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SYSTEM AND METHOD FOR NORMALIZED 
FLOURESCENCE OR BIOLUMINESCENCE 

IMAGING 

FIELD OF THE INVENTION 

[0001] This invention relates generally to medical imaging 
and, more particularly, to a system and method for generating 
?uorescence epi-illumination images, ?uorescence transillu 
mination images, and bioluminescence images associated 
With small animal imaging, intra-operative imaging, endo 
scopic imaging and imaging of holloW organs. 

BACKGROUND OF THE INVENTION 

[0002] Fluorescence images can be generated in-vivo for 
imaging of molecular functions and gene expression in live 
biological tissues. Fluorescence imaging of small animals has 
been used in biological research, including research in drug 
discovery and in investigation of ?uorescent reporter tech 
nologies. Fluorescence imaging has also been used to study 
various human tissues, for example, tissues exhibiting epithe 
lial diseases, the human breast, joints, and human teeth. 
[0003] Conventionally, ?uorescent light has been used for 
high-resolution imaging of histological slices of biological 
tissue using so-called ?uorescence microscopy. Fluorescence 
microscopy is used to provide relatively high-resolution 
images. HoWever, tissue sectioning used in conventional ?uo 
rescence microscopy is limited to slice thicknesses (i.e., tis 
sue depths) on the order of half a millimeter, and therefore, 
conventional ?uorescence microscopy is not appropriate for 
imaging through entire organs or through the Whole human 
body. 
[0004] In order to provide images a bit deeper into tissue, 
conventional systems and techniques have used light sources 
and ?uorochromes that emit near infrared light. The near 
infrared light is selected because near infrared light has loW 
absorption and can penetrate several centimeters into biologi 
cal tissue. Near infrared light is used in a variety of optical 
imaging systems and techniques. 
[0005] Fluorescent light can be emitted from a tissue in 
response to an excitation light source transmitting excitation 
light into the tissue. The excitation light excites the emission 
of ?uorescent light from ?uorochromes Within the tissue. 
[0006] Similarly, bioluminescence imaging has been used 
to image into tissues. The difference betWeen ?uorescence 
and bioluminescence imaging is that, for bioluminescence 
imaging, no excitation light source is required to cause emis 
sion of bioluminescent light. Emission of bioluminescent 
light in bioluminescence imaging is caused by a chemilumi 
nescent reaction Within the tissue, resulting from transgenes. 
[0007] The most common macroscopic technique that is 
conventionally used for ?uorescence imaging is ?uorescence 
re?ectance imaging (FRI), Which is also referred to herein as 
?uorescence epi-illumination imaging (FET). 
[0008] Epi-illumination light sources and epi-illumination 
imaging are further described beloW. In general, an epi-illu 
mination light source generates light that is directed toWard 
and then re?ects from a surface of biological tissue and/or that 
propagates into the biological tissue and re?ects from internal 
structures and/ or surfaces of the biological tissue. To form an 
epi-illumination image, image light is collected generally on 
the same side of the tissue as the epi-illumination light source. 
[0009] An FEI system transmits light onto and/or into bio 
logical tissue and collects the ?uorescence light that is emit 
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ted back from the tissue, including light that is emitted back 
from Within the tissue. In ?uorescence epi-illumination imag 
ing, excitation light (for example, near-infrared light) from an 
epi-illumination light source is used to illuminate the tissue. 
The epi-illumination light source is used to excite ?uoro 
chromes Within the tissue that, in turn, emit ?uorescent light. 
In some arrangements, the emitted light is visible light. In 
other arrangements, the emitted light is near infra red light. 
The emitted light can be visually inspected or it can be cap 
tured With a CCD camera or other photon detector positioned 
generally on the same side of the tissue as the epi-illumination 
light source. Bioluminescence imaging can be similar to ?uo 
rescent epi-illumination imaging, but bioluminescence is 
generated Without an epi-illumination light source. 
[0010] As described above, conventional ?uorescence 
imaging With near-infrared light provides images having rela 
tively loW resolution and only small penetration (2-3 mm) of 
tissue. Higher resolution is achieved When spectral informa 
tion is utiliZed and “mixed.” 
[0011] A second method, Which has not yet been utiliZed 
for research using small animals, but Which has found appli 
cations in optical breast imaging, uses a transillumination 
light source to generate transillumination images. Similar to 
the above-described epi-illumination light source, a transil 
lumination light source generates light that propagates into 
the tissue. HoWever, unlike epi-illumination light, the transil 
lumination light propagates entirely through the tissue. In 
transillumination imaging, image light is collected generally 
on the opposite side of the tissue from the transillumination 
light source. 
[0012] Similar to that described above for ?uorescence epi 
illumination imaging, in ?uorescence transillumination 
imaging, excitation light (for example, near infra red light) 
from a transillumination light source is used to illuminate a 
tissue. The excitation light propagates into the tissue, exciting 
the emission of ?uorescent light from Within the tissue. HoW 
ever, in contrast to the above-described ?uorescence epi 
illumination arrangement, in ?uorescence transillumination 
imaging, a CCD camera or other photon detector is positioned 
generally on the opposite side of the tissue from the transil 
lumination light source. In some arrangements, the emitted 
light is near infrared light. Fluorescence transillumination 
imaging (FTD) has been used to visualiZe functional charac 
teristics of cardiac muscle and in dental diagnostic practice. 
[0013] In some transillumination arrangements, the transil 
lumination light source and the light detector lie on a virtual 
line passing through the tissue. In some arrangements the 
virtual line is generally perpendicular to the tissue and, in 
other arrangements, the virtual line is not generally perpen 
dicular to the tissue. 

