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In vivo imaging of light-emitting probes

B. W. Rice Abstract. In vivo imaging of cells tagged with light-emitting probes,
M. D. Cable such as firefly luciferase or fluorescent proteins, is a powerful technol-
M. B. Nelson ogy that enables a wide range of biological studies in small research
Xenogen Corporation animals. Reporters with emission in the red to infrared (>600 nm) are
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Alemoda Californis 94501 preferred due to the low absorption in tissue at these wavelengths.

Modeling of photon diffusion through tissue indicates that biolumines-
cent cell counts as low as a few hundred can be detected subcutane-
ously, while ~10° cells are required to detect signals at ~2 cm depth
in tissue. Signal-to-noise estimates show that cooled back-thinned in-
tegrating charge coupled devices (CCDs) are preferred to image-
intensified CCDs for this application, mainly due to their high quan-
tum efficiency (~85%) at wavelengths >600 nm where tissue
absorption is low. Instrumentation for in vivo imaging developed at
Xenogen is described and several examples of images of mice with
bioluminescent cells are presented. © 2001 Society of Photo-Optical Instrumen-
tation Engineers. [DOI: 10.1117/1.1413210]
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1 Introduction terms of quantitation, MRI/CT systems provide structural size

The use of light-emitting probes, such as luciferase or fluo- informgtion only, whereas biolu_minescent signals provide iq-
rescent proteins, as a reporter of gene expression in living formation about both the location and number of metaboli-

cells is a well-established technique for the study of biological Cally active cells. Detection of infections in soft tissue such as
activity! Such probes have been widely usedvitro where bgctenal pneumonia is also_easny_ accomphshe_d with t_)|olu-
light detection is easily accomplished using standard photo- minescence and is not possible with .MRI/CT' F!nally, b'OIU.'.
multiplier tubes or inexpensive charge coupled devize€D) minescent or fluorescent reporters linked to _tlssue-s_pecmc
arrays for imaging applications. Detection of light-emitting gene promoters pr°"'d‘? functional an.d. spatial information on
probesin vivo within small living animals is also possible due _genlg (;xpresdsm_n, opening up an_exclltlng area of research us-
to the semitransparent nature of mammalian tigstibut im- Ing light-producing transgenic animals. :
proved instrumentation is required, consisting of high- . In_th|s_ paper, we examine j[he photonl_c ISSues associated
sensitivity low-noise detectors, a more advanced imaging sys-\t’.vIth tlﬂ \:'\;]O |m§g|ng arth gles(;:rflbetti?e deS||gn t(')f msI\t/Tumenta-
tem, and sophisticated software tools for interpreting images. cl'cf)'r::alla :Sd' ecen o‘:t))rl'rgfllzetheorta 'S.napzf'cge'lclm' .ﬂ?rle ii’e'
The ability to track light-emitting cells in small laboratory meaty, We discuss briety gging s with ight-

aimls Such s i o ratsopens up 3 e range ofspol- SN0 TANETS ook o e wadeote betveen,
cations in pharmaceutical and toxicological research. These . . cent p > pny

. o o . - . sues associated with the diffusion of light through tissue are
include in vivo monitoring of infectious diseases, tumor

growth and metastases, transgene expression, compound tOXr_ewewed, along with the spectral properties of tissue. Design

het L . - of in vivo imaging instrumentation and selection of a CCD is
icity, and viral infection or delivery systems for gene therapy. resented. using the aeneral DUDES®&ivo imading Svstem
The ability to detect signals in real time in living animals " » using the g purp ging sy

. : . . (IVIS™) developed at Xenogen as an example. Finally, cali-

means that the progression of a disease or biological processg d sional S dd d il d

can be studied throughout an experiment with the same set of ration and signal-to-noise issues are addressed, lllustrate
using several examples of vivoimages of mice. Most of the

animals without the traditional need to sacrifice for each data T : . L .
. . o - . . photon diffusion and instrumentation design issues discussed
point. This results in higher quality data using fewer animals .. : .
. . . in this paper are common to both bioluminescence and fluo-
and ultimately will speed the process of screening compounds L I .
rescence applications; however, the majority of calculations

leading to more rapid drug discovery. and image examples in the later part of this paper are for

