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obtai ning a three- dinensional representation of a
light source or light source distribution inside a
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from deep sources are scattered many times before reaching the surface.

Bioluminescent imaging systems effectively record the spatial distribution of these
photons emitted from the surface of the subject.

However, the most important quantitative information is not direcily related to
the surface emission but instead pertains to the bioluminescent source inside the

subject. Important parameters are the source strength (related to the number of light



emtting cells), position and geonetry. Mst of the
bi ol um nescent imaging work published to date

i nvol ves use of single-view 2D i magi ng systens. |nmage
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n yet another aspect, the present invention relates to an imaging system for

..\..

obtaining a three-dimensional representation of a light source located inside a sample.
The imaging system comprises an imaging chamber having a set of walls enclosing
an interior cavity, The imaging chamber also includes a camera mount configured to

position a camera and a moveable stage apparatus. The movable stage appatatus
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i ncludes a transport nmechani smand a stage configured
to support the sanple within the interior cavity. The
stage is coupled with the transport mechani smfor
novenment of the sanple to one of a pluraljt
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FIG. 2A is a cut away perspective view of the chamber of FIG. 1 having
internal components for facilitating multiple views of the sample in accordance with
one embodiment of the present invention.

FIG. 2B is a perspective view of the internal components of FIG. 2A for
facilitating multiple views of the sample in accordance with one embodiment of the

present invention.



light transport device of FIGs. 2A and 2B: 0 degrees,
90 degrees, 180 degrees, and 270 degrees. FIG 2D
shows the configuration of the structured |ight

rojector used to 5 obtain the subject s E{T
wo §ig Jarisgazgp

10

15

20

25

30
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as wll be apparent to those skilled in the art, the
mmyadent invention may be practiced w thout these

specidrsCsy lidirhes .'Pfiropéés Kk 20 &h@tﬁ{iﬂggtﬁface light emission data to

light internal to the surface in accordance with a specific embodiment of the present

invention,
FIGs. 5E and 5F represent reconstruction results for one point-liké light
source within a phantom mouse (e.g., plastic mouse having an embedded fiber optic).
FIG. 6 illustrates an exemplary coraputer system. in accordance with one

embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
In the following detailed description of the present invention, numerous

specific embodiments are set forth in order to provide a thorough understanding of

4



WO 2ppid08X23 | | ght reconstruction techni ques of

10

15

20

25

30

el ements or processes. In other instances well known
processes, conponents, and designs have not been
described in detail so as not to unnecessarily obscure
aspects of 5 the present invention. 1. é%WééStenq
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In the illustrated embodiment, the imaging system 10 includes an imaging

chamber 12 adapted to receive a light-emitting sample in which low intehsity light,
e.g., luciferase-based luminescence, is to be detected. A high sensitivity camera 20,
such as an intensified or a charge-coupled device (CCD) camera, is coupled with the
imaging chamber 12. The camera 20 is capable of capturing luminescent,
photographic (i.e., reflection based images) and structured light images of the sample
within imaging chamber 12. The camera 20 may optionaily be cooled by a suitable
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An i mage processing unit 26 optionally interfaces

bet ween canera 20 and a conputer 28 through cables 30
and 32, respectively. The conputer 28, which maybe 5

of any suitable type, typically conprises a main unit
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stage in the interior cavity. These 3D |ight
in3ARE BV R t echni ques are further described bel ow.
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image proedessing sred dady menipulptonsiredeparibed hetinat Fasexample, computer
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further below require bioluminescent surface radiance and surface topography

measurements over the entire sample surface. Thus, the imaging system also includes
mechanisms for capturing images of the sample surface from a variety of views and
positions. Preferably the imaging system meets the following goals. First, itis

desirable for the camera to remain fixed, because the various cables and supply lines
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preferably configured to obtain a 3D surface

t opography of the sanple as input to the
reconstruction techni ques described further bel ow. Any
sui tabl e conbi nati on of 5 hardware and software naéﬁ%
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123 and mirror 121 cooperate to c'ollect light primarily from the angular direction of
stage 204 which is then reflected towards lens 262.
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apparatus is capable of two degrees of freedomto
position the stage 204 (and sanple 106) at a
plurality of positions relative to the |light transport
device 120 so as to 5 capture light fromdifferent
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i mges of the sanple. The rmveabl e stage apparatus
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t analysis, the surface topography data for the

e over its entire surface can be determ ned from
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sﬁﬁﬁcquéb%g%ﬁ% r«%t% g&ij thi 15 HNer h%‘ é’n@Pﬁ{rﬁ%Q Qaﬁltﬁe%%én%ﬂled Rm

a Si proj ection
tB@ﬁlﬁH@shlﬁ ofithe diness ']t‘tieéme spacing may vary based on the sample surface

texture and sample size, but line spacing in the range of 0.5 to 2 lines per mm may be

suitable for a mouse sample. Closer line spacing provides higher resolution, but the