[0014] Fluorescence epi-illumination imaging (FEI), ?uo 
rescence transillumination imaging (FTI), and biolumines 
cence imaging (BD) are forms of “planar” imaging, Which 
provide tWo-dimensional images. 
[0015] More advanced optical imaging systems and meth 
ods have been developed, Which utiliZe tomographic meth 
ods. These systems and methods operate by obtaining photo 
nic measurements at different projections (i.e., angles) to the 
tissue and combining the measurements using a tomographic 
algorithm. Tomography can provide a more accurate image 
than the above-described forms of planar imaging. Advan 
tages of tomography include an ability for image quali?ca 
tion, an ability to provide tWo-dimensional or three-dimen 
sional images, an ability to provide three-dimensional 



US 2008/0312540 A1 

imaging With feature depth measurements, and higher sensi 
tivity and higher resolution as compared to planar imaging. In 
some applications, tomography has been used in-vivo to mea 
sure enzyme regulation and treatment response to drugs. In 
these applications, tomography provides superior imaging 
performance to planar imaging. HoWever, tomography is 
more complex than planar imaging, requiring more advanced 
instrumentation, requiring multiple illumination points (pro 
jections), Which can require multiple light sources, and 
requiring advanced theoretical methods for modeling photon 
propagation in tissues. 