Compared with more traditional structural imaging mo- . . .
g . . bioluminescent tagfuciferase because that has been the fo-
dalities such as magnetic resonance imadMgl) or com-
cus of most of our work to date at Xenogen.

puted tomographyCT), in vivo bioluminescent imaging of-
fers several advantages. From a practical standpoint,
bioluminescent/fluorescent imaging systems are lower cost,o |
have shorter imaging times &f5 min, are easier to use by the
nonspecialist, and can image multiple animals at once. In

ght-Emitting Reporters

For mostin vivo imaging applications, it is desirable to use
genetic light-emitting reporters that propagate with the la-

Address all correspondence to Brad Rice. Tel: 510-291-6182; Fax: 510-291-
6136; E-mail: brice@xenogen.com 1083-3668/2001/$15.00 © 2001 SPIE

432 Journal of Biomedical Optics * October 2001 * Vol. 6 No. 4



In vivo Imaging . . .

16 prrrrrere e e e e - 100 — T
[ ; : . Firefly Luciferase: 3
14 | Bacterial Luciferase: ’ ]
L Pseudomonas aeruginosa PC3M cls in PBS ] 80 | 5D3Red
12F cells on agar ] 3 .
-~ 10F ] - K
S s ] 3%r ; §
z f ] z 5
1] o b B .
g O ; gt kS .
T af ] =
2 1 0 L
0 : M “'..
L] e N BN
300 400 500 600 700 800 400 450 500 550 600 650

Wa

velength (nm) Wavelength (nm)
Fig. 1 Spectral emission measurements for bacterial luciferase in
Psuedomonas aeruginosa and firefly luciferase in PC-3M-/uc protstate
tumor cells. The bacteria is measured on agar while the PC3M cells
are measured in a phosphate buffered solution.

Fig. 2 Excitation (solid) and emission (dashed) spectra for fluorescent
proteins GFP and DsRed (Clonetech Living Colors™ fluorescent pro-
teins).

beled cells as they multiply in an animal. This avoids prob- the signal level observed on the surface of the animal is di-
lems with signal dilution that would be associated with cell rectly proportional to the number of cells. In the case of fluo-
division when using exogenous dyes, for example. Lu- rescence, the signal level is related to both the number of cells
ciferases and fluorescent proteins are two common geneticand the intensity of excitation light, which is difficult to quan-
markers. The luciferase enzyme, when combined with the tify because the excitation light is strongly absorbed as it
substrate luciferin, oxygen, and ATP, generates light through a passes into tissue. In most cases, fluorescent proteins require
chemical reaction resulting in bioluminesceridn the case  excitation in the green part of the spectrum where tissue ab-
of fluorescent proteins, the tagged cells must be illuminated sorption is particularly high. Despite these complications, re-
with an excitation source in order to fluoresce. searchers have made progress in developing diffuse optical
Bioluminescence in mammaliafeukaryotig cells is ac- tomography codes that treat the propagation of both the exci-
complished by incorporating tHac gene into the cell's DNA tation and emission through tissCe.
in order to express the luciferase enzyme. A required sub-  Forin vitro applications, where cells are not embedded in
strate, luciferin, is added exogenously and distributes quickly tissue, fluorescent proteins have an advantage since they are
(within minutes throughout the entire animal. THac gene usually brighter than bioluminescent reporters provided that
originates from the North American fireflZhotinus pyralis the excitation source is bright enough. It is generally easier to
and produces light at an emission peak -a560 nm. In observe individual cellsn vitro using fluorescence compared
prokaryotic cells, the luciferadeix gene from soil bacterium  with bioluminescence.
(Photorhabdus luminescenslong with substrate-encoding
genes are incorporated into the targeted cell so that both lu- I
ciferase and luciferin are produced endogenously. The spectrad Photon Diffusion in Tissue
for both types of luciferase are shown in Figure 1. The firefly Mammalian tissue is a turbid medium that both scatters and
luciferase is especially attractive for vivo imaging because  absorbs photorfs.Photons are scattered due to changes in
the spectrum is very broad and contains a large componentrefractive index at cell membranes and internal organelles.
above 600 nm where transmission through tissue is higher Absorption varies greatly with the type of cell or tissue, but is
(see Sec. B generally affected by the presence of hemoglobin, which ab-
Two common fluorescent proteins are green fluorescent sorbs strongly in the blue-green region of the visible spec-
protein and red fluorescent protein or DsRed. The excitation trum, but is fairly transparent in the red at wavelengtt00
and emission spectra for each are shown in Figure 2. Again,nm. Typically, for A\>600 nm, the 1/e absorption length is
the DsRed is more attractive far vivo applications because ~2 cm, while the effective length for scattering is much
there is significant emission above 600 nm. Note, however, shorter at~0.05 cm(see Refs. 8 and 9 for a review of the
that the excitation remains in the 500—-575 nm range where optical properties of tissgeln this regime, where scattering is
tissue absorption is very high. dominant, a significant amount of bioluminescent emission
Bioluminescence has an advantage over fluorescence as asan escape the tissue, but the emission is highly diffuse as
in vivo reporter in that no external light source is required for illustrated schematically in Figure 3.
excitation. This means that background levels are very low In order to predictn vivoimaging signal levels and spatial
compared to those of fluorescent proteins where significant resolution as a function of depth, and to help define the re-
autofluorescence of the tissue surface results from the use ofquirements for imaging instrumentation, it is important to
high power external excitation light sources, especially in have a quantitative model for the diffusion of photons in tis-
cases where the luminescent cells are deep in the tissue. Ansue. For the case of homogeneous tissue where the scattering
other advantage of bioluminescence is that signals are morelength is short compared with the absorption lenggenerally
easily quantitated because, for tagged cells at a fixed location,true in tissue foix >600 nm), photon propagation is well de-
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Fig. 5 Surface radiance profile calculated from extrapolated boundary
scribed by a diffusion modéf. In this model, for continuous  diffusion model (line) and from Monte Carlo simulations (plus sym-
waves, the photon fluence (W/CITIZ) decays exponentially Eo]l). Par_a]meters for this simulation are d=4 mm, u,=0.5cm™, u!
away from a point source according to =1>em™.

