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generally to imaging with light. In particular, the
present invention relates to systens and net hods for
obtai ning a three- dinensional representation of a

| i gIMEEABODCANG APPARATEHRIFOR WDIMAGINGIPF INEEBN AL LIGHT
turbid sanple, which is ps@UREHSarly useful in

bi omedi cal imagi ng and research applications.
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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 directly 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 i maging work published to date
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In 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 apparatus
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representation of a light source located inside a sample in accordance with one

embodiment of the invention.

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 accotrdance 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.
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degrees, 90 degrees, 180 degrees, and 270 degrees.

FIG 2D _shows the configuration of the structured .
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illustrates an exenplary conputer System ccor dance
wobtainonegBy datdindicoendancefwittheneprmatselimentrof ¢t present invention.

DETAI L | PTION OF T PREFERRED ENMBODI MENTS
Che. f oFFoW NSRS FBIPeaBLIPY B BREHe EHE B of FIG. 14 1
| oM@ JuPfice THPBBIPRY datd REAICHIanSSRAR bAE BhBo&hRn St the gl}gesent

forth in order to provide a thorough understanding
41mvention.

FIG. 5D illustrates a process flow for converting surface 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-like light
source within a phantom mouse (e.g., plastic mouse having an embedded fiber optic).

FIG. 6 illustrates an exemplary computer 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
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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 intensity 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 optionally be cooled by a suitable

5



5 WO 2004/ 008123 PCT/ US2003/ 022273 source such as a
refrigeration device 22 that cycles a cryogenic fluid

wo booaagf123 he canera via conduits 24. An i magePCT/US2003/022273

10

15

20

25

30

processing unit 26 optionally interfaces between
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mani pulation’as descri bé Stein. For exanpl’e;
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a_3D representation of a lii%:%t sour.c usi ng |ight
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{ ' the i [ . ity. Th DLli t
c SRR RIBE ISR AB it Gt Biioi o5 EREIb SR BEtsH e Bl computer
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the other conponents of the imaging system 10 to form
ausing hightdrisgon eeaseements om thaptirdaemif atsiople. (theddton, the

light reconstruction techni que i scussed 30 further
oERBRP PR PR b Eop i E EIB R ] 5EEE foamaay e 2D
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imaging system 10 to form a stand alone device.

In one implementation, the 3D light reconstruction techniques discussed
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, it is

desirable for the camera to remain fixed, because the various cables and supply lines
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A insarais st S SptcimEd e P et Hiypi, Tyih{ fustratea
C pbdinenkd, Y saffpRis iR e® 8AR |h%r1§619£‘1‘ tHAREH RS pYaltfdi\ﬁl tBfotates in
direct the captured I'ight towards a canera

i ﬁa@un@rlonwtm nyrenhat @rasmbenty korizoatpd atyp:émas 86 2§ @ capture

SYERERSH AL el B S B SRR s

Ilc@[hbraqmﬁﬁam sanple 106 and a transport nechani sm
202 to nove the stage. A light transport device 120 is

| ncl ude shewaol meveabll gnage mmmsné dispesstl én the iptesior cavity of

e I S of
PRt B30 A0 e ket i DS SRS R el sampre
f ab6and a kiagdportiedhanism2B2ao aesvertad stygd. ef hgmttsar@ﬁért device 120 is
li.ght_ trans go @ devi ce 120 as heam 252b.  The ||

ht
t Pghadsdte © ghtffora dhessamplesatisrREorLRPSitihst hzt%zbllustrated

O RIS 1230028 U LSRR e oo

c drEn dSZ@g«fﬂémﬂy refl§cts bff lighetramspbe devital 2as bda'ngIﬂQb The light

trans devjce 120 i gle mrror

¢ HESHOBrdeutob Sep g s FoBiet Ghs S (BroHh Bt dgs ambilrough

t Pty 1 r I t I
NRYGH (RRE By E: 1ﬁud il bgré’@étéct&%“m t.%e?a@%g?@}a 20 (FIG.

cyllndrlcal and i ture 122 t
Id@ht to pass fromthe sanple 106 on stage 204 via

15" of T paniaRanfh EACE85qs godve FFlinglyd & antfed mirror

r @31 ehsdleflec@BNight foth€Edlle wéttmtsﬁég@tommrap%auﬂéqtzz Outer
directly associated wth the current view ng

sw&el 230s mm@m exdindricalgnil érpdudes apertusg ézz ﬁlap mbiemugiat to
uri.n rror 121
Bros T e PRI T e AU i e 1P 15202416 2B)
t mtatmlelzss()fmg@t trh@ped device Y20 hIoY pravests késiiial BEIAYA interior

the stationary axis of the light transport device 120,
0GR Qfphpmber 12 not directly associated with the current viewing angle of stage

204 from reaching lens 262. This is partially performed by configuring mirror 121 to
be sufficiently long to span the length of stage 204. As the stage is positioned at
various positions about the stationary axis of the light transport device 120, outer wall
123 and mirror 121 cooperate to éollect light primarily from the angular direction of

stage 204 which is then reflected towards lens 262.
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123 and mrror 121 cooperate to collect |ight

primarily fromthe angular direction of stage 204
wabiogioosigd t hen refl ected towards | ens 262. 7 V¥LT/US2003/022273

2004/ 008123 PCT/ US2003/ 022273 In the illustrated

enbodi ment, |ight transport device 120 is rotably
coupl edn th ilhsirased embodiment; bglettt@@smmﬁvu@ mxemtd)ly soupled to

et 8 4 P06 AR, 00l AR e

Stapgz&aﬁ?r@{ls dapaisle MEWH; eegr&&sﬁif fbdém e posdidd the @fage 204 (and sample
positions relative to the light transport device 120

s éOé)sattad)hsrabalqumogtronarﬁlatrvredmlm light rapsposidgeise 420 spas to
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ofof t]rhﬂam@lepl Bhe moveabla:rstag@ m,ppftrbmﬁ abcﬁws ﬁmn‘b@eaﬁ Iﬁidulsfaﬁﬂ)lé;)or
fferent, views, and, positions

wiPOHIaRS e éeq 31'%&1)‘&1#‘:9%% C%l?rﬁér@m @éfﬁrs-‘élr Viewsi #glespand
g%%&ﬂ%ﬁ‘s WithiahBe gechaﬁﬁJef“{xz'ltHSutt gpésnﬁm Sgatﬂg p&%ﬂr e dFlife sample

hows four different exanp It1on st age
1®ela‘re‘r@m|th@sta@ 20He HIGg RC showsrﬁpmﬂtffaﬂemlexamplbmmloﬁs of the stage

10 O 0 R A 90 oS o e s, nd

sgngg@ edqunber, type, and arrangement of conponents
for achieving multiple positioning and view ng of the
S anpl e Theavaiable stagh adparetus sayfbeformed ﬁrcphemy smWabﬂamgnbﬂ; type,

bed 15 t e referenc
SR el SR PRkt B hled e Bl apaiaiing v pigwing of the
rr@mpree Sst@geemiBiRALRE uﬁa ﬁmﬁpleméw iBLd}8RMMs are described in
mechani sms_ f or sensi ng gosrtlon of the sanple to be
8