lines are more difficult to track on rough surfaces such as fur. The surface
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structured light source. In this case, the ruling may
be illumnated by a diffuse LED 5 source and the
ruling is then projected onto the aninmal stage with a
magni fication of approximtely 10x. An exanple of this
&msgqqslpngs
2D. The prOj ector nodule 170 rides on the back of the
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a) a topographi cal surface represent ation of the
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employ an input data set that consists of a) a topographical surface representation of

the sample, and b) a set of measurements (e.g. surface images) of the light radiance

over at least a portion of the surface. To facilitate processing, the surface
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vol unme el enment nesh. 5 FIG 3A shows a sinplified
illustration of I|ight imaging in accordance with one
enbodi ment of the present invention. FIG 3A displays
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capture. The nature of mammalian tissue and nmany ot her
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2004/ 008323 PCT/ US2003/ 022273 FIG 3 C.illustrates an

i || udtghh ity dterpelite theisample suiiace ensially tefersfoynaflsanatislo a
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vol une el enent cont ai ns poi nt I1Tght source

n@_lmie aget oftneints erorelumaleraants, @adlwhm@ht@umd sy ippsitica and 2
sllree ﬁfen&lﬂ? i Hﬁef &&l?o‘diment, the present invention divides the sample intetior

into volume elements where each volume element is considered to contain a point

rn

light source at its center. A solid mesh of these volume elements then defines a
collection of point sources used to approximate the actual light source distribution

within the sample. For example, a solid mesh of cubic volume elements is suitable,
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For a cubic volune el enent representation, the vol une
el ement size may vary 5 according to the size of the
sanpl e and a desired solution accuracy. In general,

i ncreasing the solid nmesh density inproves the
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It is possible to have the density of the solid nesh
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mammalian sample such as a mouse for example, the interior may comprise a mixture
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and | um nescent inmages are first acquired, e.g.,

obtained wth a system as descri bed above. The

surface topography of the animal is reconstructed

usi ngﬁstructured light algorithnms and a surface nesh
¢rated. Let the surface el ements be PER(HFRIAP%E™

with the integers j. Using one or nore |um nescent

%ﬂg&fe% bonBE offah €8 a%%@%ggﬂ%&fh@aﬁ& (ﬁ%%eﬂge%ﬁﬂte abfk

orientation o ace ‘nes
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il 'b‘é%{aﬁéc%’a&k? FREQ of Porthd Genrd %&&%&HX od ih B8 volume

present invention. rocess
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i 8 B 20 Rl @t S, o MEn S ERA F i by,
dabsi)@d bu% belogr&hérﬁi'faye mf'olﬁgh @ Greaid ﬁn&tmilfltehﬁl S(Iﬁﬁtwaadm% a set of
i stributi t i ssion fromthe sanple
hggreqpationy %giﬁwﬁﬁ’@ e‘b‘%\‘?q]%w't hat conprises a) a
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t e surface of the sa
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Process flow 500 begins by obtaining input data (502 and 504) used in the 3D

reconstruction techniques. For example, process flow 500 may begin by obtaining a
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accuracy. Also the density of surface el enents nmay
vary frompoint to point on the surface nesh. In
general, the accuracy of a surface representation is
|nproved by increasing the nunber of surface
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em ssion data fromthe sarrpl e 10 (504). For imaging
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on the partial-current boundary condition [Haskell, et
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B et G UDSEE L L SRR AL6S 23R S, i
the transmission coefficient for light exiting the sample through the surface element,
and 9 is the internal emission angle, which is related to the exiernal emission angle 0,
through Snell’s law:

nsin@=sind, (5]

The parameter Ry is the average internal reflection coefficient calculated
from the following formulae:

Ry +R;
Rer =5 ﬁq, + ;1 j

T

R, = EZsinGcoseR(G)de
T

R;= E 3sinOcos? OR(6)dO

2 2
1{ ncos6, —cos0 1{ ncos@—cos8, .
—~| ] +—| ——— for & < arcsin(1/
R(®)= 2(ncos62+cose] Z(ncose—kcoseg) /)

1 for 6> arcsin(1/n)

Thus, the internal reflectivity Rexdepends on the index of refraction of the
medium underneath a surface element. In tissue for example, Rer is typically in the

range of 0.3 — 0.5,
Eqgs. (1) and (2) may thus be used to convert surface emission data measured

at each surface element to values of the photon density beneath the surface. As the
term is used herein, the subscript j enumerates a set of surface elements. p; is then the

value of the photon densify calculated at the jth surface element. Further description
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captured (526). Structured |ight imge capture may be

conpl i shed using a structured |ight projection

Sy St GHLAS eHSREhERSH PROYE invaRbnTRYs BluShrddHht'@fing image
capture. Thus, with stage 204 at a desired position, a structured light image may be
captured (526). Structured light image capture may be accomplished using a

structured light projection system as described above, and may also include
preparation of the structured light proj ection system (525) and any other components
of imaging system 10 used in the structured light image capture. Upon completion,
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satietiionanat furtberpaytiBIe Oy CARTIRE WARES o the Smele FamBligmate

positions and views of the sample. For 3D reconstruction, photographic, structured