SUMMARY OF THE INVENTION 

[0016] The system and method for normalized epi-illumi 
nation imaging and normalized transillumination imaging 
provide normalization of images generated by planar ?uores 
cence epi-illumination imaging, by planar ?uorescence tran 
sillumination imaging, by planar bioluminescence epi-illu 
mination imaging, and by planar bioluminescence 
transillumination imaging. The normalization results in sub 
stantially improved images. As further described beloW, by 
using a combination of normalized epi-illumination images 
and normalized transillumination images, each having par 
ticular imaging characteristics, still further improvement can 
be achieved. 
[0017] In some particular arrangements, as further 
described beloW, the system and method can be used during 
surgery to identify tumors or other lesions and borders 
thereof. In other Words, the system and method can be used 
for intra-operative imaging. In some arrangements, the sys 
tem and method can also be used for ?uorescence endoscopy 
and/or laparoscopy. In some arrangements, the system and 
method can also be used in oral and dental procedures to 
provide oral or dental images. 
[0018] In accordance With the present invention, a method 
of imaging includes generating incident light including exci 
tation light With an excitation light source and directing the 
incident light toWard a tissue. The method also includes 
receiving the incident light With a light detector after the 
incident light has interacted With a tissue. The method further 
includes receiving emitted light With the light detector, 
Wherein the emitted light is emitted from the tissue. The 
method further includes generating an intrinsic image of the 
tissue in response to the incident light. The method further 
includes generating an un-normalized emitted light image of 
the tissue. The method further includes combining the uni 
normalized emitted light image and the itrintsic image to 
generate a normalized emitted light image of the tissue. 
[0019] The normalized emitted light image generated by 
the method is a normalized ?uorescence epi-illumination 
image, a normalized ?uorescence transillumination image, a 
normalized bioluminescence epi-illumination image, and/or 
a normalized bioluminescence transillumination image. 
[0020] In accordance With another aspect of the present 
invention, a system for imaging a tissue includes an excitation 
light source adapted to generate incident light including exci 
tation light. The system also includes a light receiver adapted 
to receive the incident light after the incident light has inter 
acted With a tissue, further adapted to receive emitted light, 
Wherein the emitted light is emitted from the tissue, further 
adapted to generate an intrinsic image of the tissue in 
response to the incident light, and further adapted to generate 
an un-normalized emitted light image of the tissue. The sys 
tem further includes a normalization processor adapted to 
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combine the un-normalized emitted light image and the 
intrinsic image to generate a normalized emitted light image 
associated With the tissue. 
[0021] The normalized emitted light image generated by 
the system is a normalized ?uorescence epi-illumination 
image, a normalized ?uorescence transillumination image, a 
normalized bioluminescence epi-illumination image, and/or 
a normalized bioluminescence transillumination image. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] The foregoing features of the invention, as Well as 
the invention itself may be more fully understood from the 
folloWing detailed description of the draWings, in Which: 
[0023] FIG. 1 is a pictorial of system used for normalized 
?uorescence epi-illumination imaging and normalized ?uo 
rescence transillumination imaging having a normalization 
processor; 
[0024] FIG. 1A is a pictorial shoWing tWo light masks that 
can be used in conjunction With light sources of FIG. 1; 
[0025] FIG. 1B is a pictorial of another system used for 
normalized ?uorescence epi-illumination imaging and nor 
malized ?uorescence transillumination imaging having 
another normalization processor; 
[0026] FIG. 1C is a block diagram shoWing further details 
of the normalization processors of FIGS. 1 and 1B; 
[0027] FIG. 2 is a pictorial shoWing greater detail of a light 
detector that can be used in the normalized ?uorescence epi 
illumination imaging and normalized ?uorescence transillu 
mination imaging systems of FIGS. 1 and 1B; 
[0028] FIG. 2A is a pictorial shoWing greater detail of 
another light detector that can be used in the normalized 
?uorescence epi-illumination imaging and normalized ?uo 
rescence transillumination imaging systems of FIGS. 1 and 
1B; 
[0029] FIG. 3 is a series of images of a phantom, generated 
by the systems of FIGS. 1 and 1B, When used for normalized 
?uorescence epi-illumination imaging; 
[0030] FIG. 3A is a series of images of the phantom, also 
seen in FIG. 3, provided by the systems of FIGS. 1 and 1B 
When used for normalized ?uorescence transillumination 
imaging; 
[0031] FIG. 4 is a series of images of the phantom, also seen 
in FIGS. 3 and 3A, shoWing an intrinsic transillumination 
image at an excitation light Wavelength, a ?uorescence tran 
sillumination image, and a normalized ?uorescence transil 
lumination image; 
[0032] FIG. 5 is a series of images of a phantom shoWing an 
intrinsic epi-illumination image at the excitation light Wave 
length, a ?uorescence epi-illumination image, and a normal 
ized ?uorescence epi-illumination image; 
[0033] FIG. 5A is another series of images of another phan 
tom, shoWing an intrinsic epi-illumination image at the exci 
tation light Wavelength, a ?uorescence epi-illumination 
image, and a normalized ?uorescence epi-illumination 
image; 
[0034] FIG. 5B is a series of images of the phantom, also 
seen in FIG. 5, shoWing an intrinsic transillumination image 
at the excitation light Wavelength, a ?uorescence transillumi 
nation image, and a normalized ?uorescence transillumina 
tion image; 
[0035] FIG. 5C is another series of images of the phantom, 
also seen in FIG. 5A, shoWing an intrinsic transillumination 
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image at the excitation light Wavelength, a ?uorescence tran 
sillumination image, and a normalized ?uorescence transil 
lumination image; 
[0036] FIG. 6 is a series of images ofa mouse shoWing an 
intrinsic epi-illumination image at the excitation light Wave 
length, a ?uorescence epi-illumination image, and a normal 
ized ?uorescence epi-illumination image; 
[0037] FIG. 6A is a series ofimages ofthe mouse ofFIG. 6 
shoWing an intrinsic transillumination image at the excitation 
light Wavelength, a ?uorescence transillumination, and a nor 
malized ?uorescence transillumination image; 
[0038] FIG. 7 is a series of images of another mouse shoW 
ing an intrinsic epi-illumination image at the excitation light 
Wavelength, a ?uorescence epi-illumination image, and a nor 
malized ?uorescence epi-illumination image; 
[0039] FIG. 7A is a series ofimages ofthe mouse ofFIG. 7 
shoWing an intrinsic transillumination image at the excitation 
light Wavelength, a ?uorescence transillumination image, and 
a normalized ?uorescence transillumination image; 
[0040] FIG. 8 is a series of images shoWing an intrinsic 
epi-illumination light image at the excitation Wavelength, a 
?uorescence epi-illumination image, a normalized ?uores 
cence epi-illumination image, and a normalized ?uorescence 
epi-illumination image after the application of noise thresh 
olds, shoWing detection of tumors; 
[0041] FIG. 8A is a series of images shoWing an intrinsic 
epi-illumination image at the excitation light Wavelength, a 
?uorescence epi-illumination image, a normalized ?uores 
cence epi-illumination image, and a normalized ?uorescence 
epi-illumination image after the application of noise thresh 
olds, shoWing detection of tumors; 
[0042] FIG. 9 is a pictorial of a system used for intra 
operative imaging, including a portable camera/illuminator 
combination, a normalization processor, and a monitor, and, 
in some embodiments, a ?exible probe (illuminator/laparo 
scope/endoscope); 
[0043] FIG. 9A is a pictorial of another system used for 
intra-operative imaging, including goggles that can be Worn 
by a surgeon; 
[0044] FIG. 10 is a pictorial ofa system that can be used for 
dental imaging; 
[0045] FIG. 11 is a pictorial of a system used for colpos 
copy having an colposcopic probe; and 
[0046] FIG. 11A is a pictorial shoWing greater detail of a 
face of the colposcopic probe of FIG. 11. 