15 dherbione saferspepdeanatend amdl e by Nelser @t@édareé@aldy, the movable stage
d%ﬁﬁaﬁﬁtﬁg glsg) il 1&% agn%l Jl\ﬁ]\{ecﬂa?lhs%bgfoF @rﬁﬂ? gr' pQ)tsft]]pn of t}% sample to be

ce IS provi

aasmmlsubsbaﬁel(t riata aBywi)prdc@dinel biddaatised ﬂﬁﬁhéﬁd‘@dﬂﬁ or
specimen in the_imging 20 chanber 12. The lig .

sour ce age %b%ﬁﬁn‘h @réltgéi spurqe) i prowided vigin fhed@ﬁ@hoﬁ pirror

SRS, G OBARIE TRES B, . s

20
o the syste reconstructing.a surface
E% Faphiy 1’6‘@%%%%%5‘? © andyis furgedh affayhen apluppA upingspence
tli}ga e85 imagi ng system preferably includes a mechani sm
for prOJ ecting a grid of lines onto the sanple froman
angl e, Aestglcturéd hghtZUummaBﬁ ivpgfeeady fntegrated inta Ithe shktem for

D etpitieting & SpuRieiape SR St B B Sthetad Fmpjementation, the
25 O Iﬁhﬁéihg sydtdrh pféféFaBl? 1ﬁ‘<ﬁh&é§ta mé&'aﬂi@m%f‘ﬁﬁ%ﬁ’@chﬁ@ @lgrid of lines onto

uations for strucCtured |ight anal ysis, surface
bhijoananglss e.gh drognhtos3bdagreess tﬁsonemmraé §h|¢ g1a¢ ef lines

c erm t he shi f
R B RS A ATl P PR st P B on obiec
s withafifite Hefht. UURIngREn Peitibh&l e§lLZtfons Bt stiubRLedSIPRS ahdlydis) the
the range of 0.5 to 2 lines per mn may be
surface topography data for the sample over its entire surface can be determined from
30 the phase shift of the lines. The line 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

st;hamfbarrléd Thie gight sdukeenmapbocontsupusty fluatihyted oit fgshad edcapture



suitable for a nouse sanple. C oser |ine spacing
provi des hi gher resolution, but the Ilines are nore

walkdoftioas1ks to track on rough surfaces such as POF/USHN®022273
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surface 8 WD 2004/ 008123 PCT/ US2003/ 022273 t opogr aphy
data is used to build a 3D representati on according to

t AePasaaryidgiads usedde build adDheeprsaentatiop accergingsto the teshrigyes
OBl NN 15 S BRI 0 RS
as t he Inatspedificieabodiinght, asonisle ohled ptdje@ionasemé fsised as the

rulin g}% be illumpated by a diffuse LED 5 source
e A Fryees 1B opteoflectlins AY Be LETAEARY st e LED
Wighlicd a RREHRI{iTif st ﬁBj;@f%%ﬁ tﬁéaﬁhyat1 &(nag%gﬁlﬂsa%g%@mg@mm of

of thl_s systemas I ncorporated I n syste
i Applogm&fly 1Mke Amr ojappleoof thisdudtem b thoorpbestedim $yseenb it ks shown

f. tati . m bl 0, that |] )
e PR 8 Phe Bicthasmond B Al bk i Yoo
anRSefbly T9E sb ki a4k ARvARR Ifcﬁ%c?ed &n ﬂfe?’flﬁ 186 at all viewing

horizontallf/ and reflects off a sm O mrror 173

atanglhe Basidlupfination fatieryas projectidriwprizontally andraflectsmiffiel 2esmall

T prrehenn
Cor por &t Bn @hagdhh @Rt adescrbddneuiofeshd Bt FRAY. %R-ZD is available

illustrate one systemfor obtaining data from

o} Xpeogsestarpeatone! Alimsda a6 Althbagh Fis: dAc2pniliustrate one

<y et g B b Lin pdRlio BRI Mtyiiyfig gumere

s anpthe preseuetfinestion i@uaTRINiA t6 WiRjhecdystenl. ght travel i ng
froma _ _|ight source inside the sanple and emtted

f Pom t C is scattered in the sanple
interi . £ he rgga! ' g%) . . SN .

pr opagglt; F{gﬁy?lﬁplcgt%%lp ?% e s%strr%ﬁ%e [ sahg#? ‘lf‘bdéﬁqsltégﬂlt r?%ﬁéalfntﬁféom a
( Hght sodAk.inAde thesampiphinddnfifiets@omtthe sungile bii€aceasnattered in the

20 sone of. the | jght is _absorbed, but_ a fractjon of
t FRDPIeGHEriPT vl F’ﬁémé%lﬁlﬁ?@s e%f%fta%tél.ght Ppiepagation thpugh the

| isgibiefis @iy %&rﬁsﬁre}gggg. ng e A fveS BEGUJH B sidiple,

units of r algléance,
plomon§thedight istabstrbedy diuba fradtivm afithgligly reackeetine sample surface.

descri bed herein..i.s calibrated to report surface .
't ens RSO GHPRS P £ semeln e eor e SRR Bor B et of
C 2qiiarke6, defindll ﬁéjpﬁ&pﬁﬁ&c}%ﬂ?k%ﬁacﬁlﬁﬂ Slé %&imﬁ%ﬁ%ﬂs’y@éﬁ%s&ﬁ@ed herein

sanpl e surface, using a nodel for p
p isogsdibratedoe report $reface ensityiin unitst afiridiemce. The spHateamadiance can

densi,t.y L ust inside t. . th be rel at
e e R b TR gt
t BRotos pRIYagatitsl A ghedtiBué-bid $terTao¥D dBle phdto YendiRGub RS8O the
invention relates the surface radiance of a turbid

s AWpHcE cae thanbsdelatadro die distebuting csf;}@gmtﬁﬁng mportlers inside the
el it et |
vemable Benprtfhigh b PGSR Brosb OB R B g

3Rdigis of & nirbid sathpdd madkutadt weitnad inhd Gl sys@Mt Ethe Sdififibution of
reconstruyction techni ques that  utilize the [ight data
e Hight cBsToD isidedhe sammnle Mors speeificgiby theprssrnt inventigmproduces a

t 8B5S Ration of an internal light source using reconstruction techniques that

utilize the light data emitted from the sample surface. The reconstruction techniques
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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enpl oy an input data set that consists of a) a
t opogr aphi cal surface representation of the sanple,

w@na4io)siaz set of neasurenents (e.g. surface i negEE$200$/022273
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the light radiance over at |east a portion of the
surface. To facilitate processing, the surface 9 WO