Jight, and/or luminescence images of the sample may be captured from a number of
positions. For example, image capture may occur at anywhere from 2 to 200
positions of the sample within the imaging chamber. The preferred number of images
is 8, spaced every 45 degrees. In one embodiment, this process is automated and

controlled via computer 28.
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..!

representations of structured light imaging corresponding to process flow 510.
Process flow 510 begins by imaging a structured light reference to produce a
pattern without the sample (511 and FIG. 4B). This may be performed by applying
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2Q for atypical object, the phase exhibits 20 junps as
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2004/ 008123 PCT/ US2003/ 022273 The above process

WO 2084003836) may then be repeated (517) frode%Tflfséﬁ'oé’mn”

10

15

20

25

30

views and positions. Imaging a sanple fromnultiple

Vi ews

! eonnio SEvEERARE G 03 mb AR RN H0f) Affrens
yigws an@posiimer Imeaginglkheanypld ﬂorp haltiphayess pmmdbhmidpimnbl al

rf h ' i.n th
BErRfS HREh IR iR 4 Pergititerts b pes el 4D ©
safpt Binderdly. ﬁﬁ&ﬁtﬂ!@lﬂe s, afithe phfGal didfhpes oBeMed R &gh
can ,be g ing.non-linear |east s uagﬁs

hed
yiepin fhy 3 ﬁ?&%ﬁﬁiﬁ@% rtlodyrﬁﬂﬁ}l Fesisterpd togetherta form 4,
SRERe B18NRAFEG. QﬂfH) @éﬁst%ﬁﬁé SR abOMpliShe gfhhsf}x% non-linear

connected. Typically, the surfaces shoul ave a
baﬁrsquaﬁ@,s ﬁt@n& tephmaqucs te minimize therdigtancy betiveeemesh eldraents on
{vérd“&kf @e RO %té@nl‘ # gttﬂgguﬂt%gésds%bulﬁ'ﬁl% 4 Qarting
Ine a s tot ons ma
awmmncﬂlmt esxfamiytctose i the ﬁnﬂhegistered\pmﬁm In egnesww]k,u anfly

ech ovi de. anaboluter e din r
RSt © bRy piTioR pRg oF pbRieiEd A e cefied
Ah&ﬁbﬂﬂegsmh&écﬁmwé is &51??09@6 teh absolitd feftencwilihbor i RRE 6L

| f_the absol ute p05|t| oni n

to s ﬁlstﬁ fo‘frf@gﬁgggﬁ ¢ abselib Rpsttion REaDy prstial surface wi
&Qﬁbd ﬂoﬂﬁ@:&aég‘ fok bm%ﬁr@t wad ek b@ﬁaolﬁﬁ)gaﬁeaamrﬂ@e is

sKi pped lustrates a process f

deguratecmoesly ﬂwg tlammdmean fittmg methpd désombedpbpre @a@ ba sk:lpped
o 8L L L O Sl AL 0
v 4 fecomsiocicinditke l[ght sdweceplissimrtion withénthie eolume of the

L T T S R M R S
1dasmrdatmeelwﬁh thd ﬂrb&éﬁhﬁtf@doﬂn&ﬁ? inzlude up televerabidditibnal steps
cur "Ip t jnvention. 20 Process flow 540

CTBF“EP FPofdRo CPCARTRTCS BHEREP- ¢ he

S an‘p | P&oéb@ﬁﬂ&@ S5 aRInAEs HhsdsdiGbS LTHHS] &ﬁregé}ﬁaﬁloh k& hd he
sanple. Process flow 540 begins by dividing the

corid poesstEdeafilight epission datasiiorn fhscsamplondiecesy oy $40
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actu Ight source |str| utlon sSone cases,
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Some rcgses,ttﬁe Bl gﬁhe solid mesh increases near the light source to provide

increased information in this space, while density of the solid mesh decreases in areas
where no activity of interest is taking place (no light generation or transport). In

addition, as will be described below with respect to loop 556, the volume element size
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ﬂfrﬂ%ﬁﬁf Rabetiogfat ﬁféga(begﬂltaﬁ; Tfl@@té%ﬁ*é'ﬂﬁ:rhfﬁn d%—%gltug] tg@? x sli)(gge of

unction descri e transport o

phptens side hersempledtopheasbipaint inrthe sraresalisidentighde thiepidec
i }S ach surface el ement of the