DETAILED DESCRIPTION OF THE INVENTION 

[0047] Before describing the imaging system and method, 
some introductory concepts and terminology are explained. 
As used herein, the term “phantom” is used to describe a test 
object being imaged. A phantom is typically an article having 
diffuse light propagation characteristics similar to living tis 
sue, for example, a piece of appropriately engineered resin 
block. For another example, a phantom can be a vial, Which 
contains cells having ?uorescent proteins therein, i.e. a ?uo 
rescent marker or a ?uorochrome. 

[0048] As used herein, the term “excitation light” is used to 
describe light generated by an “excitation light source” that is 
incident upon a biological tissue. The excitation light can 
interact With the tissue, and can be received by a light detector 
(e.g., a camera), at the same Wavelength (excitation Wave 
length) as that at Which it Was transmitted by the excitation 
light source. The excitation light can be monochromatic, or it 
can cover a broader spectrum, for example, White light. The 
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excitation light can be used to generate a so-called “itrinsic 
excitation light image” of the tissue (or more simply, and 
intrinsic image), i.e., an image obtained at the same Wave 
length as the Wavelength of the excitation light. The excitation 
light can also be used to excite ?uorescence Within the tissue, 
and to generate a so-called “?uorescence image” of the tissue, 
at a selected different Wavelength than the Wavelength of the 
excitation light. 
[0049] As used herein, the term “incident light” is used to 
more generally describe light that is generated by the excita 
tion light source, Wherein the incident light can include not 
only the excitation light having a Wavelength selected to 
excite ?uorescence, but also light having other Wavelengths. 
The incident light can include only the excitation light, or it 
can also include other Wavelengths. The Wavelengths of the 
incident light can be generated simultaneously or at different 
times. The incident light can be used to generate a so-called 
“intrinsic incident light image” of the tissue (or more simply, 
an intrinsic image). The intrinsic incident light image is either 
an image obtained at the same Wavelength as the Wavelength 
of the excitation light (i.e., an intrinsic excitation light image), 
an image obtained at a different Wavelength than the Wave 
length of the excitation light, or an image obtained by a 
combination of images obtained at a variety of Wavelengths, 
Which may or may not include the Wavelength of the excita 
tion light. The combination of images is further described 
beloW. 
[0050] In general, it Will be understood that an intrinsic 
image is an image of natural structures inside the tissue, 
exclusive of any ?uorescence of the tissue or of ?uorescence 
generated by ?uorescence markers Within the tissue. In con 
trast, a ?uorescence image is an image of only the tissue 
?uorescence or of ?uorescence generated by the ?uorescence 
markers Within the tissue. The intrinsic image can be either an 
intrinsic excitation light image, or, more generally, an intrin 
sic incident light image. 
[0051] As used herein, the term “epi-illumination light 
source” is used to describe an excitation light source that can 
generate a form of excitation light (also referred to herein as 
“epi-illumination light”) that re?ects from a surface of bio 
logical tissue and/ or that propagates into the biological tissue, 
in order to form a so-called “epi-illumination image.” To form 
an epi-illumination image, image light is collected generally 
on the same side of the tissue as the epi-illumination light 
source. An epi-illumination image can be either an intrinsic 
epi-illumination image (no ?uorescence) or a ?uorescence 
epi-illumination image (only ?uorescence). 
[0052] As used herein, the term “transillumination light 
source” is used to describe an excitation light source that can 
generate a form of excitation light (also referred to herein as 
“transillumination light”) that propagates into the tissue, in 
order to generate a so-called “transillumination image.” To 
form a transillumination image, light is collected generally on 
the opposite side of the tissue from the transillumination light 
source. Like an epi-illumination image, a transillumination 
image can be either an intrinsic transillumination image (no 
?uorescence) or a ?uorescence transillumination image (only 
?uorescence). 
[0053] In some arrangements, the epi-illumination light 
source and/ or the transillumination light source(s) can, more 
generally, generate incident light, Which includes the excita 
tion light. 
[0054] To generate an intrinsic epi-illumination image, the 
excitation light (epi-illumination light) is received by a cam 
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era after being directed back from (e.g., re?ected from) an 
object being imaged. In contrast, to generate an intrinsic 
transillumination image, the excitation light (transillumina 
tion light) is be received by a camera after it passes through 
the object being imaged. 
[0055] Similarly, to generate a ?uorescence epi-illumina 
tion image, the excitation light (epi-illumination light) excites 
?uorescence on or in the tissue, Which is directed back from 
tissue being imaged, and Which is received at a Wavelength 
different from the excitation light. To generate a ?uorescence 
transillumination image, the excitation light (transillumina 
tion light) also excites ?uorescence in the tissue, Which is 
directed through the tissue being imaged, and Which is 
received at a Wavelength different from the excitation light. 
[0056] As used herein, the term “emitted light” is used to 
describe light generated by or Within a biological tissue. As 
used herein, the term “?uorescence” is used to describe a 
form of emitted light generated via excitation of a marker 
?uorochrome in response to the excitation light. As used 
herein, the term “bioluminescence” is used to describe 
another form of emitted light emitted from a tissue, generally 
in the absence of the excitation light. As used herein, the term 
“emitted light image” is used to describe either a ?uorescence 
image or a bioluminescence image. 
[0057] As used herein, the term “image” is used to describe 
a visual presentation of something such as an object or a 
scene. An image may be represented as image data, Which can 
be displayed on a computer monitor. Image data can be gen 
erated by a digital camera or other image device and provided 
to a computer system or other processing device. HoWever, it 
Will be understood that the term “image,” as used herein, is 
also used to refer to the image data. 

