he luminescent signal. To achieve such experiments, imaging
ith high temporal resolution is necessary. Photon-counting-
ased systems, such as intensified CCD cameras, are particu-
arly relevant because of their great sensitivity and their low
oise at short exposure times.16 They offer temporal resolu-
ions down to 20 ms and are therefore compatible with tran-
itory biological process observations over the visible spec-
rum, as their quantum efficiency is almost constant from
50 to 850 nm.

We report the development and validation of a photon-
ounting-based system combined with a video monitoring
unction. The biological signal of interest, recorded by a third
eneration cooled intensified CCD camera, is spatially and
emporally registered with the tracking video. With infrared
ighting the motion of the animal is imaged without disrupting
ournal of Biomedical Optics 054035-
the acquisition of the bioluminescence emitted from its body.
A description of the apparatus is presented, together with the
experimental validation of its ability to associate high tempo-
ral resolution and sensitive imaging. This technique was ap-
plied to in vivo imaging of a freely moving mouse bearing a
luciferase-expressing tumor and visualization of calcium sig-
naling in mouse during stimulated muscle contractions.

2 Technical Description of the Instrument
Whole body optical imaging of small animals was undertaken
using an intensified CCD camera �ICCD� operating in a pho-
ton counting mode �Photon Imager™, Biospace Lab, France�.
The camera is made up of an f/1.4 lens and a third generation
light intensifier tube �GaAs photocathode� set at a high gain
level �106�. The intensifier is tapered to a half-inch CCD chip,
which gives a spatial resolution of 200 �m at the object
plane. A light spot is produced by the light intensifier each
time a photon hits the photocathode, and this light spot is
detected by the CCD so that each incident photon can be
recorded. This intensified camera �ICCD� is mounted on top
of a light-tight chamber �30 cm diam� to record optical sig-
nals at a video rate of 25 Hz. Images are acquired as dynamic
sequences with a 40-ms temporal resolution and depicted in
real time on a screen display. The user can sum any number of
consecutive frames by postprocessing to improve the detec-
tion of variable signal kinetics.

The read-out noise of the CCD can be eliminated by
thresholding, thanks to the amplification process taking place
in the intensifier tube �the gain is about 106� before the read-
out operation. Hence, the noise is only limited by the thermal
noise of the GaAs photocathode, which is cooled down to
−25 °C. At this temperature, the dark count is in the range of
100 detected photons per second on the whole area for an
18-mm tube, which means that short signals can be detected
with a much higher signal-to-noise ratio than what can be
achieved with other cooled CCDs.

Motion should also be monitored in experiments with
awake and unrestrained animals. We designed a system con-
sisting of two cameras, one for recording the signal of interest
and a second for video tracking the animal. The two signals
from the two cameras are simultaneously recorded and elec-
tronically synchronized.

For video tracking of the animal during motion, the field of
view is illuminated by an infrared light �Fig. 1�a��, provided
by a 50-mW laser diode emitting at 785 nm �Power Technol-
ogy, Incorporated Alexander, Arkansas�. The infrared �IR� il-
lumination avoids spectral overlap with the emission spec-
trum of most common bioluminescent probes �Fig. 1�b��. To
generate the tracking video, the infrared illumination reflected
by the animal is recorded at 25 Hz by a half-inch CCD cam-
era �JAI A-S, Copenhagen, Denmark� coupled with an 8-mm
focal length objective �Edmund Optics Limited, York, United
Kingdom�. This infrared camera is placed at 90 deg with re-
spect to the ICCD axis in the chamber, and has a sensitivity of
50 mLux. The field of view of 20�15 cm is slightly larger
than the ICCD field of view �FOV� and sufficient for the
mouse to move. The spatial resolution of the video image is
also around 200 �m.

The optical signal coming from the animal is a mixture of
the reflected lighting and the bioluminescence signal. This
September/October 2008 � Vol. 13�5�2
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ight is split into two orthogonal shafts and recorded on sepa-
ate optical pathways. The splitting is operated by a
5�60-mm beamsplitter �Omega Optical, Incorporated, Ver-
ont� placed at an angle of 45 deg with respect to the vertical

xis. The beamsplitter transmits visible light �average trans-
ission of 90% over �400; 700 nm�� while it reflects infrared

ight over �700; 1100 nm� due to its dichroic coating. The
ptical density �OD� of the beamsplitter over �700; 1100 nm�
s 2. An IR cut-off filter with a steep edge at 700 nm and a
heoretical optical density superior to 6 �Barr Associates, In-
orporated, Massachusetts� is placed in front of the camera to
liminate the residual illumination. Based on the minimum
ighting required for the video tracking and the ICCD sensi-
ivity, we calculated that the filtering should have a minimum
D of 10 over the blocking range, so a short-pass filter with a

imilar spectrum is added to increase the total blocking. Spec-
ral data provided by the manufacturers for each filter showed
n average transmission of 90% over the transmission range
400 to 700 nm�. This leads to a global transmission of 70%
0.93� for the combined optical components.