P
d(r)= 27Dr expl — Ml ) (o surface can be calculated from Ed&) and (2) above with

) ] ) appropriate boundary conditions. Here we use the extrapo-
wherer is the distance away from the souréeis the source lated boundary conditioH, which is fairly simple and has
power, D is the diffusion coefficient given by =113(u been shown to agree well with Monte Carlo simulations and
+1a) ], and pwer=+3uma( s+ ma) Wherepu is the reduced  measurements. In this case, an image source is reflected about
scattering coefficientcm™) and u, is the absorption coeffi-  a plane located a distanag above the surface as shown in
cient(cm 1) for the tissue. The reduced scattering coefficient Figure 4, where

e is related to the scattering coefficient throughi= (1

—Qg)us, Whereg is the average cosine of the scattering angle. 1+ Reg 2
The scattering angle in tissue is usually small giving0.9. Z=7"R 7 (€)
. L . . eff S(pat Iu’S)
The radiance. (W/cn/sr) in tissue along a unit vectd is
given by andR is the effective reflection coefficient averaged over all

angles of incidence at the boundahThe photon fluence at

. 1 _ . the boundary is the sum of the contribution from the source
L(r,8)=7—[¢(r)+3j(r)-S], 2 and its image
wherej(r) is the flux, which is related to the fluence through exp— el 1)  EXP(— el 2)
j(r)=—DV(r). $(z2=0)= 75 : - ; (4)
Consider the case of an imaging system viewing down on o ! ) 2
a homogeneous slab of turbid media with an embedded sourceand the normal derivative of the fluence is given by
as shown in Figure 4. The radiance observed at the tissue
do _0)= -P|d N 1
57 (Z=0=7—+5 E pefit exp — el 1)
extrapolated d+2z, 1
boundary + 2 Meff+a expl— el 2) |, (5)
A 2
n / wherer;=[p?+d2]¥2 andr,=[ p?+ (d+22,)?]*2 and d is
Zb{ """""""""""""""""""""""" the source depth. Inserting Eqd) and(5) into Eq.(2) gives
p _ .
z= the surface radiance
d I
v . :i< P ) eXP(— el 1) XH — el 2)
Source 2=0" 47 | 47D r r
tissue 1y _ . d+2z,
+3D| 5 ,ueﬁ+r— e HMeffl14
ri 1 rs

Fig. 4 Geometry for the extrapolated boundary photon diffusion
model. The extrapolated boundary is a distance z, above the actual
tissue surface.
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Fig. 7 In vitro (dashed) and in vivo (solid) spectral measurements for
firefly luciferase in PC-3M-/uc protstate tumor cells. In vivo measure-
ments are for a subcutaneous thigh tumor in a nude mouse.