2 0ERIPS0tHion nEyhedtydod e surfge cleasntssendtthe ilmnqm%f e sample
nt £ h
ot LR Vb RAE GRRFEL R Sl ahEhee o s i en

t In@dsh.c Ths lightidoarae digtibutonalietis e safpidtis dEhRidell Btelements of the

souf ce ‘gl strlbutlon wWithin the sanple is described by
eI"@h@?‘ﬂ e‘BFnttfﬂ%g -volune el ement nesh. 5 FIG 3A shows

a si mplargi 4 wvé'ﬁtsﬁlﬁ:}lig;%ﬂ éﬁﬁstﬂa 19151 %Q ng 1 accordance with

accordance Wt one ‘e e pr
| ouenmbodimeRt & tha Araestiheontion mm dﬁplayﬁmﬁ&qmﬁ&ﬁ sample

o a2 Bangatessd ¥y Ghimammtas eap LD tSphE CAedmea @p fo light data
MRARtRl. Ahelafift 8F ARFTRRY t19§@%%d'ﬁ’{b?12v g'réﬁlﬁ"b?ir 191@&5‘3 Qauses photon

photon scattering 307 for |ight I ng
| seditering G0 fordphit iwavdiing frdnea dightdoarced 06 tveithin tteasmipke to the

f diff Cf
SPGBt tn sLhen mesE 2 Saees Ti9g PGS
t QEFARIES@ARdels E]ﬁ/c?i?ﬁd R WSl B1vIRi d PG BERQR the 5 ?@oatlon

and brightness of |1 ght source 305 fromone or nore
s Size e triesnefléght F@HCG efromeny oninwne s&;rfatchéOS bmages. For

{jggerrc renr/]eﬁfilencg ntare'@b bgre%@%%iénegggqsﬁ%ﬁ% c{ god as alilgtoaargdeplctlon
usgf,ulia aipplai G8GH BIGOf. the invention is to reconstruct
one or nore _biolum nescent or fluorescent |ight

sour ce$neasefil apnlicakorypithe inygntiemis to rRsougrust phe/pimgore

BT 3% 6 o PSR TS LS B e Bl i

i aniand shigent, suchhee nicags, u@ingeﬁas or hRseigdes ofRSurface light
expression. research, and tOXICO|08§ for exanple. e
pPRssion. ihishrdsgie i oG9 indeqtions diseasgiressarzh, ganmekiprsssion

h ?éjélez.ﬂ'gh %naQHSB)k&%S gz %ﬂé&ﬁ}plé Ugly SCﬂPlIﬁTgljfl Lis %Hfﬂb?ec f'o'r use with

a nou ermi used
s sqrﬁﬂeeha\engm yomplek aurfadehaich@ann ahinkbgd sﬂﬂgs«itr(e Qe&inﬁmef}l Ws the

- BicBils Ep oo, § GRhiet queioa sxm HHaH AL O hesdescribsd soley
rashg h%fﬂg%“ﬁolﬂ%bﬂah@es%ﬁgﬁ&ﬁ THebbdrBtth iR te tﬂxe@%legcpi%ed herein
19

nunber o sour ce the sanple or Si ze
apljtcg ha peticions he temonmesljstandionpsuchsis nher:tumims ofitighttseurces in

é ES sSize 0O sha of t he syrface. ht data
SRR rdBE e SRab S oF Furcuisdmendogentsind opghe blometry,

rrgfgagfrg{apg@hhersq%@esent ation or approxi mation of
actual l1ght within the sanple interior. This may

i ncl uddight data 1@tﬁm@b¢0rﬂls samply sifane gshembnrefersdaotathematical

[ b OSI rce r

PR EhE G e bl s A2 i et (88 s may
sﬁmﬂde ai s8t 6f podiits 3O v Ik e&/@hm c@dhediRicEeritB@ b 3BABkkition and a
vol ume el ement is consjdered to contain a pol nt

source strength. In one embodiment, the present invention divides the sample interior

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

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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l'ight source at its center. A solid nmesh of these
volunme el enents then defines a collection of point
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distribution wthin the sanple. For exanple, a solid

mesh of cubic volune elenents js sujtable. 10.) . )
2004/ OBIL2 MowrussEDBpoRaDY $yliRdrisal aortthasdt fided infg asolid
illustrativ indri ' atg.j M4 ' ;

BB AR ITEA B bbby s

E?L&ht Iégﬂt HBrce BeMES) theaph@ibntesdo theqihotonl deghity 31, ipg et the surface.
314, Si, that contributes to the photon density 316,

pFor acubitheolumefederent repseseriaiomitee VINERE oELSRE may vary

represent ati ' r 1,
Erranl g St IR BRI TRAH SLRE S ARYLR o Soners
sﬁioﬁ@agiﬁg tiRe sotidanysh densigﬁ'm;ﬁmes thd avceay ofithetihternab I11 ght data
nes ensity_inproves the accurac t he, i nternal .
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s @lorehsemadt thiehighttsyurce tcprouisle ameae atiwateireresentation én this region,

provi de a nore accurate representation in this region,:

Lo ke el SOlSmETielogisaes Thaerr WoaF aa st vy Ot i
OGRS & ]glgceagﬁ bk YorPdspbitHied @o driminirAkli Gt Péi@gion).n

areas Lorr spondi ng Po no or mniml |ight

gener atThesjrfadkrepssentaion refepy tedeamsuaface topoeraphy of therspple and

m {:{Zﬁ&iécﬁﬁf g %%{3 plgﬁ(sa Sp%gg\ lﬁ? S%?rﬁ%itn:l%iﬁ%org??lﬁag:gua? Yurface.
?ﬁgﬂgﬁ 184 fefeSentatiiSh S hbEGE U S RB AR sakipls) ané athyrindlude a

e the entire sanple, and may include a_15
p@ottiarnfdhe sdnepls setprant tost pavtienlariplaginggeenagior AV ith Adpase for

' W t f . | . )
 Go Bl et e B APEgIE emr movse

enhiR & dTBdBFortiSHESE tBS taill antl dlistal @ottions of every tieott &hbs,dhelsurface
distal portions of every foot. Thus, the surface le and
r eppresaatationiinmensf terbrasdlyt isfes ioay Sprfage Bertiog OéﬂV sample and not

surface. ti erSa | EHs
e PR Rt e b TR (A0S repRERTA lidk e o
| REdGETa WeBEnt? Br Fgfods shiftaes oaltemenide trat pregiensirape light
interest on the sanple that produce_surface | Iiéi%ht th ;
erpnaigtiomdaiarelated tathe dntergal hghtisoiree. nEeT YsehFRuVERRcs, the suriace
For ' 2@Nsa 310 Aepibti

ot RS asly BRbFB Bl 15 S A RIcp ORI ANkl A AchiBton
depirigtd 6om dercturadight conseticticat taekmliquesght const ruct i on
techni ques. The sanpl e containing the.light . source
conpr i s W eeRIEdhS ]gghté?“rggﬁ%mplﬁﬁsgg}”ib}& tef%l? 781 gome
| el 1 Qfurb Y igtégi%r GARR B @Fess foh volak W db&riot dew unthpeded
al T ow uni npede transport of light. The turbid

i nratspart ofitightc A tirbial iptesioomagsp@priELPteAY, meremirdi g structures,

solids,.liquids, gases, etc. .In enbadi e
S s iy b ataat e Ftasoat e SR Qelod &
r %ﬁ&%‘éﬂ&@lsi Si€h ¥Rk HAVR rEpredERtiive Rolub® dangiten tige sample is
characterized by identical |ight transport properties.