[0058] The system and method described herein to explain 
inventive concepts refer to the use of particular types of light 
or light having particular characteristics. For example, refer 
ence is made to systems and methods using near-infrared 
excitation light, Which provides particular bene?ts in the 
near-infrared (NIR) Wavelength range of about 650-1000 nm. 
It should, hoWever, also be appreciate that the system and 
method described herein can also be applied to excitation 
light having other Wavelengths, for example to light in the 
visible range of about 400 nm-650 nm. Also, the system and 
method apply to a system in Which excitation light is gener 
ated by an excitation light source in one Wavelength range, for 
example, in the visible range, and the ?uorescent light emitted 
by ?uorochromes is in another Wavelength range, for example 
in the NIR range. The system and method also apply Where 
both the excitation light generated by the excitation light 
source and the light emitted by the ?uorochromes are in the 
NIR range. In addition, excitation light and/or emitted light 
having a Wavelength at the interface of visible range and 
near-infrared range can be used, for example in the 550 
nm-650 nm range. Some Wavelengths are particularly bene? 
cial for bioluminescence imaging and for imaging of red 
shifted ?uorochromes and ?uorescent proteins. The excita 
tion light can have the same intensity at all Wavelengths 
therein, or it can have predetermined attenuation of selected 
Wavelengths, e.g., by using appropriate ?lters. Also, excita 
tion light beyond the Wavelength range of 400 nm to 1000 nm 
can be used. 

[0059] The term “?uorochrome” as used herein Will be 
understood to describe a type of knoWn biocompatible dye or 
other ?uorescence agent that can be systemically or topically 
applied to a biological tissue. Some ?uorochromes are target 

Dec. 18,2008 

?uorochromes, Which tend to congregate at certain anatomi 
cal, functional, or molecular features in the tissue, including 
for example, at cancerous lesions. 
[0060] Referring noW to FIG. 1, an imaging system 10 
includes a plurality of transillumination light sources 12 
adapted to generate excitation (transillumination) light, 
Which is represented by a plurality of arroWs 14. The system 
10 also includes an epi-illumination light source 16 adapted 
to generate excitation (epi-illumination) light represented by 
an arroW 18 and lines 18a, 18b, Which are generally indicative 
of light beam boundaries. Thus, the epi-illumination light 
source 16 emits a single relatively broad beam of light 18, 
18a, 18b. The transillumination light 14 and the epi-illumi 
nation light 18, 18a, 18b are directed toWard a biological 
tissue 24. In this particular example, the biological tissue is 
shoWn to be a mouse 24. 

[0061] In some embodiments, an optional light mask 26 can 
be disposed betWeen the transillumination light sources 12 
and the biological tissue 24. Thus, in those embodiments, 
Which utilize a light mask such as light mask 26, the transil 
lumination light 14 passes through the light mask 26, and 
impinges upon the biological tissue 24. The light mask is 
further described beloW in greater detail in conjunction With 
FIG. 1A. 

[0062] The system 10 also includes a camera 20 (or other 
type of detector) adapted to receive light represented by lines 
22a, 22b, Which lines are generally indicative of light beam 
boundaries. As further described beloW, the light 22a, 22b is 
associated With the transillumination light sources 12 and/or 
With the epi-illumination light source 16. The camera 20 
generates image information 28, Which is received by a nor 
malization processor 30. The normalization processor 30 
generates normalized image information 32, Which is 
received by and displayed by a display 34. The normalization 
processor 30 is further described beloW, Where it Will become 
apparent that the normalization provided by the normaliza 
tion processor 300 results in improved “normalized” ?uores 
cence images of a subject 24. 