The fact that the absorption coefficiept, varies with
wavelength results in a redshifting of the peak of the lu-
ciferase emission spectrum vivo compared withn vitro. In

Source Depth (cm) Figure 7 we compare the yellow-green firefBhotinus pyra-

lis) luciferase spectrum measurgdvitro in PBS with a sub-
Fig. 6 Calculation of peak intensity (a) and full width at half maxi- cutaneous tuman vivo in a nude mouse. The host cell is the
mum (FWHM) (b) as a function of source depth for three sets of tissue PC-3MAuc prostate tumor cell line. The strong attenuation of

parameters corresponding roughly to 650 nm (solid), 590 nm (short
dash), and 550 nm (long dash). The intensity curves are normalized to
one at T mm depth.

the signal atvavelengths:600 nmis apparent and is charac-
teristic of the hemoglobin absorption spectrum. In Figure 7,
the tumor is only~0.5—1 mm deep so some of the emission
below 600 nm is still present; however, for sources deeper in
tissue, located in internal organs such as the liver, kidney, and

Equation (6) is plotted as a function op in Figure 5 for lungs, the emission below 600 nm would be completely ex-
typical tissue scattering and absorption parameters. For com-tinguished.

parison, a Monte Carlo calculation of the surface profile is
also shown, performed using a modified version of the
MCML codel? For these parameters the agreement between .
the Monte Carlo and the analytical diffusion model is quite 4 CCD Selection
good. Selection of the proper CCD camera is critical farvivo

A real animal is neither homogeneous nor a slab shape,imaging applications. As seen in Figures 6 and 7, the CCD
but, nevertheless, for source depths that are small compared t@amera must have high sensitivity or quantum efficiency at
the radius of the animal, the above diffusion model can be wavelengths>600 nmand must have the lowest noise pos-
used to get reasonably good qualitative estimates of signalsible in order to detect sources up to a few centimeters deep.
level and spot size as a function of source depth. In Figure An image intensified photon counting CCD camera is one

6(a) the peak radiancgép =0) obtained from Eq(6) is plotted popular choice for many bioluminescent applications. The
as a function of source depth for three sets of tissue param-high-gain image intensifier allows individual photons to be
eters, corresponding roughly to gre@b0 nn), orange(590 counted with very little noise. However, these cameras, fre-
nm), and red650 nm wavelengths. Aa 1 cmdepth the peak  quently equipped with bialkali photocathodes, suffer from
signal is attenuated by 102 for wavelengths at-650 nm relatively low quantum efficiencyQE) of just 10%—-15% at

while the attenuation is very large 101 for shorter wave- 450 nm, dropping to less than 1% at 650 nm as shown in

lengths (~550 nm). Clearly, to observe signals from deep Figure 8 (Hamamatsu C2400-30 SerieMultialkali (S20

inside the tissue, it is essential to have high sensitivity in the and GaAs photocathodes are available that have higher QE
red and near-infrared part of the spectrum. The spot size, orabove 600 nm, but these tend to have higher thermal noise
full width at half maximum, of the surface radiance profile is and cooling issues and are not readily available with large
plotted in Figure ). Although wavelengths>600 nmpro- detector areas. Photon counting electronics associated with
vide much higher signal levels, the trade-off is that the spot image intensified systems typically have an electronic thresh-
size is larger and hence spatial resolution is worse. We noteold that eliminates subthreshold signals and reduces noise. It
that spatial resolution can actually be much better than the has been our observation that this threshold can effectively

surface spot size indicated in Figurépif we use the diffu- reduce the QE further. Another practical difficulty with pho-
sion model with an appropriate fitting algorithm to reconstruct ton counting systems is that the count rate is limited by pulse
the location and size of the original internal light source. width and counting electronics considerations resulting in
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Fig. 8 Quantum efficiency for a bialkali photocathode (triangle), back Fig. 9 Comparison of S/N for an integrating CCD (solid) and an inten-
illuminated (diamond), and front illuminated (square) integrating sified CCD (dashed). Two quantum efficiencies are plotted for the
CCDs. intensified CCD corresponding to A=450nm (QE=15%) and X
=600 nm (QE=1.5%).
limited dynamic range for bright signals. In this case, image
oo S ontrolled thioe . Su(Su+ VS+ 4(Ri+ Do)
brightness must be controlled through some external means S.= _ (8)
such as apertures or neutral density filters. 2