| nelawasterized byidantivelight traspan Peapepics. i apalhiessiodpenisthe
hef a%pqg RIep eSertet” ARIAIEENS gehB5usieh Pl irrsdd Qi rkRitariob YBRme

elements in the sample are characterized by different light transport properties. Ina

mammalian sample such as a mouse for example, the interior may comprise a mixture
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elements in the sanple are characterized by different
light transport properties. In a mnmmalian sanple
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a m xture 11 WD 2004/ 008123 PCT/ US2003/ 022273 of
zsues bones, organs, etc., each of which may be )
FSsues honey ORgAnS Siar ek of Whish may bindygacterized p seraeae light

| Mafl ﬂb@t‘ jesent invention

pr gss nt ﬁg%giﬁ%h&%ggém?%{ﬁ?@{onst ructing a three-

di mensilhegresentightersionpessents séverdl uiidthadsi fof edsd@ﬁbtnlommg a three-
ight 5 em ssion,

b TR Biatal et e dishrtigg supm b ipiz bised g the seace light
Ofendsidic hagifine H&@ﬁbec@iﬂ%@réﬁé}]d&%‘ﬂ%w' gﬁg, aasre?oﬁétgﬁhed light

acqwred e.g., obtained wth a system as descri
abnd/ bimiTibesestinfagesare dipss geapted, exg bhtanmdlwrﬂi a system as described

onst uct e n r ur ed ht al i t.hnms, a
PP chrfaue Ppfetatly alihe kil 1dotonRulsl uedmnsd igh
e ALISEHahEEhd MNirfack hRsh Rt RASLRA] Lethé E\Hfé?:@ €leenfBenumerated
| um nescent inmages, the orientation of the 10 inmaging

s yathethy indegers heUwing ema etthens lahinebesns unetm,ethmmtamdmmfthe

C B hEfe SElhastio B cridniom ot o sht wiucheragiop agmid o) jus
bekpw the @uﬁwefcﬁ Gife Jih%lén?érﬁE%gbé @3’(&1‘3&1&1 %Hytcgg&énﬁ?fy _]dlst

emtted fromthe surface (EqQ
bérklow the seifacsfis vadtedts the dplennensignerbitted divat thestefded (Bq. 1) as

the teri he urface. lLet the v
VB8 e e bIGRE ARbL e Pl Ban B Lonsiae e volume

S @fuéﬁ(ﬁ t6 ttticedi@ifabe.| Det@REVo UMk YIBn Rt LHESHumerited 4 {Vﬁh the mte ers i.

linearly related to the photon density just belowt

sthe sewce siragihinsack velpms eiqmmt,u Sris kisearlsl relaggd to the photon

/AR el IR PRI DR AR e o

fameamqaatfunngE@ Bhs webbedeniled bdowof one or nore
l'ight sources inside a sanple in accordance with one

enbodi AL SAdfllysfrates 2prqse 5P% s obtaiming pAELisysentatipn of
I
CSROLABNEE e Pl ) S0 BB SR A o

| presertriatention, erchsBS’nncarcd@ﬂamtwﬁ}Dthe kp&ﬁsuntanvéd?l@n may include up
ention. Process fl o 500

et ﬁ@/ gl pleRhmet fleeioed of 1 hﬁﬁ?%@ iﬂalteél llnlogqiﬁr r@htogpbscure

efelgr8dnf MQBAtRnSanpl e surface. The reconstruction ’
techni ques enpl oy data that 25 provides information

about Pheegselbore 60§ usk Schmtrpbteomnechmme:sslpmnma]hpulate light data

dlst tion ht em ssion fromthe.s e
‘fﬁ?@g‘é’(’f&ﬁ.sglnn’&;fu{}ﬁ%q TR ITH N DS s@pggﬂo@a that
defcfvﬁfe@ iKBRh&RAMBLI 188 g@xﬁméﬂ“ﬁoﬁﬁ rﬁ;lnle and tﬂ})s Qtlé:l%'isu%ution of

neasurenents (e.g. imges) SI on over
athe|light Pmlfswnrftqnmﬂlecsﬁmpmus@w a’Has n@yrendlmdmmta fhot canprises a) a

e AR ST 858 SRLET SIS R Sl o

eﬂ‘ieﬂfght)émisﬁﬁﬁ@ﬁ’erf 4t Qéhst -Jnﬁoraaﬂrak EheSUF RS OnAdEmbSior thiS@lta
of paraneters that define the spatial relationship

bedripases { e Hufeet eepsgsentetierhdsfingegethe surface of the sample, (2) a set of

light emission images from the sample surface, and (3) a set of parameters that define
the spatial relationship between the sample and each image.
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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Process flow 500 begi ns by obtaining input data (502
and 504) used in the 3D reconstruction techniques.
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12 WD 2004/ 008123 PCT/ US2003/ 022273 surface
representation (502% To facilitate processing, the
s @Flff%f‘@éepféﬁﬁﬂé@@ﬁt(é@ ot Orfaglhtatﬁepr@mssm;jthc NufaceUeprgesatation may

urf a ximatin
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S lsnﬁfme)fmmesimﬂmdﬁw) dedr sxeshpley th stffhce Iﬁéslﬁﬁﬁly\ BE t€ffhed by a set
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At é%’?%g ﬁlz#rﬁléer acspiagy, pf & Ew e dRRRIERIALIPR St Bamved by
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th Ill{eb\eééarrpl gé]f%iﬁn?%(ﬁ)s{}rf%grefl?ﬁn%é% ng system 10, the
surfac @rcbqegshﬂoxe miaysilsorpbdkin aunfa;:edrght amizeidnidata frmg ﬁﬁa sample
c camera 2 The es |nclud a. set
Sl B PRt SeRat Y. g arlfl JER el Cghis Grtirsddn images
Pesftiea 1}/Q{arntel‘he?.(ﬁ UricAffiged McRAE a @BNAFTBMNem MR 18oht

i mages o he sanple are obtained frommultiple views
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Mohrhéral €n tHIREHRS, JaBlY nﬁﬁ%etlﬁkﬁﬂeé diPfefdft Bfo- dﬁﬂéﬂs!dn@ﬂﬂlsw ofthe
data frommultiple an he image data may then b

meypace light Rmb"ﬁipb ﬁtomthg grmplee Mltipleamagesiney be Bkeeto IaFOVlde
cggr&{l ﬁﬁg@%ﬁﬁﬁ%@g%@l g he i mage data i s mani pul ated

accordi ng 'y between the sanple surface

and t h&@he anegeddtenay tiendRmaped Bhekesnt® thel fefacdf the Sdihple.
em ssion intensity (or radiance) at the surface. FIG
ARINCE AFAMCT] RIQEYCRE 2ielafss they imsgs ﬁaﬁa 1§ Banipglatask acrorgingro the

eg@@ﬁ&r 5 eé@ﬁh&%ﬁ?&@%ﬁ%‘gmﬁé @ﬁlftﬁé c@'ﬂ?rg XSER) Ho¥iys Vé\lﬁelgsﬁgf the

enment onship
s lighteen@issibe intertsity O radinmg adié sudamet. an entrance pupi |

406 of e jmagi.ng system The light emtted from
surf ac gigi ‘E‘%‘ré“’rﬂn lﬂB@%‘é{E sdationship fghcaermg D prmsrp datg to
406 rRRataSor ﬁ?%e?gg%x?@ufﬁ%gﬁelﬂ% 403NEIGUA @lixc%ssthS gelationship

em ssion Wt to the surface nornma
Th%nm slanfare cpempnk 4(42}6m3gﬂ)4(@4; dsd an sﬂxadnlce popil do@ofjhe imaging

dSZ ol | ec ht emtted from

Gt adte By aried Botom i oma d02ne et 1Rt Sspte pupil
( AB& et RGcddrdddl 15@1%@%&104 O oS MBRkisi6h Withr&$8ct to the surface
el ement 402) into the solid an | e dS2 subtended by

t hexmani iy Gon d be puatpinice piipil 406 mfbmmaalsmall sakd mt@a dBe Tomgihg

to 30 nvert i dat a .qbt ai ne by the into
¢ Rt i 78 QS BT ed R § Suidase en% Pi@le at an
S W J18 05 (HERNRE With respect to the normal to surface element 402) into the solid

angle dQ subtended by the entrance pupil. This information may then be used to
convert image data obtained by the camera into the surface emission intensity
corresponding to the surface geometry.