%%n%#@?é%%%ﬁtoggwﬁe Plg'm i nside the sanple is assuned
or nideEndble medinmingdnibe smnple Brassunsdion mofldedrad lmmdgaseous,
Geen'.s function is a sjnplified. approxi.nmat.ion in
ok P it B e PPl iR B s oyt
srfideaf e safbpRyik Geedibialylae d phabtiatahedbrivhted @erpandibd)ar to

onnecting a vol une el enent cent eé?aﬁegd a surf

GEMeCtln R VOIHYE BSOSty Ansi R SHE eTggftf Ela%ﬁ}%foq Jeasity

2B lsiifice 3d the ehgfﬁcqnsoﬁ@fon%mdﬁt SSENE 58 defhi Bnfinite slab using
sem-infinite slab using the partial-current boundary

thepretialicument Sowedary eoadision. Binenthe solgHen isgnlyiafenstion obthe
e BrRbAIE OIRRWSERCL RN, R L AAGERPs fanction
cembeedlailadetl foorll phits gf ablusieslenvantsiamg sedfanewnitiseswith minimal

u e rtices wwth mniml conputational expense.
°§‘€5‘5f§§?¥a¥g’m€ﬁs§ar rel ati onshi p between the source

st r efgittha liscae setdtionsblip hetwednahe sdurceaength éh qabbvelnme element
depsi at. each surface e] ement descgrib b Geen's
s e phdiet iy Aok AT CEHE! deg T PHE Grean SURFIEL
18 Rt defiFit 40 SheFDIVuERd MRSt iy bB Spribxiafed b ehe sum of the

contributions fromall_ the volunme elenents: P} G jsi
coufyibusipng el the velnwe glefeaiiuner at es the vol une

el ement. Si ig, the value of the strength of the
poi nlpigmi%i(pho@)ns/ see) inside the ith vol ume
el ement .

where the index i enumerates the volume elements and S; is the value of the strength
of the point source (photons/sec) inside the ith volume element. '

Light transport in turbid media such as tissue is dominated by scattering and is
essentially diffusive in nature. The condition for diffusive transport is that the
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é)&) subject to the boundary condition inposed by the
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*pagecrt -Y e samﬁﬁ)e For a sanple nodel ed as 10
apprOX| mat e sol ution for the
‘g)%%ﬁﬂgle@ﬁh%mgﬁs B pl anar approxi mation at the
ﬁurface boundar){ FIG 3B illustrates a schematic
|Tﬂra‘m_8‘ﬁovm n this planar approxi mati on. A plane
bo Hér)}lsél 2 is drawn through the center of the jth
surf ﬁu?‘lza%g BIY Greet?s A &%@go]ﬁtﬁntttbﬁg (Bj ] ect to the

connectlng t’he” poi nt "source at xi and the surface
tmuadwmcomhhonﬁmppsedﬁh&qﬂwh@ﬂpfdb&w ifor & lsample moedeled as

@Bﬁ}[g?ﬁ(eiggatg rlﬁge ;?plp}c ate Isclﬂ%ﬁo ﬁrof' gsge% fﬁhgﬁqn}%%r acﬁanaﬁt
dpproniheation asilbjsmEice bouddasy. partial current boundary _
Cr oa bt Thh tapyescachimac petonh Aeniins WA AIERIF SPOPHERIE:
R ELREHEInAy AN 2 b Re ﬂk@fg@ tROSNES b A #th RerfsRWlaRngt  Xi
and the surface elenment at xi. Specitically, the

nseendigilyr todhriine copngelng theppint peigce 3 xpamddhgsuzfaceelemeny at
1@."1‘?:5 ‘gvh&‘aﬂ QekRfY i in @k gﬁﬁ%&%ﬁbﬂﬂ&aﬁhh@ﬁ& %Ih@(;h f e lib@mt source

oundary may chan each surface el enent.
abkriphisemiethiigitesab defingdby fhsrpldns bohedapn subyeat tcalhe B%ﬂtl@]t i on
Bk} B! s chnS Sk B 0 B LAl
a snfﬂﬂp planar boundsfy B(lented Iidm)elﬁiﬁb(l:[ai tcf the ]ﬁnd.c)an@actﬁg lt'her solrcZ bt

the f t
o RRE st Sleteuit & Spieiliéatly; FSbobabTiRuithR s e so
tBdake dieplhnd thunddy, aithedgh the prientation of the boundary may change

for each surface element.
This simplified Green’s function is the analytical solution for a point source in

the semi-infinite slab using the partial-current boundary condition:

L jexp(ienty)
1 27D

ZI exp(ty / 2p ) B[ (Regr +— )ru]} (7)
L b

Here 1 = |xj — Xy , B is the first order exponential integral and

Megr =[3pa(a+0g)l  8)

z,=220% ()
c 1- Reﬁ'