A be_tter CCD choice_fonin_ Vvivo a_pplicati_ons is a cooled  The photon rate incident on a pixel is then given By
back-thinned(and back-|llum|r_1ate)1 mtegratlng' C(_:I_D(e.g., =S,/(Qg7) whereQg is the quantum efficiency anelis the
Spectral Instruments 620 Series or Roper Scientific EEV 36- jntegration time. Note that amplifier and digitizer noise can
40D). These c(l)ewces have very high quantum efficiency ap- giso be considered in calculating signal/noi&N) at the
proaching 85% as shown in Figure 8, and the QE remains ccp igitizer output. However, these noise sources are usu-
high in the red and near-IR spectral regions. Dark current can ally negligible relative to the quantities in E€f) and there-
be a source of noise with integrating CCDs, but cooling the e are not included in this analysis.

CCD to —105°C reduc§f the dark current to near negligible  he signal in Eq(7) can be increased relative to the read
levels, typically<4x10 e/s/plerZor 24 pm pixels. Until noise by binning pixels together prior to readout. A binning
recently, cooling (_Jletectors t01.05 C _requlred liquid nitro- value of 5, for example, means thabx 5 group of pixels is
gen, but convenient cryogenic refrigerators have become g mmed together to form one larger superpixel. In this case,
available making operation at these temperatures relatively i, superpixel has an area of 25 times the original pixel and
easy. There is also electronic noise associated with the CCDpence 25 times the signédnd dark current The read noise
readoufread noisgof ~5 e rms that represents the minimum o ains roughly constant as binning is increased, so binning
noise floor that the signal must exceed. Higher spatial resolu- effectively increases the ratio of signal to read noise. This
tion s another advantage of integrating CCDs. The Xenogen i 5qe-off of spatial resolution for sensitivity is usually benefi-
IVIS™ system typically uses a 25 mm CCD size with a g for in vivo imaging where signal levels are low and the
1024x 1024 format and 24um pixels (formats1300<1340  giffyse images do not demand high spatial resolution.

with 20 um pixels and2048x 2048with 13.5 um pixels are A comparison of SIN from Eq(7) for integrating and in-

also availablg _ _ _ __ _ tensified CCDs is shown in Figure 9. For this figure we as-
Quantitative comparisons of image intensified versus inte- 5yme the high resolution CCD described above is binned to

grating CCDs can be made by calculating the signal required __ »q0x 200 pixels, i.e., bin=>5. For integrating CCDs we

to achieve a given signal-to-noise ratio for each device. The have Ry~5 electrons,D,~0.01r electrons/pixel, andQe

total noise for a given signal is the rms sum of the read noise, _q g5 pnoton countil’ngCCCDs do not have a (’jark current

Ry, the noise associated with dark chargg,, and the sta-  gpecification, but for a typical 26 mm bialkali photocathode

tistical noise associated with the signal itséiThe signal and  here is a thermal emission of10 electrons/s/image which

dark charge follow a Poisson distribution so the noise is sim- gives an effective dark current 8f5x 10~ electrons/pixel.

ply the square root of the signal. The signal to noise can then The reaqd noise is assumed to be zero for the photon counting

be written agall quantities are in units of electrons CCD and quantum efficiencies of 1506450 nm and 1.5%
(~600 nm are plotted in Figure 9 for this device. For very
low signals (S/N~1), both the integrating and intensified