Process flow 500 then converts the surface light emission data into light data

internal to the surface to obtain the three-dimensional representation (506). The
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Process flow 500 then converts the surface |ight
em ssion data into |ight data internal to the surface

W0 eooslooseh t he three-di nensional representati orC{/E88)3/022273
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t r ansm K&)) en—coeT (4) coséhd )l er—+-gHtcosdi pi ng (Ihe sanpl e
t hrough the 4Bt ace el e t,21%fg 0 i$ the internal

eni ssi an_angl e hich Is related to the external i )
e:ﬂeé'%icdﬁ ﬂ&nsgﬁ%d @é@gh&ﬁ’r’éé}@%méﬁ’& regraptigp ofihe pample megjugn, T is
02hd #anshRssidHcRAE AR 16 1idRe fe;d]tigg é%%%ﬁ&?ﬁ%h}tﬁ 5\%@% Slement,

reflection coefficient calcu
f andfliatre iRernaRemisEleh fangle2whith tRjelatddioRhe external emission angle 0,

J2si nQcQsQR d0 7V R = j3sin0cos20R(0)dO (3) 1
n%l?}@Bg‘g%"gE%@?"+ 1 ncos0-cos02 2 for 0 < aresin(1/n)
R(0) = .2.:h€0 +CO0S ncosO+cos02 1 for 0 >

ar esi n( léwgn%ﬂlﬁ?us, ?%)g internal reflectivity Reff

dependghe %aﬁaﬁﬂ:tér‘l@%%s e aﬁ&ﬁ%@ﬁft&rﬁﬂ_r@ﬁe&iﬁﬁ codB cTROE 4 ated
underneath a surface elenment. In tissue for exanple,

Rérom the follgwimglfoymulee:t he range of 0.3-0.5. Egs. (1)
and (2) may t@ug ﬁe used to convert surface em ssion
dat a rrq@g[ﬁ; ¢ jeach surface el enment to val ues of

t he phott derRjtWR peneath the surface. As the

T

R, = LizsinecoseR(e)de

T
R;= E 3sinOcos® OR(0)dO

2

2 2
1{ ncos6, —cosO 1{ ncos@-cosb, .
— for 6 < 1/
R(®)= 2(ncos€)2+cos9] [ J orf <arcsin(l/n)

1 for 0> arcsin(l/n)

ncos0+cos0,

Thus, the internal reflectivity Regsdepends on the index of refraction of the
medium underneath a surface element. In tissue for example, Regris 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 density calculated at the jth surface element. Further description

14

€)
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Furt her description 14 WO 2004/008123
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y
comput er 28. | nmagi ng chanber 12 and associ at ed | mage

c HOpUMEE RS dmaging shambardgaand @sfosiatqshiotagg coiphdorenisag then

c [ Preparatio i ncl ude

CIREHER B PHIE AR kO i B LGP kSO ey
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Al angda, CA) on conputer 28 and initializing canera
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S0k, MR LB BTG AN GATLHGE LRy Ty Dot

t hmﬂglmf?n ig theasuiftveire, fwﬂiﬂgm:}ﬁe@ml | %beciﬁ? depth dffthe sample
chanber ., Preparati ogns may. al so .include  focusing.

t 18 3 B & %3{8@@ 1B EhqnyRaryl 2p dasharasion gragrglso include

a I . . 4] r

PO 1 b o) LASh B0 pEUERAE A ffonBL A e o
t Ivemersadil, setéig (tEAasiop ofcaareral,etmat i ve enbodi ment, a

sanp! e 1§ RUBEEPYE TAES B4R GPCRAT ORI CTREYS ppbodiment,
Motiee hidAbURARed HSHSAS A hiP iR SPE Sath RS 8bdeHe sample

frequently enough to sinulate |ive video.
c drrprabtimen Tde livh maslgriagindes asagance pf potogdrephic images taken

p i G e ta is,transferred to i mage . .

D PRSRUBE ek PGB P bl S RLEGekh SR copore
SYisd siot@faphit 6Ly dYa i eradsfefled @ 4R aBY bAcBssMurit B4 fhd/or a
the photographic image data as well "as process the

dRFYCFOF IHTUPIHEGH ypicaorhuthase mpiiibe sed @guanipulatieand store the
PR e B SR04 G BRI FLE LS monior

aB38a desired position, a structured light inage may be

capt urtlig (526%. Structured |ight inmage capture maybe
acconplT Shegn g41w§n‘rathe present mvention uses structured light during 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 projection system (525) and any other components
of imaging system 10 used in the structured light image capture. Upon completion,
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structured light projection system as descri bed above,
and may al so include preparation of the structured

wo p@hogiedj ecti on system (525) and any ot her chapUsm®N:/e22273
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of imagi ng system 10 used in the structured |ight
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N B Rogof Sy RN A P aldr b 365 T80 ah RGRon may als
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basis for user analysis; and ma 'Bﬁ anal yzed and be the
mavenfhe deation of te dmaggicapiye periosh  This ayeriay 19ass figy fhgnbe

.1 pcl | ahd Wi BRLd QD ad ReREd. UBES
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t akionGidB il Rk6s S AENERIERNGER s¢RBE RpRAbREIGNfor teddNerlhp émage,
same position of stagée 204, e.g., at the sane tine or

a theprecess iflowy 323BAxy irkBrde SikinemaUplegningsepnasaeprssattiogs from

a second positio ). iie the.s i S

s dROTENSRISHIG ,S{}’@% 28%'@%\/%{ éﬁlepmeotgpéa gﬁ? }:a"tesrg %n?% %5:3 gf ed
Light, qnd/an mafme' R8BS GRIVEEtd AB@eAd pdsifidie(S3aypailathe stage is
be captured as descri bed above. |Inage coll.ection may

f at theeecadroisiion, Oy @APeIGPLAY SFaRhise Srustured Hekla AR/ &

f | t t it ' .
S ST R AP0k AP e
angf1e¢tidnuihy REESHEMtiniR B Saptiirindienagaspf the sayplediom alternate

captured from a nunber of ) .
prc))sitions and views of the sample. For 3D reconstruction, photographic, structured

light, 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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positions. For exanple, imge capture may occur at
anywhere from2 to 200 positions of the sanple within
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is 8, spaced every 45 degrees. |n one enbodinent, this

process is automated and controlled via conputer 28.
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I YREEIO0E RITEHRIRE, al hBc@edilidht p H&Q%@ phid FEERELMER of the sample
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oo abEE e BEGRERGR of TR e eistich Hi Bptpscceprdata
StypidallyiShévah %F?%u@didbq?&% visugly Ehbeacteize wstbitgtyl Magi ng

system 10 of
FIG. 5C illustrates a process flow 510 for using imaging system 10 of FIG. 1

to obtain surface topography data in accordance with another embodiment of the
present invention (502 from process flow 500). FIGs. 4B-4H illustrate pictorial
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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30 to obtain surface topography data in accordance
W t h anot her enbodi nent of the present invention (502
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pictorial representations of structured |ight imaging
corresponding to process flow 510. Process flow 510
bé&theiaregyightiagt Fagceorsuriaes thatehe sangple reses wroarheore ghe sample is