In the simplified model just described, the simplified Green’s function

depends only on the distance between the volume element and the surface. It is not
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In the sinplified nodel just described, the sinplified
Green's function depends only on the distance between
the volune el enment and the surface. It is not 21 WD
2004/ 008123 PCT/ US2003/ 022273 necessary to use an
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to define the Green s function. The present invention
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Topplsthe grermal vodungy demenss (Sdak tYlews specifnallyrgivendhe mptlehng
Rd Ve URE 8 ohRuch Aéft'ééhn%cglex 941 Eys?éi‘ﬁﬁfl ?P#;I afhiti

el'ement pair, in or d ystem o
thqudniedhﬂspl(om dendity af ke shifac to $Iteespumé di:stnbuhon inside the

reconstructi t hod i | ve ear te
SpPR This S B GREDS Siehiod B fiGedtl mpt PERplua Y Birery
\IDQJIEEQeIeIﬁé)t ~ sErifAt@ @lethehSpair, in order to obtain the system of linear
equations (Eq. 4). The final step of the reconstruction method is to solve the linear

4
=

system, Eq. (4), for the source strengths S;. Referring back to Eq. (4), since (1 is

known, and Gj can be determined as described above, the reconstruction techniques
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known, and G| can be determ ned as descri bed above,
the reconstruction techni ques 22 WO 2004/ 008123

PCT/ US2003/ 022273 then solve for Si. Typically, there
is no exact solution to the linear system because the
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photon density at each surface elenent: ~GjS,] <Pi
(12) The cbst fancdips ds fubgece tomed omante, linear aypstrainten A Gistifuiable
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<R ar Rt Bt 1) st Pt S EOTETY AR (1) ane
(12).3@2{9 Prgepss flow 540 then solves for the current
opti mal solution in the set of solutions (550). The
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3

squa riteria nay be used: | pi --1GjSi 12 i P
(13)
In a specific embodiment, an optimum solution for source strengths S; is

found by maximizing the cost fiunction (10) subject to constraints (11) and (12).
Process flow 540 then solves for the current optimal solution in the set of
solutions (550). The optimization problem described above may be solved using
linear analysis techniques. One particularly efficient technique is the SIMPLEX
method.
The solution guality may be assessed (552). In one embodiment, the
assessment measures the difference between the observed photon density and the

calculated photon density. For example, a “chi squared™ criteria may be used:

2
p;— 2. GiS;
i

3=yt

j Pj

(13)
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representation (lo
the quality of the current solutlon is assessed (552). In a specific embodiment, the

iteration continues until further refinement produces no significant decrease in the
value of x 2.
An additional iterative improvement may be obtained by varying the number

of surface elements, Ng, used in obtaining the three-dimensional representation (loop
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Figures SE and 5F represent reconstruction results for one point-like light

ﬂ

source within a phantom mouse (e.g., rubber mouse having an embedded fiber optic).
Figure 5E illustrates the reconstructed source distribution within phantom mouse
7022 and 702b at two different angles. The surface shown represents the contour of
the isosurface at half the maximum source strength. Figure 5F shows images of the
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The first Green’s function, G5, describes the transport of excitation light from the
excitation source at the surface of the sample to the i volume element. The second

. .th
Green’s function, Gy, describes the transport of the fluorescent light from the i’
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For example, if the dynamic range of the camera is 1000 and the peak intensity in the

image is Ip, than a suitable value for the threshold may be 1p/500. Only the regions of
the image fhat are above the threshold are mapped onto the sample; and those regions
below the threshold are not used. As a result, there will be regions of the sample

surface that are empty after mapping is completed, that is, that have no photon density
27
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It should be borne in mind that although computer system 350 is discussed in
some detail herein to facilitate discussion, the invention may be practiced using a
variety of suitable computer-implemented techniques. In general, any suitable
computer system may be employed for obtaining a three-dimensional representation
of a light source located iﬁside a sample. Further, the inventive reconstruction
techniques disclosed herein may be implemented via a computer network, such as a

local area network (LAN), wide area network (WAN) or a global computer network
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of a light source |ocated inside a sanple. Further,
the inventive reconstruction techniques disclosed
herein may be inplenmented via a conputer network, such
as a local area network (LAN), wi de area netmork
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73 What is clainmed is: 1. A nethod for

d%?y E&ggégat ree-di nensi onal representation of. a
light source distribution |ocated inside a sanple,
t he met hod conprising: providing surface |ight inmage
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sanple originating fromthe |ight source distribution
| ocated inside the sanple; and reconstructing a
t hree- di nensi onal representation of the |ight source
distribution internal to the sanple based on the
surface light em ssion data. 2. The nethod of claim1l
further conprising obtaining a topographical surface
representation of the sanple. 10 3. The nethod of
claim2 farther conprising dividing the topographica
surface representation into a set of surface
el ements. 4. The nmethod of claim3 wherein each
surface elenment is approximted as planar. 5. The
nmet hod of clainms 3 or 4 further conprising creating a
set of volume elenents within the sanple. 15 6. The
met hod of claim5 wherein each volune elenment is
nodel ed to contain a point light source at its
center.
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7. The method of claim®6 wherein the three-dinensional
representation of the 1light source distributionis
approxi mated by a set of point Iight sources. 8. The
met hod of any of clains 5-7 further conpris
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i;émtﬂéiﬁsd{ﬁééwdscﬁnteany of cl ai nms 10-13 further
conprlsmglnc ding a wei a.ct rint
Fomet e el St G b St irpraops e gien{jfion St the
gi. UbheB distrMutib R afaﬁiﬁﬁﬁmedlbya@&wpaﬁht ]ﬁ@ﬂécﬁ@@@t atl on of
e source distribution. 15. The nethod of any