S Se (QE=15%) CCDs give similar performance. However, at
SN:ﬁ_ \/m () SIN~10, the intensified CCD requires about five times as
e N c much signal as the integrating CCD. Physically, what is hap-

pening here is that fo8/N~ 1 the higher QE of the integrat-
where S, is the signal per pixel in electrons. Solving this ing system combined with higher read noise ends up giving
equation forS, gives essentially the same S/N for the same signal as the intensified
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features include a gas anesthesia system and a heated sample
camera shelf to help maintain an animal’s body temperature during
housing anesthesia.
A typical in vivo image is shown in Figure 11 whefid®
CCD array cells tagged with bacterial luciferag8trep. pneumonjavere
\\ 1 lens administered through the trachea with a ball-tipped needle.
- The sequence of steps required to produce this image can be
L summarized as follows. For the initial imaggtart of an ex-
g perimenj bioluminescent cells are injected into the animal. If
using firefly luciferase, then the luciferin substrate must also
4 | be injected prior to each image, while for bacterial luciferase
] the substrate is produced endogenously. The animal is then
Y » anesthetized with isoflurane and placed in the imaging cham-
/ ighttight ber. A gas.ma'nifold with anose cone is provided in thg cham-
LED illumin. enclosure ber to malnt.aln gnesthesm during imagiisge top of Figure
lamps / 11). In a typical image sequence, the LEDs are turned on and
a photographic image is acquired and displayed with a gray-
sample scale color table, equivalent to black and white photograph.
° stage Then the LEDs are turned off and a longer exposure image of
64 cm the bioluminescentor fluorescentlight is taken. The biolu-
/ minescent image is overlaid on top of the photographic image
L using a pseudo-color intensity scale as seen in Figure 11,
where red indicates the highest intensity and violet the lowest
intensity. The exposure time and f stop were 0.2 s, f/8 for the
electronics photographic image and 30 s, /1 for the bioluminescent im-
tray age. Note that the individual lobes of the lungs can be distin-
C1] o (© e - guished in this image.
N N / The units on the color bar in Figure 11 and all other images
C N £ - > shown in this paper are analog-to-digital converter units, or
ADU. The signal in ADU is related to the number of photo-
electrons in a pixel byS,py=S.G where G is the CCD am-
plifier gain. Typically, for the CCD cameras used in this study,
G~1 so it is appropriate to equa@py~ Se.

filter
wheel

Fig. 10 Illustration of the IVIS™ imaging system.

CCD. But as the S/N increases to 10, the read noise and dark
charge noise become negligible compared with the signal
noise itself, and so the higher QE of the integrating system 6 Calibration and Signal-to-Noise Estimates

ends up giving better performance. As seen in Figure 9, at the Apsoute intensity calibration of the CCD camera and overall
rgd wavelengths of interest fan vivo imaging, the low QE imaging system is necessary to calculate brightfiesshysi-
gives very poor performance. cal unit9 of luminescent cells and to estimate the number of
cells inside an animal from the intensity of the surface image.
To accomplish this, we utilize an absolutely calibrated 8 in.
5 Imaging System Design integrating sphere from Optronic Laboratories, IfOL Se-
In consideration of the above arguments, a general putipose fies 425 Variable Low-Light-Level Calibration Standar@ihe
vivoimaging systentlVIS™) has been developed at Xenogen integrating sphere is illuminated with a tungsten lamp, and the
based on a cooled back-illuminated integrating CCD. A sche- light level entering the sphere can be controlled using a set of
matic of the instrument is shown in Figure 10. The CCD reducing apertures and by moving the lamp away from the
camera is located on top of a light-tight imaging chamber. The aperture. This combination allows very low radiance levels of
door to the chamber is made extremely light tight through the ~ 10~ °W/cn?/sr (sr=steradiaj across the 2 in. output ap-
use of a double baffle seal while the remainder of the enclo- erture of the sphere. By imaging this aperture, counts detected
sure is constructed in such a way as to minimize any penetra-by the CCD camera digitize(ADU) can be converted to
tions into the box. Light is collected from the specimen and physical units of radiance in W/cifsr or photons/s/cAfsr.
imaged onto the CCD using a fast 50 mm f/1 lens. The sample The camera calibration depends on f-stop and shelf position.
stage moves up and down to vary the field of vie#DV) A typical calibration for a wide open len#1) and a 15 cm
from 10—25 cm. A seven-position filter wheel is also provided FOV is 4 X 10° photons/s/sr/cfat the object plane per ADU/
to enable spectral imaging capability. The sample stage, lenss/pixel at the CCOfor 24 um pixel size anch =600 nm) To
focus, f/stop, and filter wheel are all stepper motor controlled give an example of sensitivity, if we assama 5 min image
through Xenogen’s Living Imadecontrol software. Light- with binning of 8(64 pixels grouped together to form a larger
emitting diodegLEDSs) are located on the top plate to illumi-  pixel) and a total noise of 7 ADU per binned pixel, then the
nate the specimen for photographic images. Other convenientminimum detectable radiance is
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Fig. 11 Pneumonia model in a Balb/c mouse with 10° cells of Strep.
pneumoniae-xen10 administered through the trachea. Image taken at
42 h with a 30 s integration time and binning=10. The pseudocolor
bioluminescent image is overlaid on top of a grayscale photographic
image of the mouse. Color bar units are in digitizer units, or ADU.
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Fig. 14 (a) Subcutaneous injection of PC3M-/uc prostate tumors cells.
Cell counts from left to right are 10°, 10*, 1000, and 500. (b) Sum of
counts from ROls around each site in (a), normalized to a T minute
image time (red). Counts for cells in a 96-well plate are also shown
(blue). There are two images and hence two data points for each cell
count number.
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Fig. 12 Image of well plate containing Pseudomonas aeruginosa cells
tagged with bacterial luciferase (top). Cell counts range from 5000 on
the left to 150 on the right. The lower plot shows the total counts per
well versus the number of cells, indicating good linearity.