[0063] In operation, the camera 16 receives the light 26a, 
26b. In some embodiments, the transillumination light 
sources 18 and the epi-illumination light source 16 generate 
excitation light, 18, 20, respectively, concurrently and the 
camera 16 receives light 26a, 26b having contributions from 
both the transillumination light sources 12 and the epi-illu 
mination light source 16 at the same Wavelength as each of the 
excitation light sources 12, 16. In other embodiments, the 
transillumination light sources 12 and the epi-illumination 
light source 16 generate the excitation light 18, 20, respec 
tively, at different times, so that at any particular time the 
camera 16 receives the light 26a, 26b from one of the transil 
lumination light sources 12 and the epi-illumination light 
source 16. 

[0064] The light 26a, 26b received by the camera 16 in 
response to the excitation light 18, 18a, 18b generated by the 
epi-illumination light source 16 can have contributions from 
the excitation light 18, 18a, 18b at the excitation light Wave 
length and also contributions from emitted light (?uorescence 
or bioluminescence), emitted Within the subject 24 at a dif 
ferent Wavelength in response to the excitation light 18, 18a, 
18b. Contributions from the excitation light 18, 18a, 18b can 
be used to form an intrinsic epi-illumination image, and con 
tributions from the resulting emitted ?uorescent light can be 
used to form a ?uorescence epi-illumination image and also a 
normalized ?uorescence epi-illumination image. 
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[0065] Similarly, the light 26a, 26b received by the camera 
16 in response to the excitation light 14 generated by the 
transillumination light source 12 can have contributions from 
the excitation light 14 at the excitation light Wavelength and 
contributions from emitted light (?uorescence or biolumines 
cence), emitted Within the subject 24 at a different Wavelength 
in response to the excitation light 14. Contributions from the 
excitation light 14 can be used to form an intrinsic transillu 
mination image, and contributions from the emitted light can 
be used to form a ?uorescence transillumination image and 
also a normalized ?uorescence transillumination. 

[0066] From the above discussion, it should be recognized 
that the system 10 can generate normalized ?uorescence epi 
illumination images, normalized ?uorescence transillumina 
tion images, or both normalized ?uorescence epi-illumina 
tion images and normalized ?uorescence transillumination 
images. The system 10 can also generate normalized biolu 
minescence images. 
[0067] As described above, normalized ?uorescence epi 
illumination images can be generated by illuminating tissue 
(eg the mouse 24 in FIG. 1) With the excitation light 18, 18a, 
18b generated by the epi-illumination light source 16. The 
camera 20, positioned on the same side of the tissue 24 as the 
epi-illumination light source 16, is used to capture both exci 
tation (epi-illumination) light re?ected from the tissue 24 to 
form an intrinsic epi-illumination image, and ?uorescent 
light, Which is emitted from Within the tissue 24 in response to 
the excitation (epi-illumination) light 18, 18a, 18b to form an 
un-normalized ?uorescence epi-illumination image. The 
intrinsic epi-illumination image and the un-normalized ?uo 
rescence epi-illumination image are combined by the normal 
ization processor 30 to generate the normalized ?uorescence 
epi-illumination image. 
[0068] Also as described above, normalized ?uorescence 
transillumination images can be generated by illuminating 
the tissue (here the mouse 24) With the excitation light 14 
generated by the transillumination light sources 12. The cam 
era 20, positioned on the opposite side of the tissue 24 as the 
transillumination light sources 12, is used to capture both 
excitation (transillumination) light passing through the tissue 
24 to generate an intrinsic transillumination image, and ?uo 
rescent light, Which is emitted from Within the tissue 24 in 
response to the excitation (transillumination) light 14 to form 
an un-normalized ?uorescence transillumination image. The 
intrinsic transillumination image and the un-normalized ?uo 
rescence transillumination image are combined by the nor 
malization processor 30 to generate the normalized ?uores 
cence transillumination image. 

[0069] To generate normalized bioluminescence images, 
the system 10 collects an un-normalized image of biolumi 
nescence light. In this case, bioluminescence light is sponta 
neously emitted and is not generated in response to the exci 
tation lights 14, 18, 18a, 18b. The un-normalized 
bioluminescence image can be combined by the normaliza 
tion processor 30 With either the intrinsic epi-illumination 
image or With the intrinsic transillumination image to gener 
ate the normalized bioluminescence image. 