& ai n¥hermethad p{pny Réelaimsiipt WMW‘?@B@W‘WM%W%‘F
Lﬁl(ige &Atffﬁ?ﬁ;é}h%tc}nodeﬁglggﬂﬁ EnsteRd mﬁ’facé@f ML LpRRefor the

représentation 10 of the source
@i st r ﬁ‘b&nnmhud ofldaim Brweharen thotk io# lingwy reddtion baiwesn He light

g e B SR s R

Qisﬁﬁ&nrstﬁacetdlbxmnuduce a set of solutions for the

t hree- di nepnsj opal repre ion of. .th our

APy r TeEBRd Shepy of SR BT A SRrprighe dr St Gstfunotion
b 4 S be é&%‘@ fob ebtaiRigH sghufién o helthree dimehbional representation
di mensi onal representation of the |ight source

of te ligksoven disyibeiigne ul at i ng the surface |ight
\MT SSirRNyEMbd 688 4m \*ﬁ&éﬁf‘th@@gst SRl 15 ?Qat@d f%cﬁs‘dﬂcﬁ‘@ource

ch mnimzes a erence between a cal cul ated and
weagths dot @chpcamsom wdheyample, and the constraints include the following

conditions: (i) that the source strengths be positive definite and (ii) that thg resulting

photon density at the object surface produced by the distribution of point sources be
everywhere less than the measured surface photon density.
12.  The method of claim 11 wherein obtaining the three-dimensional

representation maximizes the cost function subject to the constraints.
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18. The nmethod of clains 16 or 17 wherein the varying
t he nunber of volune elenents and varying the
configuration of volunme elenents both conprise
ada&tlve 20 neshing. 19. The nethod of claim]l

8124 the adaptive neshing increases thé’cﬁﬂﬁﬁ@r"m@?n
vol ums eI ements used to describe the three-di nensi onal

(? p r ]‘.; 2&15% g&?ﬁ wher gt eecoslzfﬁnctfgﬂ gndrﬁ}nFﬁ’gntgf

Ive ms renoves vol une

atd d@b@!ﬁ&ﬁﬁﬁdﬁﬁiﬁbﬂ@ b;rersgstbm ofi hn@.nequatmm,tandrago]huomﬂ)r thehe
met hod of any of cl aln'f 5-20 n the[_l)tracp Hport of
thyegiimepsiomalyepigesntaigh B the Fougey st %’ﬁ‘% AREs B nt

$mﬂﬁg@m§urface el ement is descrl bed by a Geen's
unction. 22 The nmethod of claim 21 wherein the
13 eerffhs niethediof ony ¢fslans 19réd fudercogprigig Bisuding apvyrighting

tla A ﬂgébcfog G3n ik Bl 8 Wdded %se?@@%ﬁm%%f‘&e fhree-

anar oun ary per pen |cu ar- tot l'i ne connecti ng
dﬂmensmiaLuatpremnmuambfthmwasmbMEe el ement. 23. The

th of .cl.ai.ns ein_th
(" DOl laobl T s AR LIRSS Qrbing DS ol il
PR 9EchesIo PrelilséP RO ORBasForthe ihifdeadinmehdiael wpressmyatiof
clains 21-23 wherein the Geen's function is defined

Qfﬁheaﬁouicémwfhbl e. 25. The method of any of clains

3111\’%/@;%% : fﬁk&ﬁﬁ’éé 1 %Eﬁig'@b@ﬂ th
USI ng nted%agﬁoﬁﬁluﬁggiq?ons or I:I tge ment a) ©

mothet ofwphings elgnerts endipithripnbeuralinp o volumgielpmentsyig produce a
S\gp gﬁsu od16r ‘I-h %lée'l‘ fSnal {eQéﬁ%bé Sf'th%ource d11]tnbut10n

nescen [ uor esce em SsSi on. e net hO
of ar‘[l;hemfﬁeﬂﬁddaxfmy df-cRmE G416 tﬁmthecmnmnsmgmghmppigyhm@m-

Snesspoelrsirenpatioy pFies hoyRE e iy SRR RSy P

light ahRdoh for eAd sBfutibghdlseleparka sofuiemshicy ninindies ashffdraice
Ilght | ge data and the dynami c range in the surface

dad measpred syface GIMSSION: of ¢l ai m 28 wher ei n
fé“e nﬁie%%ﬂ{darc&% dfgl.. d ¢t 17REROE 9 ﬂmﬁmlber Y

I'n the surface ght image data divided by dynanjc
elemapis dnd vatyéngsthe m@guqaufgqﬂf volumegdeneaisd oﬂ&%’nwse afpgtive
ﬂ@sth%fés of claim 27 wherein the surface representation
'S ided into a set of surface elenents and all

Bur f dite nedfledefckith 48 mhgremam abeptivsmesbingringedsesihe pamber of

éw;??@e‘t?g{é%“ﬁﬁﬁ b e TS et tond 1 R0 B e
t

20.  The method of claim 19 wherein the adaptive meshing removes volume

e

elements having zero light source strength.