To compensate for the difference of FOVs, we conduct a
lobal registration on the two images from the two cameras.
his registration is an affined transformation performed in

eal time during the acquisition, allowing the superimposed
mage �bioluminescence plus video image� to be properly dis-
layed �Fig. 1�c��.

Experimental Validation of the System
or simplicity, basic bioluminescence recording is referred to

n this work as “standard BLI mode,” whereas biolumines-
ence imaging together with the video monitoring function
with filters and IR illumination� is the “BLI video mode.”
he instrumental setup was validated in vitro and then in vivo
y comparing these two modes. If not specified, acquisitions
ere performed for 3 min with the largest aperture number

1.4�.
All signal measurements were done using region of inter-

st �ROI� on raw data, and smoothing was applied for the
urpose of display only.

ig. 1 Optical setup and schematic description of the acquisition. �a� O
n infrared �IR� lighting partially reflected by the beamsplitter and reco
ith an ICCD. �b� Schematic transmission spectra of IR cut-off filte
cquisition and overlay process.
ournal of Biomedical Optics 054035-
SNR was defined by measurement of the radiance
�photons /s /cm2 /sr� in same size ROIs enclosing areas con-
taining signal and areas of the image without signal �back-
ground�. Background was measured on all frames within a
sequence for calculation of the standard deviation ���, and the
SNR was calculated according to the following equation:

SNR = signal/� .

3.1 Evaluation of Transmission, Linearity, and
Sensitivity on Static Sources

The following studies were undertaken to optimize the optical
setup.

The background was measured on a whole image in both
acquisition modes without any light source. In standard BLI
mode, the noise radiance was found to be 680 ph /s /cm2 /sr,
whereas it was about 980 ph /s /cm2 /sr in BLI video mode
�images not shown�.

Transmissions were evaluated with two low intensity di-
odes, at two different wavelengths �green at 525 nm; red at
625 nm�. Signals were first measured in standard BLI mode
�Fig. 2�a��, without additional optical elements or lighting,
then second with the beamsplitter only, then third with the
filters only, and finally with all elements together. Images
were also acquired using the same protocol but adding the
illumination �BLI video mode�. All transmissions were mea-
sured for the complete duration acquisition �3 min�. Consis-
tent with spectra provided by the manufacturers, 70% of
the signal is transmitted at 625 nm and 69% at 525 nm
�Fig. 2�b��.

Experiments were carried out on NIH-3T3 cells stably ex-
pressing the luc gene �Promega Corporation, Madison, Wis-
consin�, to compare the linearity of BLI video mode to the
standard BLI mode. Cells were serially diluted in a black-
bottom 96-well plate, and 20 �L �for a final volume of
200 �L� of beetle luciferin �Promega Corporation, Madison,
Wisconsin� at 1 mM was added to trigger the reaction �Fig.
2�c��. Reaction of the beetle luciferin with the expressed lu-
ciferase was immediate, and light emission reached a plateau

setup inside the light proof chamber. Illumination was performed with
an IR sensitive CCD camera. Bioluminescence signals were recorded
rase emission, and IR illumination. �c� Schematic representation of
ptical
rded by
r, lucife
September/October 2008 � Vol. 13�5�3
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ithin 30 s. Subsequent studies were therefore undertaken in
onditions where steady-state light emission was maintained.
o control possible variations in light emission due to

uciferase/luciferin reaction kinetics, the light radiance was
easured in BLI standard mode, followed by BLI video
ode, and then again in BLI standard mode. Plots of light

adiance versus cell count in standard BLI and BLI video
ode indicate that the relation between the number of cells

nd total light emission is linear in both acquisition modes,
ith a 30% reduction in the amount of light detected in the
LI video mode due to the use of filters �Fig. 2�d��.