D EREGE A SE Dl hhe i1 iR Jpn o Corinon
2@&@@@%&3@@%&5&%& Qalaaﬂeammum Ufetsafth. | i ght to a
stage or surface that the sanple rests upon before the

sarrpl e Subsequepifewhertilie sagpleiatgehe apwn@cmnhem,ethg ample is

ti se .
" B0 Ly R b PR 8 SO R o
t loé hgh:rthahtexre prdjectddndovim@gi segnslb andiedngld (ae alsan PO depRes) for
i ma ed]Evvi st ructured | ight (512 and FIG 40C).
SRE e SgacenopBaly Thelmesbend asithryspass pverithnsammiatand the

a%@ncpfn%g ﬁh@sdcaﬂq}é”hsg@toad iR etetﬁghg%ﬂ% ek §ur§“£:'éla§9¢?]f>tec:at1ons

degr ees, exanpl e ace nor nal .
I rthve arebﬁunhHMed: lbneg/ stpatired light projecten(sutleas sindtitrbé lightemojector

t 120 SEserbe€ongvely RS pbRsH ingfle STomipctired Kot B %3%5;% attached
atS ik dotHELHith 'hgmtrzﬁl%ﬁdr? 35\9&6 1®uah tlﬁ§ c§§er é’cﬁfcﬂfr@&j hgﬁt%%] ector

projector 10 170 described a bove).
270 semsirgs qfaeHOhlegﬂturrpmt}cmcswsmmlvVl@re 8 shdet mc]iwdmatad baradight

et Erdteer o bﬂ%%er%f'tﬁ%?@q% WSS e sPele apgstoind
i IThe Brdjedtioanngiess ﬁﬂ% eh f &t lsﬁlﬂicie‘ht f%énuﬁwﬁ{eqﬂlepw #hieve
l'ight source and en an image of the slide is

peRitiat reselugan.dout maall gneiigh that lme klepdowis @re MH@resent.

h f
Phena- FRALHEOY 310 T at ekt AR sppte il rgpured
blights(Feb bn@ FOGAHDY. Miis nay 86rré&shasiOwSphdtdriic RARRRA ture (524)

Process f]l ow 510 then proceeds by inmaging the sarrﬁ

wis fesgribed shayvey dbg phqtseghtft tizach lingatmli@oinpypn thnbaskgagynd and
GeRbFR R o] SuARAOOEARA D LARRE (ERRMLY [P0 o "

p0| nt s Tha bh&l@rblﬁldkmm mitknavod versaintp laaviapyedyshase { AW nind G, 4E).
O BTt PR et U 2 e
H?src%lcu'mé‘d b?or e gEguid salab %dg iEQMVebled ch U/'lf‘eg#r@@e g‘.fsﬂas%r@w and

ltered b W appe ase 1S ca
SFfﬁ}J 4oy, qulmer samidrenini@ bral filkeropribe saneple tatapan thp pddulating a

phase §1 é FIGI4 by Fourier transform ng and
fiwlrf@re Rg? thyspmale and the calculating a

wr appeéuﬁ’a@e%% 6% pliy@r &%E@Jnﬁleﬂheft&n ARuBlES BE6 and FIG. 4G). In

t opography for e sarrp e 1S then calculated (516 and
Fthds m@;)thm in perforineddos enwrdppsg” shophaso mapd Spyeral unwrapping

AIRRERER B b0 e TR B PR G o S R Sk sramplq the

f phaskBhit éfskh 1@t HXFT On thdighagh RaSBe 8ktbintingd f8AGRIng
l1ne at all points on the inmage can be determ ned from
uEpwger profilometry techniques. With these methods, a 2D Fast-Fourier transform

(FFT) of the fringe data (FIG. 4D) is taken to determine the phase shift of the lines
everywhere in the image (FIG. 4F). Since the phase will shift by many multiples of

2[Jfor a typical object, the phase exhibits 200 jumps as seen in FIG. 4F. These phase

jumps are “unwrapped” in order to determine the actual surface.

18



Fourier profilonetry techniques. Wth these nethods, a
2D Fast-Fourier transform 30 (FFT) of the fringe data

W@ Bdo®o0a) i s taken to determ ne the phase shiPCT/oB20051622273

10

15

20

25

30

lines everywhere in the image (FI G 4F). Sl nce t he
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some cases, the density of the 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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surface, the sinplified Geen's function can

cand:iie ahelen density] at ek susfaed clowenireseriteddt es?mu s function Gy,
SHFBR=EH LR Pl Plony GOTB B0 BBl RREA G or

stomtibitions fropaslhthecblinie ek@emet and the photon
density at__each surface el enent described by a Geen's
functi omE@GﬁSithe @oton density at the jth surface
el ement may be approxi mated by the sum of the

where the index i enumerates the volume elements and S; is the value of fhe 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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This simplified Green’s function is the analytical solution for a point source in

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

1| exp(—HerrTy) 1 1
= = - —exp(t / 2B [(Begr +—)1] 7
2D I Zy, Zy
Here 1y = [x; — xi| , E1 is the first order exponential integral and

Berr =Bpalua+tug)] ()

2D1+R
Zy =
C I—Reff

©)

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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described, the sinplified Geen's function depends
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regonstruction is obtained by solving the system of

| i rlear equations that relate the photon density at the

sur f ac®rice theXGreeh's fanutionds détstntinbd) thorcomsinditort R@btained by

N AT AT N O ST N

S pecdobt Midifbuttiniaidt B JBRRE! PRess flow 540 then proceeds by solving
for all the internal volume elements (546). More specifically, given the ﬁlodeling
described above, the reconstruction techniques solve the system of linear equations
that relate the photon density at the surface to the source distribution inside the
sample. Thus, once the Green’s function is determined, it may be evaluated for every
volume element - surface element pair, in order to obtain the system of linear
equations (Eq. 4). The final step of the reconstruction method is to solve the linear
system, Eq. (4), for the source strengths S;. Referring back to Eq. (4), since 0 is

known, and Gj; can be determined as described above, the reconstruction techniques
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-

The solution quality 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; —ZGijSi
1= :

j Pj

(13)
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cal cul ated photon density. For exanple, a "chi
squared" criteria my be used: pj - YGjsi 2 2=E 1
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I ment,
volume element mesh refinement may then be iterated repeatedly, producing a high-

density volume element mesh localized in the source region. During each iteration,
the quality of the current solution 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, Ns, used in obtaining the three-dimensional representation (loop
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30 iteration continues until further refinenent
produces no significant decrease in the value of X 2.
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varying the nunmber of surface el enents, Ns, used in
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Figures 5E and 5F represent reconstruction results for one point-like light
source within a phantom mouse (e.g., rubber mouse having an embedded fiber optic).
Figure 5E illustrates the reconstructed source distribution within phantom mouse
702a 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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30 source within a phantom nouse (e.g., rubber nouse
havi ng an enbedded fi ber optic). Figure 5E
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Green's function that describes the transport of the
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FusiEe s popt iy ol ERRATh e M’ IRglR Gfed pg modified
?itso;%@th@ﬁ&@u&tof%vot(}i@erﬁ amptisnst unctions: 30 Gi = GEG

Gy =GFGj (15)

The first Green’s function, Gi¥, 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, GijF, describes the transport of the fluorescent light from the i’
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The first Geen's function, G E, describes the
transport of excitation light fromthe excitation

waomnoasiat t he surface of the sanple to the itPCT/UOB208022273
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el ement. The second Geen's function, Gj , describes
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I eRHBRAROLARe BYtHé' Ohhdia) %h@@edﬂﬁ@@mbaﬁlﬁféﬁt ihe thyeshéld may be larger
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of
t hihag dreeranbes rqpeonted bydhadipe e P%ké?ﬁil%ls}’ byrthe ﬁ&larmc range.