21.  The method of any of claims 5-20 wherein the transport of light within the
sample from a given volume element to a given surface element is described by a
Green’s function.

22 The method of claim 21 wherein the Green’s function is defined as a solution
for light diffuision in a homogenous half space having a planar boundary perpendicular
to the line connecting the volume element and the surface element.

23.  The method of claims 21 or 22 wherein the sample interior is approximated to

be inhomogeneous.
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source emts light that passes through animal tissue.
20 32. The method of claim 31 wherein the aninmal
tissue is approxinated to be honpbgenous. 33. The

met hod of any of clains 1-32 wherein the sar}pl e has a

Ajsap22273
1-33 further conprising producing nultiple possible

t hr ee- di nensj qgnal re ations, of. theali :
R S b e R N e
bbeh taBRUr ce obtained is the representation that best
fits the neasured surface Ii%ht, itﬁrer;ge dat.a. .35. ;rlhnﬁtd
Pt hoBiognetariolary el dime o2y heigin e iees fgHictr g calat
Phtlifte Ciflo SRREnAR Fhic M@k Laabiuged 1 n an | mgi ng
chatmer coupled to a camera configuréed to capture an
2678 eltefmdthel cfanpbisclams 126 vdersigehe Bght 3gureeris sompisd ot of
claim34 father copprising: nmoving the stage to a
?IPﬁ‘Q?neﬁ‘E‘?Q{?’? TEF Sgl’l'!r’r%gi ng chanber; and capturin
27.1 | e théREIEFSBY offlaiink ¢-26 dnHeecdmmrisinghapplyingsinoise threshold
Eositi on using the canera. 33 WO 2004/008123

diw wkzer)ighd 1828994187 The met hod of clai m 35 wherein

3d1€ TieShethSPHRIBRDT wWheeRTRE héi®d@thol is relaredame of the

I'mage, a structured |ight inmage, and a %hnoto a&l&c Jioht
peak grdensBBin thinarfree hgt imaccdptaiand the dyramin EAnee BiHE Tfafglish
m)vie[iga_t he stage to one or nore other positions in the

grng chanber, 5 wherein the other (g_ositi ons_ have
29.f f eTtenhethmtpfetin @B atherin thonaise thseshpldig relpfed tpdbeperked

W th the canera.than t fl 1 Lo & '
R R R e e T
ﬁg@&ﬁ&tg_ns usibng t he Cﬁmara.f39. The nethod of claim
38 er ei n. obt ai ni e,surface representati.o

80y Thscmethof ¥isiarg 2 WHSUREpAFEe FEBrELERe A BReb Rt
SANRLE 358k HA oA kb dleRdnts hivily susfaécentissidntsbidy thia noise
or nore structured light imges. 40. The nethod of

theshold 30 roeyedi n the surface light imge data is
%ﬁ.t al ’ﬁ?eqn%ocg%n%gr 138 -5 WileRli R Bk sHaME isemGintiSal addthé light

i magi ng syste or obtaining a three-dimensional
sepeamdsiight that pafsesthtqugh animgdiseise | ocat ed i nside a

o e oo Suicy O TP G s fifokiFRR Robe

B@Mbdettousand conprising: a canera nmount configured to

B SRS R TR 45 ARR R RE A3 bountry

34.  The method of any of claims 1-33 further comprising producing multiple

possible three-dimensional representations of the light source and the three-
dimensional representation of the light source obtained is the representation that best
fits the measured surface light image data.
35.  The method of any of claims 1-35 further comprising placing the sample on a
stage included in an imaging chamber coupled to a camera configured to capture an
image of the sample on the stage.
36.  The method of claim 34 further comprising:

moving the stage to a first position in the imaging chamber; and

capturing a first image set of the sample from the first position using the

camera.
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configured to support the sanple within the interior
cavity, the stage being coupled wth the transport
nmechani sm for novenent of the sanple to one of a
plurality of positions in the interior cavity; a
p03/022273

emtted froma 25 surface of the sanple to the

caner,g; and ocessor desi nfLLgH 0
§F ovi e refiadheBlot 55 Al ARRet sl BUBHABEL?,
uhdBsd e Sintigt farRctaled libkt imagephrel optiopighahictigage: om t he

i ght source distribution |ocated inside the sanple

i g '

3% obTheimethod ofclaim dft fEthst OPSIP&pr esent ation of the

i nterpal: | j ' ' ; tch@nber,
IH(‘?\LI.Pé gl% ?ﬁg@ﬂ%ﬁ? br Jﬂbl%togigpgﬂzsitﬁ_fli% RapSEhagihg er.