[0070] For either epi-illumination imaging or transillumi 
nation imaging, in order to form the intrinsic images in some 
embodiments, the excitation light source generates one or 
more Wavelengths (i.e. incident light) including, but not lim 
ited to, a Wavelength of excitation light, and the intrinsic 
image is generated by combining intrinsic images associated 

Dec. 18,2008 

With the one or more Wavelengths. In some arrangements the 
combination is a Weighted average. 
[0071] While the term “excitation light” is described above 
to be associated With light that can excite ?uorescence in 
biological tissue, the excitation light can also be used by the 
system 10 in order to generate the normalized biolumines 
cence images. In some arrangements, the excitation light can 
be generated at the bioluminescence Wavelengths so that it 
can be used to capture the propagation characteristics of the 
bioluminescence in the tissue. For example, as described 
above, in normalized bioluminescence transillumination 
imaging, the system 10 collects both an image of the excita 
tion (transillumination) light (intrinsic image) and an un 
normalized image of bioluminescence light. 
[0072] As described above, normalized ?uorescence tran 
sillumination imaging is provided by positioning the plurality 
of transillumination light sources 12 generally on the other 
side of the tissue 24 from the camera 20. The transillumina 
tion light sources 12 can have an illumination pattern, for 
example, by using an array of transillumination light sources 
12 disposed in a predetermined pattern, or by using an optical 
guiding system disposed in the predetermined pattern, for 
example, the light mask 26 
[0073] In ?uorescence transillumination imaging using the 
plurality of transillumination light sources 12, transillumina 
tion imaging can be accomplished by a superposition of light 
signals associated With excitation light generated by each one 
of the plurality of transillumination light sources 12. In 
essence, each one of the transillumination light sources 12 
can be sequentially illuminated and resulting intrinsic and 
?uorescence images can be sequentially captured. 
[0074] The camera 20 can collect both excitation light asso 
ciated With the light sources 12, 16, Which is re?ected from 
and/or Which passed through the tissue 24, and can collect 
emitted light associated With a ?uorochrome Within the tissue 
and/or associated With an endogenous tissue ?uorescent mol 
ecule. The system 10 can also collect emitted biolumines 
cence light, for example, When the excitation light sources 12, 
16 are turned off. 

[0075] The same system 10, using the same camera 20, can 
be used to generate both normalized ?uorescence epi-illumi 
nation images and normalized ?uorescence transillumination 
images. The camera 20 is shoWn in greater detail in conjunc 
tion With FIGS. 2 and 2A. 
[0076] While it is described above that the epi-illumination 
light source 16 and the transillumination light sources 12 are 
adapted to generate excitation light, in other arrangements, 
the epi-illumination light source 16 and/or the transillumina 
tion light sources 12 are adapted to generate incident light 
having the Wavelength of the excitation light and also other 
Wavelengths. 
[0077] Referring noW to FIG. 1A Which is comprised of a 
?rst panel labeled “(a)” and a second panel labeled “(b)”, a 
?rst exemplary light mask 26a shoWn in the panel (a) and a 
second exemplary light mask 26b shoWn in the panel (b). The 
masks 26a, 26b serve to block stray light and also excitation 
light that could otherWise directly hit the camera (or other 
detector) and saturate it or damage it. Additional absorbing 
materials can be used to selectively prevent excitation light 
14, 18 generated by the excitation light sources 12, 16, 
respectively, from directly entering the camera 20. In other 
arrangements, selective beam-scan patterns can be used to 
avoid direct exposure of the camera 20 to excitation light 14, 
18. In other arrangements, adaptive attenuation of light inten 
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sity from the plurality of transillumination light sources 12 
can be used to prevent saturation of the camera 20 and also to 
improve the dynamic range of images acquired by the camera 
20. For example, dynamic range can be improved for light 
that is minimally attenuated by tissue, for example, light close 
to the tissue borders. 

[0078] Referring ?oW to FIG. 1B, another system 50, Which 
is similar to the system 10 of FIG. 1, but Which includes a 
single transillumination light source 52 having a relatively 
Wide beam of excitation light, represented by an arroW 54, 
and by lines 54a, 54b, Which are generally indicative of light 
beam boundaries. In other arrangements, the emitted light 54, 
54a, 54b could have a spatially attenuated pattern to prevent 
CCD pixel saturation close to and outside of borders of tissue 
64. 
[0079] Other elements of FIG. 1B can be the same as or 
similar to elements of FIG. 1. For example, d mask 66 can be 
the same as or similar to the mask 26, an epi-illumination light 
source 56 can be the same as or similar to the epi-illumination 
light source 16, a camera 60 can be the same as or similar to 
the camera 20, a normalization processor 70 can be the same 
as or similar to the normalization processor 30, and a display 
74 can be the same as or similar to the display 34. 