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 Ip/500. Only the regions of
the image that 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
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image is Ip, than a suitable value for the threshold
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dyerehivelummelementhring theformetipucolifhg indtém valume grid ©42) and at each
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? ggt;dii%?ﬂf@yth@éetr@éi%ﬂs §O8E burfic@haPa MR 18 gh &X PSR dBRkity, should
have the relatively smallest amount of noise. To account for this noise, the
assessment for solution quality may altered (552). For example, expression (13) may
be modified to account for noise. More specifically, each term in the sum may be
weighted by a factor of the photon density p; to become:

2
3= Z—lf[Pj "ZGijSi:I (17)

i Pj
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be nodified to account for noise. Mire specifically,
each termin the summay be 30 wei ghted by a factor of

W b@4pbsaedn density pi to becone: 2 2 1 X = PET/Ph2003/022273
Gjsi (17) J P i 28 WD 2004/008123 PCT/ US2003/ 022273
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20 l naiskd)ehd ﬁﬁ@netﬁuﬁﬁe @pnma@bdwiuythqemm Role‘diskeanﬁgﬁi@woptlcal
and random access MenD The i nvention nay

al s
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PR AL 45 2ol RS a2 s Bces ROV
| naiid 1adoraRscdss alettbey (RAN) MEbLinentiodmay sisofbeambodied in a carrier

produced by a conpiler,, and files contai ning higher .
| etvaye %‘cﬁémg [P ET %Pa%PPB@“@iFe@E‘lhé@ sugl) a3 AEVRSRE @gﬂﬁ?ﬁnﬂ’g}eﬂm

25 anhh&t, &P E?(Bﬁl'bles of program instructions include both machine code, such as
produced by a compiler, and files containing higher level code that may be executed
by the computer using an interpreter.

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

30 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
29



It should be borne in mnd that although conputer
system 350 is discussed in sone detail herein to

wo 2oiloogiat e di scussion, the invention nay be ppPEUSE31022273
using a 30 variety of suitable conputer-inplenented
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brevity's sake. Wiile this invention has been
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t her ons, pernutations, and equivalents
V\hﬁ)ctﬁefa\éﬁnaé\ﬁi?%ﬂé 10 the scope of this invention
whi ch have been onitted for brevity's sake. For
exanpl e, imges nmay be acquired and anal yzed at one or
nore different wavelengths. It is therefore intended
that the scope of the invention should be determ ned
with reference to the appended clains. 30 WD

2004/ 008123 PCT/ US2003/ 022273 What is clained is: 1.
A net hod for obtaining a three-dinmensiona
representation of a light source distribution |ocated
inside a sanple, the nmethod conprising: providing
surface light imge data fromlight emtted froma
surface of the 5 sanple originating fromthe [ight
source distribution |ocated inside the sanple; and
reconstructing a three-di nensional representation of
the light source distribution internal to the sanple
based on the surface light em ssion data. 2. The

met hod of claim 1 further conprising obtaining a

t opographi cal surface representation of the sanple.
10 3. The method of claim2 further conprising

di vidi ng the topographical surface representation
into a set of surface el enents.
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4. The method of claim3 wherein each surface el enent

is approximated as planar. 5. The nmethod of clains 3
wW@e004/06813 her conprising creating a set of vol POEUS2003/022273
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Olﬂ"ﬂ mal nt s %1 WO 2004/ 008123 PCT/ US2003/ 022273
13p e RS 6115 gﬁff of clains 10-12 wherein the cost

f U71 Ct i OTheMethe@BSElkit Bivhered Be HASEdirha@dional REFBEértSRn of the
a systemof |linear equations, and a solution for

t hbghttswré@ disirihahion érapproxippted by seti s moimt Lighisouses. ce
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20 COohght iBbgoddtn itol ghcngn denditly ginst iid@Hle thegir@iceiofl tHersan@wst
function that can be varied to produce a set

sof-ut i oR&e gthod REcleiRt & dherrmbasiloALipear é@ﬁt@g@rﬂ%ﬁ@qndhe Beght
t h?ou%c%l'gfg@si ?tﬁ'éﬂlgﬁg?ﬂ g gweﬁ§oluyéeelélﬁérﬁ%d?£ eﬁ%ﬁo o(ieerns%}f just

clains npri sing varying
sumﬁﬁeasetfmeeaiemeﬁto produce a set of solutions for the

ee-djmensjonal re sent at 10 of. the_source
d| Cr1 bk BAod 8T amsiel CHIPAGY %Ftﬂ%ﬁﬁ?nws’aggi@ﬁ%ms agpgst function
25 T UfddBlet GO AhEA ForddEhiRE o 98N foRkhd thRee-dimensional representation
of the light source distribution.

11.  The method of claim 10 wherein the cost function is related to a sum of source

strengths for each point source in the sample, and the constraints include the following

conditions: (i) that the source strengths be positive definite and (ii) that thq resulting
30 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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di stribution. 17 The nmet hod of any of clainms 5-15
further conprising optimzing the three- 15
dildensiToa aiethodp:feays of dalmsrﬂ 0@1‘2 whereinithgheost finetden and constraints
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measured surface em ssion. 18. The nethod of clains 16
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d dgﬁmsmak uﬁgreﬁWé@nmf thersopsa Aistigipasent ati on of t he

addpt 1 JES MR By RO DA Rl Ao VARYER thefaber of
z @ﬁﬂadel e@hﬁenﬁﬁb rp@@ﬂu%é b estaif bolufidns foiihe thetdrdnhanbionalyremesentation
clai ms 5-20 wherein the transport of light within the
s &hBlesontice disHigtigRN vol une el ement to a given surface

el,ement
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geﬁmibedofa&hﬁnis ?ibmbhts)’anﬁw tlfemonﬁgtgbmordmﬂvfomebclemnnta to produce a
ono enous S a I b
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eligmentriangk e SHY fRERINE! £75 Rirthe? Somprikend ®ithadingfthe three-

clainms 21 or 22 whérein the sanp elnItIerlor i s
apiimensionat wgresentative oftiloligig mw@lstﬂbmmm&m&lmswface

P Us2003/ Q22273 4. t hod l.a

?g%ge%gplé q{e@%soé%@g]?ng s?la 9 u[tlg n;j%ha?h Eggmp}%e%a difference
| afksdéR atcﬁféh?atedza'ﬁd mdAgursB el efisgion. of cl ai ms 21-23
wherein the Geen's function is calculated using

MOt e CGRhelnoetlsoched cdaims r1§ oml7 Pihafeinethe varying thw/mmbﬁhgf vogume
26, Th thod o

2ty R s30Tt 8E G4 sh Bl b
erﬁlgﬁi@n. 27. The rret hod of any of clainms 1-26 further

conpr|5|ng applying a noise threshold to the sur
lilght iThe ﬁ@d of clag) 181%6@1&%@8@#1%%#@@?1%?%?% number of

t hegﬁig glgmlglﬁg g%&'l% (Lile cTibk eacfn%g dtirﬁel%'i]cﬁl eg{' %&Q%rPGPt'ﬁe light

i Nt e sur ace |nage
dysaafgdeC range in the surface light 1nmage data.