Evaluations of transmissions and SNR were done on an-
esthetized nude mice bearing two xenografts of luciferase-
xpressing NIH-3T3 tumor cells.

All animal experiments were approved by the local animal
thics committee and conducted in accordance with current
rench and European legislation.

The mouse anaesthetized with isoflurane was injected �in-
raperitoneal injection� with luciferin �300 �L of
.5 mg /mL, Promega Corporation, Madison, Wisconsin�, and
hen placed inside the chamber �Fig. 3�a��. The kinetics of
ight emitted by these tumors was found to remain relatively
onstant throughout the whole acquisition �Fig. 3�b��. SNRs
ere calculated for different combinations of optical elements

nd lighting �Fig. 3�c��. In BLI video mode, the SNR for a

ig. 2 In vitro evaluation of transmission and linearity. �a� 3-min im
ransmissions on the complete sequence duration for different filtering
ilution of NIH-3T3 luc2 cells �3-min exposure time; photon/s /cm2/

ight radiance �photon/s /cm2/sr� versus cell count for the standard B
0.97 and R2=0.99, respectively�. �Color online only.�
ournal of Biomedical Optics 054035-
3-min acquisition was 1833, representing as expected 68% of
the standard BLI mode SNR. Finally, SNR values for expo-
sure times between 40 ms and 1 s were between 24 and 120
�Fig. 3�d��. In line with expectations, the relation between
SNR and exposure time is a square root function �R2

�0.99�.
These results demonstrate that the signal acquisition with

this system could be done properly with static sources, and
that light measurements could be easily performed. In further
studies, the system was validated for moving light sources.
We assume that the light intensity measured on a ROI adapted
to the source location is comparable to the signal intensity
measured on the complete field of view. To validate that the
motion does not induce a loss of signal, these two intensities
were compared after the background was subtracted. In addi-
tion, measurement methods adapted to a moving area of light
emission were applied and evaluated.

3.2 Signal Recording and Measurement Methods
Evaluation on Moving Mice

In anaesthetized mice, the SNR reached 24 for an exposure
time of 40 ms, suggesting that the system could be suitable
for imaging moving animals. On the same mouse, the anes-
thetic gas input was therefore switched off and the mouse was

.6-mm smoothing; photon/s /cm2/sr� of two diodes �green, red�. �b�
inations �70% with all the filtering elements�. �c� Recordings on serial
i� standard BLI mode and �ii� BLI video mode. �d� Log-log plot of the
id line� and BLI video modes �dashed line� show good linearity �R2
ages �0
comb

sr� in �
LI �sol
September/October 2008 � Vol. 13�5�4
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eft to wake up gently in the black chamber. Movements were
onitored during several acquisitions, and one sequence is

hown on Video 1. Two ROIs situated on the mouse trajectory
t different time periods were drawn manually �Fig. 4�a��.
orresponding time courses of light intensity were compared

o the time course of the total signal �after background sub-
raction� measured on the complete FOV �Fig. 4�b��. As ex-
ected with the manual ROIs that were used, signal intensities
n these ROIs were slightly less than the light intensity ob-
ained for the complete FOV. SNR was calculated over a spe-
ific time period, using an ROI containing the signal in this
ime period �ROI drawn in red in Fig. 4�a�� and an identical
OI located in the background. This procedure was replicated

or seven exposure times between 40 ms and 1 s. Similar
easurements were performed on five different sequences,

nd the mean SNR versus exposure time is shown in Fig. 4�c�.
he bars represent the minimum and maximum values ob-

ained for all the sequences at each exposure time, and estab-
ish that a variation around 30% could be observed through

ig. 3 SNR and transmission measurements on anaesthetized nude m
hoton/s /cm2/sr� superimposed with the video image of the animal.
espectively�. �c� Comparison of SNR in different modes for the who
alue. �d� SNR measured on a ROI containing the two tumors versu
0 ms to 1 s.
ouse. �a� 200-ms images of bioluminescence emission �5-mm smoothing;
�b� Kinetics acquired 16 and 41 min after IP injection �gray and black curve,
le acquisition duration. SNR in BLI mode is 68% of the standard BLI mode
s exposure time. Values vary between 24 and 120 for exposure times from
ournal of Biomedical Optics 054035-
Video 1 A freely moving nude mouse bearing subcutaneous tumors
expressing luciferase. Movements and bioluminescence signal have
been recorded simultaneously. Video 1 was generated after the ex-
periment with an exposure time of 200 ms and 5-mm smoothing
�QuickTime, 2.33 MB�.
�URL: http://dx.doi.org/10.1117/1.2976426.1�.
September/October 2008 � Vol. 13�5�5
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he dataset. The mean SNR was around 15 for an exposure
ime of 40 ms and around 88 for 1-s exposure time images.
he time course of the signal intensity was also analyzed in a
equence with an exposure time of 160 ms, using an ROI
racking the signal area �Fig. 4�d��. As tumors could not be
nclosured with automatic detection on the video image, this
OI was defined on bioluminescent data and updated every