[0080] For both the system 10 of FIG. 1 and the system 50 
of FIG. 1B, methods of generating “normalized” images are 
described beloW using “un-normalized” images. Generation 
of a normalized ?uorescence epi-illumination images 
involves collection of at least tWo separate images (i.e., tWo 
types of image data) that are combined to provide the normal 
ized ?uorescence epi-illumination image (or normalized 
image data). The tWo images include an image of the tissue 
(e.g., 24, FIG. 1) resulting from epi-illumination excitation 
light (e.g., 18, 18a, 18b, FIG. 1) generated by an epi-illumi 
nation light source (e.g., 16, FIG. 1), Which is generally 
re?ected from the tissue 24 (FIG. 1), and also an un-normal 
ized image of emitted light from a ?uorescent probe (i.e., a 
?uorochrome). The emitted light is excited by the excitation 
light 18, 18a, 18b. The image ofthe excitation light 18, 18a, 
18b is also referred to herein as an intrinsic epi-illumination 
image and the image of the emitted light is also referred to 
herein as an un-normalized ?uorescence epi-illumination 
image. 
[0081] In some embodiments, tWo dark light images (i.e., 
background images that can contain, for example, stray light 
and noise) are also collected and used in combination With the 
above tWo images to generate the normalized ?uorescence 
epi-illumination image. One dark light image can be gener 
ated using the same acquisition settings (gain, exposure time, 
etc.), Which are used to capture the above-described intrinsic 
epi-illumination image, and the other dark light image can be 
generated using the same acquisition settings, Which are used 
to capture the above-described un-normalized ?uorescence 
epi-illumination image. Use of dark images Will become 
apparent from equations beloW. 
[0082] Similarly, generation of a normalized ?uorescence 
transillumination image involves collection of at least tWo 
separate un-normalized images (i.e., tWo types of image data) 
that are combined to provide the normalized ?uorescence 
transillumination image (or normalized image data). The tWo 
un-normalized images include an image of the tissue (e.g., 
tissue 24, FIG. 1) generated from transillumination excitation 
light (e.g., excitation light 14, FIG. 1) generated by a transil 
lumination light source (e.g., source 12, FIG. 1), Which passes 
through the tissue 24, and an image of emitted light from a 
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?uorescent probe (i.e., a ?uorochrome). The emitted light is 
excited by the excitation light 14. The image of the excitation 
14 is also referred to herein as an intrinsic transillumination 
image and the image of the emitted light is also referred to 
herein as an un-normalized ?uorescence transillumination 
image. 
[0083] In some embodiments, tWo dark light images are 
also collected and used to generate the normalized ?uores 
cence transillumination image. One dark light image can be 
generated using the same acquisition settings (gain, exposure 
time, etc.), Which are used to capture the above-described 
intrinsic transillumination image, and the other dark light 
image can be generated using the same acquisition settings, 
Which are used to capture the above-described un-normalized 
?uorescence transillumination image. 
[0084] Similarly, for bioluminescence, at least tWo, but in 
some embodiments four, images can collected, i.e. the intrin 
sic image and dark image for excitation light (epi-illuminated 
or transilluminated) and the emitted image and dark image for 
bioluminescence. 
[0085] For embodiments using dark images, the dark 
images need not be acquired in each measurement but can be 
acquired once and stored in memory. As described above, in 
some embodiments, the dark current images may not be used, 
especially if dark images have very loW contrast. In some 
other embodiments, an equivalent subtraction method may be 
used. 
[0086] For both normalized ?uorescence epi-illumination 
imaging and normalized ?uorescence transillumination 
imaging, the excitation light provided by the light source and 
the emitted light generated by the ?uorescent probe can be at 
different Wavelengths. The emitted light received to generate 
bioluminescence images and the excitation light employed in 
associated intrinsic light images can be at different Wave 
lengths or at the same Wavelength. In one particular embodi 
ment, the emitted light is near infrared light and the excitation 
light is also near infrared light but at a shorter Wavelength. In 
one particular embodiment of bioluminescence imaging, the 
emitted light contains visible and near-infrared spectral com 
ponents and the excitation light contains similar spectral 
components. 
[0087] The folloWing equations can be used in a method to 
generate normalized and noise-reduced ?uorescence epi-il 
lumination images and normalized and noise-reduced tran 
sillumination ?uorescence images. Such a method can be 
performed in a system similar to systems 10, 50 described 
above in conjunction With FIGS. 1 and 1B, respectively. It 
Will be understood that, in some embodiments, the un-nor 
malized images described beloW can be generated by the 
camera 20 of FIG. 1 or the camera 60 of FIG. 1B. The 
normalized images described beloW (and also the noise 
reduced un-normalized images), Which can be generated by 
further processing and/ or combination of the un-normalized 
images, can be generated by the normalization processor 30 
of FIG. 1 or the normalization processor 70 of FIG. 1B. 

[0088] An un-normalized and noise-reduced ?uorescence 
epi-illumination image, Ie, can be expressed as: 

(Eq- 1) 

Where Ife is the ?uorescence image generated When using an 
epi-illumination light source (e. g. light source 16, FIG. 1) and 
I?q is the background camera noise image (i.e., a dark image or 
a constant), respectively. I?q can be acquired With identical 
acquisition and experimental parameters as Ife but in the 
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