surface mage dat a. he system of claim
Whereih dhecither phetigns eves differentangles rlative thfixeg slaben gsgociated
buyi L.d a tapogyaphical: surface representation of the
%ﬁh}egmﬁxgrgg!gangﬁe @@Hrlﬁoc ﬁﬁ’g%&l i ght data received by the
caner@ptufidg a dticiabinee edis afltizd sample ooy the dthahpasiions wdies
transport mechanismis capable of noving the stage in
thREBEAensi ons. 34 WD 2004/ 008123 PCT/ US2003/ 022273

#ﬁ‘l THE mdBSESP Phim 38 Ywhefeircdbedifihg &&s&&”ad&iﬁp_’r&deﬂtaﬁhﬁ
I'ght transport device rotates about a fixed axis.

asprishebw e iappeaplic stpreprintian of thesgmplghasrdon siructured
{i@n%gfaitk&&[eﬁ ir? e 5t 'hidrE giﬁlc'ttﬂ&i g HhsgRs, configured to
S I g

ansm ructure t onto the sanple. 5 46. The
89St eThenhethodofivladb 3dtwhersinthe fsfase kight inags dataiigphiaingh At eue
transmt.s gruﬁ&tured light onto a mrror before the
SRIPRFE LB P2 P Eaches the sanmpl e. 47. The system of
any of clains 41-46, wherein the light source is

40, ANB SRS ST BB LT BHBG i inpof £l
teRdaRlaedTRMd B, 40 iRs@e Hirsinpighg:ons provi ded
via the conputer readable nedium the program . d

i nst r ucimaging chanisr havmgy sebelotadls PH%?%HWE’HH EPLFRY G A

F&B rasg%ai ning a three-dinensional representation of a
[ g?ﬂf ource distribution |ocated inside a sanple, the

r econst r uct ¢aprera inpistt corfiguesd $0 pPAEBREABE2Dr ovi di ng
surface light i i Ikt Rsbhbki A a sta
e A b

surface of: the |ight
s@ifictrd & SippobtHeisanple odthingle intesiotieavith dhelBagedepizesonpled

btaj m t hr.ee di . :
iy ke EodpabegRgEm Bue b pheb e bR 3P a Bttt
?gﬂ@g&s?ﬁ%-iméﬁerc_’é{ﬂi@;corfp%ef EJ!rogr am pr od.uctI of cl aithm
urther conprising instrugtions for .. djsplayin e
t hr ee- di neﬁﬁgl{irpﬁ'ﬂlsﬂogg‘i“’é’ @ﬁ%?qrwla’t“ﬁélgﬁé ﬂﬁ‘#eigﬁ&@e
' &c@iopﬂ%is&ﬂplgg@%hemﬁeﬁ%ﬁmer program product of
or

clains urther conprising | .
a processor designed or configured to provide surface light image data

from light emitted from the surface of the sample originating from the light source
distribution located inside the sample to obtain a three-dimensional representation of
the internal light soixrce distribution based on the surface light image data.

42.  The system of claim 41 wherein the processor is further configured to build a
topographical surface representation of the sample based on structured light data
received by the camera.

43.  The system of claims 41 or 42 wherein the transport mechanism is capable of

moving the stage in two dimensions.
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20 instructions for mapping light image data received
by a canera onto a surface representation of the
sanpl e. 51. The conputer program product of claim50

further conprising instructions for dividin
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52. The conputer program product of any of clains

48-51 V\/nerelnthel 5 i
i of e EER AT 0T B AL SR 18 B AR e Rltes
about a fixed axis.

45.  The system of any of claims 41-44 further comprising a structured light source
configured to transmit structured light onto the sample.

46.  The system of claim 45 wherein the structured light source transmits structured
light onto a mirror before the structured light reaches the sample.

47.  'The system of any of claims 41-46, wherein the light source is comprised of
bioluminescent or fluorescent emission.

48. A computer program product comprising a computer readable medium and-
program instructions provided via the computer readable medium, the program
instructions comprising reconstruction instructions for obtaining a three-dimensional
representation of a light source distribution located inside a sample, the reconstruction
instructions capable of providing surface light image data from light emitted from a
surface of the sample originating from the light source distribution located inside the
sample and obtaining a three-dimensional representation of the light source
distribution based on the surface light image data.

49.  The computer program product of claim 48 further comprising instructions for
displaying the three-dimensional representation of the light source distribution.

50.  The computer program product of claims 48 or 49 further comprising
instructions for mapping light image data received by a camera onto 2 surface
representation of the sample. |

51.  The compuicr program product of claim 50 further comprising ins'rructions for
dividing the surface representation into a set of surface elements.

52.  The computer program product of any of claims 48-51 wherein the light source

is comprised of bioluminescent or fluorescent emission.
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