econd between 0 and 24 s. Signal intensity was calculated
very second with 160 ms exposure time data �Fig. 4�e��.
ight intensity was rather stable �coefficient of variation
.14�. The total intensity was evaluated on the complete FOV
coefficient of variation of 0.15� and was slightly greater than
he signal intensity measured in the moving ROI.

A different measurement technique was evaluated with ex-
eriments conducted on a C57/B16 mouse expressing the luc
ene. Mice were shaved before the experiment to limit light
bsorption by fur. Beetle luciferin �300 �L at 1.5 mg /mL,
romega Corporation, Madison, Wisconsin� was IP injected in

he mouse without anesthesia. Ten minutes after IP injection,
he mouse was placed into the chamber and allowed to move
reely. Images were acquired during several minutes �Video
�. An algorithm of contour detection �Freeman algorithm�
as applied to the tracking video to define a ROI enclosing

he body of the animal �Fig. 5�a��. This postprocessing was

ig. 4 Freely moving nude mouse bearing luciferase expressing tumo
ponding to the beginning �blue� and the end �red� of the acquisition.
ignal levels �plain black and plain gray� comparable to the signal on
a� are indicated by the numbered arrows at the bottom of the graph. �
imes. Minimum and maximum values for each exposure time are giv
60 ms �5-mm smoothing; photon/s /cm2/sr�. Red ROI following biol
OI and the complete FOV. �Color online only.�
ournal of Biomedical Optics 054035-
replicated on 50 images extracted at different times of the
sequence. The time course of the signal intensity correspond-
ing to this automated ROI was then plotted �Fig. 5�b��. The
signal was as stable as the total signal measured on the whole
image �coefficients of variation 0.16 and 0.14, respectively�,

Illustrative sequence from Video 1. Identical ROIs respectively corre-
nal intensity time course for three different ROIs �exposure time 1 s�.
mplete FOV �dashed�. The times corresponding to the four images in
n SNRs �five sequences of the same animal� for 40-ms to 1-s exposure
vertical bars. �d� Four images of the mouse with an exposure time of
cence signal. �e� Time course of the intensity �photon/s/sr� for the red

Video 2 Similar experiments to those given on Video 1 were realized
with a transgenic mouse expressing luciferase. Video 2 was generated
after the experiment with an exposure of 40 ms �CCD frame duration�
and 5-mm smoothing �QuickTime, 1.94 MB�.
�URL: http://dx.doi.org/10.1117/1.2976426.2�.
rs. �a�
�b� Sig
the co

c� Mea
en by
umines
September/October 2008 � Vol. 13�5�6
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nd intensities were comparable, showing the accuracy of the
utomated ROI and demonstrating that no loss of signal is
enerated by motion.

.3 Tracking Video Tests
inally, to analyze the influence of the exposure on the accu-
acy of signal measurements, the quality of the tracking was
tudied. Figure 6 compares the surface of an automatically
enerated ROI for exposure times of 5 s, 1 s, and 160 ms
Fig. 6�a��. The ROI was determined using postprocessing of
ioluminescent data. Images were filtered and then segmented
or automatic threshold detection of the bioluminescence sig-
al. The resulting contour defined the ROI surface. The time
ourse of the ROI surface for 5-s, 1-s, and 160-ms exposure
ime images were compared �Fig. 6�b��. The coefficient of
ariation for exposure times between 5 s and 160 ms were
6, 30, and 17%, respectively. It shows that a fast movement
f the mouse has a strong impact on the ROI surface for 5-s
nd 1-s exposure time images, whereas the ROI surface mea-

ig. 5 Automated signal tracking on freely moving transgenic mouse.
a� Images of C57/BI6 mouse expressing luciferase extracted from
ideo 2. Automatic ROI in red, generated by postprocessing on video
ata and then used to analyze the bioluminescence on raw data. �b�
omparison of the ROI intensity time course �red ROI� and the com-
lete FOV intensity time course for 50 images �exposure time 40 ms�.
Color online only.�
ournal of Biomedical Optics 054035-
sured on 160-ms images is rather constant. This last temporal
resolution leads to a proper location of the signal on the tu-
mor, whereas higher exposure times lengthen the emission
area along the movement direction.

