1 A SYSTEM METHOD, AND LUM NESCENT MARKER FOR | MPROVED DI FFUSE LUM NESCENT -
| MAG NG OR TOMOGRAPHY I N SCATTERING MEDIA 5 Field of the Invention This
invention pertains in general to the fi efld of phot ol um nescence i magi ng or
pHot ol um nescence tonography of absorbing and scattering nedia, as well as
10 phot ol um nescent ArBNRFEM f MEBHOD, AND Q/UVANESCENE MARKER) of

scatteri ng nEORAIMPRONEDWHIFRURE DJUMINESCENFIMAGING OB TOMOGRAPHY]

medi a. Background of the | nventiNSCATEPRENEMIEDIAf a scattering medi um
which is of interest for photol um nescence imaging (in short |um nescence

i magi ng) .or phot ol um nescence tonography (in short |um nescence tonography)
is biological tissue. Tissue optics is a field devoted to study the

i nt er act i onFizld bf thletlnweéritionsuch ti ssue. Over the | ast decades, the field has
grown 20 rapidly. Wth increasing know edge of the light-tissue

interaction, the .interest .in applying tissye opfics as a diagnostic tool is
al so ener gi B FPXEHIPg PETRAING (i ege;a? dhh Elﬁeg?ldnaéwgﬁ@rmm%émHnagmg or  An
area in tisgugoRRtinGeencdNidilodriishyP o?S 8lorisths CARS WehitdroPRdalay glealding,wi th,
i s photol um nescence inmagi ng 1 ncludi ng photol um nescenge t omogr aphy, whi ch
ar e nond025phaiolasiinescen praskerh der $ush phatoluminesasned ingagifig hliscatiering madianel s.
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Phot ol um nescence is a process in which a substance absorbs photons and
then re-radi ates photons. A specific formof |um nescence is fluorescence,
where typicglly 30 Lt hotons are of |ower energy than those used for
il lumnati oﬁ?c%ﬂg?&gh}qeﬁggplég%nce, the fluorescent wavel ength i s Stokes
shifted1to a | onger wavel ength with reference to the wavel ength of the

i I'l'um nat i ngnlek@hble of a scattering fiedi@MBSKEEN s RGO PhbBAMRINEREEahagin@"
exanpl e, be used to study biol ogical responses fromdrugs in small aninmals
over a peri@dd ekort i minggcenrsutimegimgheerd @®talomingseants ctomdgeanhy (in  short

i i i i i i i i i i il [ %%%%%ﬁ %ﬁ%ﬁéﬁ:‘% %H%élicgl tisgée.g Jﬁss%l’;e optics is a field devoted to study

the interaction of light with such tissue. Over the last decades, the field has grown

20 rapidly. With increasing knowledge of the light-tissue interaction, the interest in
applying tissue optics as a diagnostic tool is also emerging, reaping the fruits from the
fundamental research. _

An area in tissue optics, which the present disclosure is partly dealing with, is
photoluminescence imaging including photoluminescence tomography, which are non-

25 invasive approaches for in-vivo imaging of humans or animals. These imaging
approaches are luminescence-based and require an external source of light for excitation
of luminescent biological markers.

Photoluminescence is a process in which a substance absorbs photons and then
re-radiates photons. A specific form of luminescence is fluorescence, where typically

30 emitted photons are of lower energy than those used for illumination. Thus, in
fluorescence, the fluorescent wavelength is Stokes shifted to a longer wavelength with
reference to the wavelength of the illuminating light.

Fluorescent imaging is known and can, for example, be used to study

biological responses from drugs in small animals over a period of time, without the need
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*@00002* 2 Shi nomura, Chalfie and Tsien were rewarded with the
Nobel prize in 2008 for discovering and devel oping the green fluorescent
protein, which has becone a very inportasnt fluorescent nmarker. However,

hi't hert o, fluorescence nol ecul ar i magi ng and t onography systens 5 for

di f fuse | um nesceShimomaya,rChatfie ahid Tsise werenienasded Wit GEDIHRPHYzd iR 2008 F6:0i NY
and scattering nedia u(I;fer froma number of drawbacks. They have for