ra

Fig. 15 Image showing bioluminescence from the lungs after an in-
travenous tail injection of 4X10° PC3M-/uc cells. Imaging time is 1

min and binning=8.

Fig. 16 Dorsal (left) and ventral (right) views of metastatic signals from
breast cancer cell line MDA-MB-231-luc, week 14 after intravenous
injection of tumor cells. Imaging time is 2 min and binning=4.
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The area of a binned pixel in the object pldobject-to-image
demagnificatior 5.8) for this configuration is 0.013 chso
the minimum detectable photon emission inte gteradians
(e.g., from an isotropically radiating cglis 24 photons/s/
pixel. The bioluminescent emission per cell varies depending
on the cell line, but in the cell lines we have measured to date
emission is in the range of 5—100 photons/s/cell intostera-
dians. Thus the IVIS™ imaging system can detect on the
order of 0.25-5 cells per pixéh vitro with a S/N~ 1.

An in vitro image of a 96-well plate containing a dilution
series of bioluminescent bacteriBseudomonas aerugingsa
is shown in Figure 12. The cell count per well ranges from
5000 down to 150. The 150-count well is barely visible above

the CCD noise and represents the minimum detectable num-

ber of cells for this particular cell line in a 96-well plate.
There are about 60 binnddin=10) pixels in a well giving
~2.5 cells per pixel sensitivity in this case, consistent with the
discussion above.

Of particular interest to the application of vivo imaging
is the minimum observable cell as a function of depth in an
animal. The number of CCD signal electrosg, required to
give a certain signal-to-noise rati§y, is given by Eq.(8).
We can combine this with Eq6) to find the minimum num-
ber of cells that can be detected at a degihDefining a
normalized radiance ds,=L,_,/P and replacing the emis-
sion powerP with the integrated photon count, which is given
by C,p.7 whereC, is the number of bioluminescent cells,
is the photon emission rate per cell, ands the integration
time, we can write

Se=dAdQCpp 7L QE, 9

wheredA is the pixel area element at the object pladg, is
the collection solid angle which is assumed small. Substitut-
ing Eq. (8) for S, and solving forC,, gives

_ Su(Syt+ VS +4(RY+D0))

(10)
dAdQp.7L,Qe

n

This equation gives the number of cells required to give a
signal-to-noise rati®y at a depthd in tissue. In Figure 13 we
plot the cell count versus depth f& values of 1, 10, and
100 for two different absorption coefficients of 0.25 and 1.0
cm™! (corresponding roughly to wavelengths of 650 and 590
nm, respectively We set 7=300s, p.= 30 photons/cell/s,
and used 24:m pixels withbin=8 for this plot. According to
this calculation, for cells~0.5 mm deepsubcutaneoyswe
can detect on the order of a few hundred cells v8th- 10.