3.4 In Vivo Imaging of Endogenous Calcium
Signaling in Mice

Rogers et al. recently reported in vivo detection of Ca2+ con-
centration ��Ca2+�� rises in transgenic mice expressing
mitochondria-targeted GFP-aequorin.17 GFP-aequorin under-
goes bioluminescence resonance energy transfer �BRET� in
response to rapid �Ca2+� variations and emits visible light
with a maximum at 508 nm.18 Using our optical setup in con-
comitant BLI and video mode, rapid �Ca2+� rises were regis-
tered noninvasively during muscle contraction in mice.17

Fig. 6 Exposure time influence on registration. �a� Images of a nude
mouse �5-mm smoothing; photon/s /cm2/sr�: 1. exposure time 5 s, 2.
exposure 1 s, and 3. exposure time 160 ms. Each temporal window
defining the exposure time was centered on the video range of the
animal. Stillness/slow motion period: 1,1�, and 1� and fast motion
period: 2, 2�, and 2�. �b� ROI surface determined using postprocessing
on bioluminescent data versus time �plain gray, plain black, and
dashed� for exposure times of 5 s, 1 s, and 160 ms, respectively.
September/October 2008 � Vol. 13�5�7
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Trains of stimuli �2.5-s duration; 100 Hz; 5-ms pulses;
.75 V� were applied every 30 s to the sciatic nerve to gen-
rate a contraction of the hindlimb muscle �Fig. 7�a��. Biolu-
inescent emission and leg motion were simultaneously re-

orded in real time. Figure 7�b� represents the time course of
he light radiance measured on an ROI enclosing the hindlimb

uscle. Measurements were done on 120-ms exposure time
rames. As expected from previous work, trains of stimuli
enerated peaks of light emission with highly reproducible
inetics. Images in Fig. 7�c� are extracted from Video 3 �cor-
esponding time period indicated in Fig. 7�b�� and illustrate
he peak of light during a tetanic contraction occurring when a
rain of stimuli is applied to the sciatic nerve. Figure 7�d�
hows an expansion of the third peak of graph Fig. 7�b�.
aster Ca2+ transients generated by single twitch muscle con-

ractions at lower frequencies �1 to 5 Hz� could also be
ecorded.

Discussion
naesthesia can interfere with signalization pathways and
otion is required in experiments such as behavioral studies

nd investigation of neuromuscular diseases. A system for
hole body in vivo imaging of unrestrained or moving ani-
als could limit the use of anaesthetics and enable such stud-

ig. 7 In vivo detection of calcium signaling during tetanic contrac
omposed of 5-ms pulses at 100 Hz were applied every 30 s. The vol
ph/s /cm2/sr� for a ROI enclosing the hindlimb muscle �exposure tim
a��. �d� Expansion of the peak corresponding to the extracted time p
ournal of Biomedical Optics 054035-
ies. We therefore developed an imaging device that allows: 1.
bioluminescence signals to be recorded by a photon-counting
CCD camera, and 2. the coregistration of this signal with a
video image from a second CCD camera under infrared
lighting.

a� Schematic time course of the electrical stimulation. 2.5-s trains
0.75 V was chosen empirically. �b� Time course of the light radiance
�c� Images extracted from Video 3 �time period indicated in gray on
20-ms exposure time for each measurement�.

Video 3 Calcium signaling observed in vivo using a mtGa mouse. An
electrode was attached to the sciatic nerve to stimulate the hindlimb
muscle. Stimuli generated a peak of light correlated to muscle con-
traction. Exposure time is 120 ms and 5-mm smoothing has been ap-
plied to BLI data �QuickTime, 1.54 MB�.
�URL: http://dx.doi.org/10.1117/1.2976426.3�.
tion. �
tage of
e 1 s�.

eriod �1
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Conversely to cooled CCDs, the photon counting tech-
ique used here enables fast kinetic imaging, which makes
his method the most convenient for imaging moving animals.