20.  The method of claim 19 wherein the adaptive meshing removes volume
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 diffusion 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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29. The nethod of claim 28 wherein the noise threshold
is related to the peak intensity in the surface |ight

w0 pegmeosiat a di vi ded by dynamic range in the sup¢EHUS2003/022273
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light image data. 15 30. The nethod of claim 27

wherein the surface representation is divided into a )
sé4. ofhsmeflmdefehyafeltisnsie?3awhersin tiicGeeerlsdhratios is defined in a
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rg’rﬁ%\}g" d2°181  The method of any of clains 1-30 wherein

t he sanpl giettfoddT arbi@hind X -13whdréighlie GERbsFandidh iscalculated
l'ight that passes through animal tissue. 20 32. The

nusihg ante Cirde simplatiphepiainite Blemsni Mafelingssue i s

appr oxidmat ed to be n . |

288X B\ Ay o ATPACTSY e DETBAAPE Ahite o
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c%ggee({ goupled to a canera configured to capture an
i mag oaft ‘the sanple on the stage. 30 36. The method of
chai m Jhe fusthdieof dtaimRS wharejn theoiseghtesteold isagleteddo the peak
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p%?}l%;(%ga.usi ng the canmera. 33 WO 2004/ 008123
P S2003/ 022273 37. The method of claim 35 wherein

t 136. f i (T nhethorbofadaimi 29 wherginithesirfate wpraseniatinass diyided into a set

i e, a structured |ight .im and hot . N .
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I magi ng chanber, 5 wherein the other positions have

di3Lf er &ihe raethodef anglofclaias 1-30 avberoimthe gamplsingsyumat ag the light
with the.c ra than the fir |tion; and capturing

a SgHGF Fﬁnbtﬁﬁgﬁ tﬁ%té)élssgﬁfhsrm%ﬁh *’%’fi‘éa@%?n‘%r e fromthe other
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38 wherein obtaining the surface representati on 10

cdoprageeadishui | di ng a t opogr aphic representation of the
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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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40. The nethod of claim 34 wherein the surface |ight
i mage data is obtained at one or nore different
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t hree-di nensi onal representation of a light source
| ocated inside a sanple, the inmaging system
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W@geabhﬁe%eﬁgﬁ cﬁlé[h%h@wf&rﬂhd%bmﬁhﬁﬂg :a transport
mechani sm and a stage configured to supgort t he

sanpl e maivirtg the stage forameor Broreeienppsitiopsindne eagyeg ehamber,

pl ed h th .
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sanpl e cersuringa addvional razgg sals oF Besyuple ﬁ?é%thﬁr?é‘bef@PsmonS using
n agﬁlé;ed to provide surface light inage data from

Il(a%j SM'tted fromthe surface of the sanpl e

0nbgi NJthk MgktiiddodNdldid 38 viittreis obtairing the sturfadmrepmﬂentatmn

| ocated inside the sanple to obtain

t IsPpLigRsTRIIE NG P FOROGTAD @éﬁl@rswnaﬁwafof thersampig bassdpn structured

I 0 ASRd 1 urface |ight
n%ﬁ%a%&{i{cﬁﬁggh%ﬁé %bfsé%g?em of eil wherein the

p 40c e s Sthie mahdduwft diem Margn ﬂmcburfacdalaght tnage data is obtained at one

topogra cal surface representati on of the sanple

b &% B¥To %f%@’taﬁ?%%gt B% ght data received by the

camera. 43. The systemof claims 41 or 42 wherein the

transport nmechanismis capable of noving the stage in

t wid. di Memsnagirg sySkmdr 0teipeshrs-diamsisRbepr@arakg of a light

44. Th of an f clainms 41-43 wherein the

| iSg¥ee f%@ rqe %@m%%%?ed{%% SYSBB PR Red axis.

45. Th eansil\fébﬁ@cﬁﬁmﬁéﬂha% @lsatl oSy afld efidodingf ddi@terior cavity, and
conprising a structured %lght source configured to

t rcampmisingst ruct ured |ight onto the sanpl e. 5 46. The
system of cl ai m 45 wher ei I L ght source
transnits st GG EGH C%hﬁ%&r c)S'Hl%;lldr gl?w fefore the

structured |dlﬁbveabl%rmdge&ppd3ﬁu§ﬁlmﬁmg aﬁlt?ansﬂ'd’remylmnfsm afd a stage
any of clains 41-46, wherein the |ight sohjrce

c oopfigwed touppeit Slasmplestidn thspnieTioRsa B Siass Bingfouplod

S

Visitioas Gothpdterior @sitgbl e medi um the program

i nstructions conpri sing reco uctio uct i
for obt ai ni n'cg 1@1@@@;@ 0 nghtrgr transn{}ttmgsi l’ht emlt?elgi from a

surface of the sample to the camera; and

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 source 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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representation of a light source distribution |ocated
i nside a sanple, the reconstruction instructions

w@e apabbsa2df providing surface |ight i mage dat aP€¢T/082003/022273
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light enmtted froma surface of the sanple

originating fromthe light source distribution |ocated

i 841 deThheysidm sBamyl of chitds éb#3iwherein the lighiseangport desiiesrigtates
representati.on of the light source distribution based
oﬂ“F%é%§ﬂfF§%e light image data. 49. The conputer -

PEOIT amhpERee bf Sy oty 4844 wiriHeeEorapyiRng 8 btA@tured light source

instructions for “displaying the three-dimensional
r eqnfeseadtta tiansmio ftrudheed lighttontoghe ssnrlpst ri buti on. 50.

The copputer pregra r oduct,, of ' .

{8 ne bt sk o g SE Pt g hEt BettRafte ity ructured
| (BStONERL Al GORINE thetyrudufedITizghereastes tie satiplace
representati on of the sanple. 51. The conmputer  pr ogran&
p#dducThesysieraofrmoofalims di-46owperpidy the Lighsprige iS comiprised of

for. dividin epresentation into a set of
sﬁ}oﬁ%gesgflétﬁ%r@g%sé%& E@’I';Sglo%:l'orrput er program product of
any. of AcdcrhperdFohmitedeit bormpeisihg glodmpoter cmdalfl niedium and

conpri sed of bioluninescent or fluor ent .em §si on.
3grogram instructions provided via the computer read%%fe 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 a surface
representation of the sample.

51.  The computer program product of claim 50 further comprising ms@ctions 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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