To make measurements at the deepest organs in a medse
cm deep at red wavelengths requireb0*—10 cells. For
shorter wavelengthgsee u,=1cm ! curvesg significantly
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Fig. 13 Cell count vs source depth calculated using the diffusion
model for three different S/N ratios. Solid lines are u,=0.25 cm™ (A
>600 nm) and dashed lines are u,=1.0cm™' (A<600 nm). A scat-
tering coefficient of u.=15cm™" and a bioluminescent emission of
30 photons/cell/s was used for all curves.

sults provide general guidance on the minimum number of
detectable cells; the exact number will depend on the bright-
ness of the cell line and the type of tissue the photons must
pass through.

The results from Figure 13 are in good agreement with
measurements in real animals. In Figurgal4ve show im-
ages of PC3Muc prostate tumor cells injected subcutane-
ously into a nude mouse. Cell counts of 500, 1000, and
10° were injected into the thigh of each animal. In this case,
500 cells is close to the minimum cell count that can be ob-
served. The sum of the counts in an Region of Intef@SI)
surrounding each spot is plotted in Figured4 For compari-
son, in vitro measurements of the same cell counts are also
shown in Figure 1é). A deep-source lung signal is shown in
Figure 15. For this animalx 10° PC3M4uc cells were in-
jected into a tail vein, where cells are promptly transported to
the lungs. The peak signal levels and signal-to-noise values
from both Figures 14 and 15 are given in Table 1. The signal
units in this table are ADU, but since the CCD amplifier gain
is ~1 we can assum8,p,~ S, for comparison with Figure
13. Although the data in Table 1 are limited, the S/N versus
depth trend is in qualitative agreement with that predicted in
Figure 13.

The signal-to-noise calculations above only consider the
CCD and intrinsic signal noise. In addition, there can be other

Table 1 Summary of signal measurements from Figures 14 and 15.

No. cells Depth (estimate)  Peak signal (ADU)  S/N
500 (subcy)  ~0.5 mm 180 12
10° (subcu) ~0.5 mm 350 18
10 (subcu) ~0.5 mm 5000 70
10° (subcu) ~0.5 mm 1.5%10° 390
4%10° (lung)  ~5 mm 6.5%10% 250

more cells are required to see deep tissue signals. These re=
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sources of background light that create what is effectively a for larger depths in tissue. The sensitivity of detection is ad-
higher noise floor. As seen in Figure (&4 background light equate to observe metastases of cancer cells, demonstrating
can be observed on the animal with the 500-cell injection. the potential ofin vivo imaging technology.

This background level is small and is usually only a factor
when looking for the very lowest bioluminescent signals. The
background emission can result from phosphorescence of the
skin, fur, or impurities on the animal. There also appears to be
a low-level light emission due to metabolic activity in live
animals, although this is not very well understood at the
present time. Regardless of the source, every effort must be
made to reduce the background light in order to approach the
intrinsic noise floor of the CCD camera.

As a final example of the power @h vivo imaging, we 2.
show an example of tumor metastases in Figure 16. Bere
X 10° breast cancer celléMDA-MB-231-luc) were injected
into a tail vein and this image was taken at week 14 after
injection. The image shows clear metastatic signals from the
lungs and lower body organs. These tumors are small and 4.
certainly would not have been palpable externally. The animal
was dissected shortly after this image was taken,endivo
signals were found in the lungs, spine, adrenal glands, and s,
lymph nodes.

1.

7 Conclusion

In vivo imaging of cells or viruses tagged with light-emitting 6
probes promises to be an important technology for the study
of biological activity, the screening of potential drugs, and the

assessment of toxicological effects of compounds. Both biolu-
minescent luciferase and fluorescent proteins are potential
tags that can be used, although bioluminescence has a signifi- g'
cant advantage due to extremely low backgrounds. Long-
wavelength(>>600 nn) probes will give the best signal levels

in mammalian tissue due to lower absorption in tissue. The 10-

use of state-of-the-art cooled integrating CCD cameras along,;
with imaging chambers optimized fam vivo applications al- '
low the detection of bioluminescent signals throughout the

body of small laboratory animals such as mice or rats. Experi- 12

ments with luciferase tagged cells have demonstrated that
minimum cell counts in the range of500 cells can be de-
tected subcutaneously, while higher cell counts are required
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