To generate a noncontact tracking of the animal, the same
ntensified CCD camera could have been used sequentially for
he bioluminescent recording and the tracking of the animal
sing photographic images under pulsed lighting, provided
hat the switching between these two modes is fast enough to
e compatible with movement. This type of acquisition would
ave avoided a decrease of signal-to-noise ratio during the
ioluminescence recording time period. Nevertheless, it
ould also have generated a loss of signal during the photo-
raphic image period.

In contrary, the use of continuous lighting and a second
amera to record the video image enables us to record biolu-
inescent signals on the complete duration of the acquisition.
he technical issue of the implementation of such a system in
LI modality is the overlap between the spectral sensitivity of

he bioluminescence sensor in the visible range and the light-
ng wavelength. Thermographic or ultraviolet �UV� sensitive
ameras associated with adapted illuminations could have
een used to avoid spectral overlap. However, thermographic
ameras are very expensive and UV light would generate au-
ofluorescence from the skin of the animal.19,20

Our system uses a continuous near-infrared �NIR� illumi-
ation and a NIR sensitive CCD camera for animal tracking,
hile the bioluminescence signal is recorded continuously by

he ICCD. The spectral overlap between the NIR illumination
nd the ICCD spectral sensitivity is compensated by filtering
he illumination in front of the ICCD, and has the advantage
f avoiding additional markers for tracking the animal. We
se an infrared cut-off filter based on the interferential tech-
ology that has been designed to provide a blocking of six
ptical densities over the range �700 to 850 nm�. The
ultilayer structure of interferential filters and their high sen-

itivity to angle of incidence21 makes it difficult to maintain
trong blocking on a broad range. Therefore, the residual
oise and the loss of transmission lead to a decrease of SNR
f 30%.

Results show that in spite of the SNR decrease, our system
rovides robust video monitoring without exogenous markers,
ecorded along with the signal of interest without disruption at
rate of 25 images /s.
Not surprisingly, motion induces limitations, and three

ain quantification issues can be stated. First, the usual mea-
urement protocols for luminescent data analysis are difficult
o apply to moving light emission areas. This issue is illus-
rated by intensity variation and signal loss observed when no
utomatic detection of the outline of the body could be real-
zed with the video image.

Second, significant displacements of the animal during
ovement generate a blurring of the luminescent data. A long

xposure time associated with a high amplitude movement
revents frames to be correctly registered with the video im-
ge. The accuracy of the source location on the body is there-
ore intrinsically related to the 2-D displacements contained in
he plane defined by the stage. Mouse speed was evaluated on
ifferent motion patterns �body stretching, leaps� and the av-
rage speed was about 7 cm /s. A source point will therefore
ndergo a delay of 2.8 mm for the minimal exposure time of
0 ms when the signal is integrated over a window centered
ournal of Biomedical Optics 054035-
on an image at any particular moment. This blurring is com-
patible with spatial resolution of luminescent-based imaging
techniques, but due to the low levels of light encountered in
bioluminescence emission, exposure time may be increased to
reveal the signal. This deteriorates the accuracy of signal lo-
calization with respect to the animal body. To facilitate signal
measurements in cases of high exposure time, postprocessing
treatments could improve the localization of the signal at the
surface of the animal body and automatic ROI design could
be implemented.

Third, given that the mouse movements can have a vertical
component, there is a quantification defect related to the
modification of the orientation of the light source with respect
to the camera. This orientation issue is inherent to planar im-
aging, and implies an alteration of the photometry that can
explain variations in measured radiances. 3-D monitoring
could bring information about the vertical movement of the
animal and be useful for the correction of quantification
defects due to this motion.

5 Conclusion
We demonstrate the development of a device dedicated to
whole body imaging of moving animals at high time reso-
lution. This system is based on photon counting and includes
a video monitoring function to track the animal.

This new instrument allows BLI imaging where anesthet-
ics are suspected to cause physiological interference, such as
studies monitoring tumor growth or calcium signaling. Even
under anesthesia, it can be useful to monitor the position of a
mouse and check its physiological state without interrupting
the acquisition, a critical point if kinetic measurements are in
progress. Sensitivity is sufficient to enable the detection of
low intensity signals in the whole body of small animals, and
temporal resolution �40 ms� allows the registration of physi-
ological answers to stimuli. Finally, using the same setup, the
sensitivity and temporal resolution could be improved by
using a faster and more sensitive camera.
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