i fstance a fiS VFEE%IaE}ai Nelgping othe rgaean flupresseniaraseing phishokasi kecomeka virs ed
on the i magimtageihdrescdhi bkl t- Hence, there is a need for such systens
havi ng i nproved i mage quality, e.g. by inproved contrast and/or resolution
of the two-di mensHowaVerphithdrtopdludrasenst onalecullfr intetyes apt omatesbhy systems
Further, .these,.systens are sensjtive ,%fo ever - present endogenous tissue

aut of | uor esﬁ’érpdfz?{sed@fr@??sfi‘?“étlfrﬁ&nﬁfégsq} Hfe HIMIpEssety l9mographi 1p [pbsqrbungr alcence
si gnal fromdaheridd wRHRSaENE: AR OFhEBr 6@8#&%&1&0%&?. ?@?&gfngﬁﬂ% a low

aut of | uorescence often overl aps, separating themis di fa Icult and often not
reliably posselptien o rpagrasiumdfichuorbss dirgpogontaskd basddeor lthorimagiapcesdisgnal
when usi ng ' d. fl uoraphores, effectively limting the

si gnal -t o- bgitgﬁél?%a{ﬁgpééféﬁneg? {Siavru‘et"?/?‘% such Sysmﬁ’ﬁﬂéﬁ‘”‘l&w‘&p\éw@ lﬁlaﬁ%aball‘%re'%tr?y

i nproved di fripreeed wohthgs Caidlori FREUNAGN O6f kHEMtNEIGBEsidralRe " AREYdisHatB Al

met hod qQr | um nescent nmarkers for |um nescent inmaging or | um nescent

t onogr apfy WeAgERPIoYidsdr ti cul ar al | ow for increased 20 effectiveness by

i mproved contrastgapgd) ohy,d i.agj resplution. Sunmery of the

| nvention 25 Accolidi ngl ;?ésgpn%%\c;ﬁ?r?rsena?% %)eg gittlﬁ{g %)r éélgrﬁ re?eﬁgeﬁqq%ﬁn%sef'é?ﬁbl y
seek to nm tagaflmresmbhey dettwomating hcadunahentaaaler SiAey Be drbist@Re sBSal from

di sadvant ag?%?ﬁ)r issu%s in the art, such as the above-identified, singly or
in any conbiPRdMCESCHY PiHegsalimgkers apd thenbackeionnd aetofluprgsqsaessofigcoveadlang t o
t he appendegppatighthed] R Lo g ent disclosure, it is
shown t hat b>}/) repl aci nig% dtmiﬁlgultt g%???norﬁoélrals%gos?% ‘shifted fluorophores with
a new type of | unThreguiefuoncegekes spncealsethy fluoredcenaeasigmar waess usinge Salhoye

obj ects and,i. venent s are achieved. . Accqrding to a first aspect
of the i nveﬂ?ﬁ%ﬁﬁu%gﬁﬁo{ﬁoﬁ fefveydgritigedhs signabiios ﬁg%r%gtsf:%?‘i‘ﬂ@’- nedi um by
di ffuse | um nescemias, MREBCH! AT ndeBHNGn | itnRb @M dffhse TREAGIER NS YIS io\%es at

| east one | um nescent marker arranged in the scattering nedium at” a
mar ker posi RTHRESCEH etomagraphy ushisteas cemthodapk dumingscennanarkémefor lumiiesestent

mar ker. The; od c ises. exciting the.l.um nescen ker .by .excitation
li ght em ttg@?gi) gonreq%{nﬁ%cfegt I oamgragg&r °H ipo Patiiculag ¢ ?‘i"oﬁog\lldflﬂﬁ%se rom

at | easR0onefdctighiessbulmtsropaibidntrag andet aﬁfyﬂomgd InbeBimeResaGsn.f rom t he

| um nescent marker due to the excitation light by a 5 detector at a

| um nescent |ight detection position, providing novenent between the |ight

source position and the marker position, and inmaging the |um nescent marker
based on a non-linear dependence of the detected | um nescence on the

mar ker position. According to a second aspect of the invention, a system
for diffuse '

25 Accordingly, embodiments of the present invention preferably seek to mitigate,
alleviate or eliminate one or more deficiencies, disadvantages .or issues in the art, such
as the above-identified, singly or in any combination by providing a system, a method,
and uses according to the appended patent claims.

In this present disclosure, it is shown that by replacing the traditional Stokes-

30  shifted fluorophores with a new type of luminescent markers, namely non-linear
markers, the above objects and improvements are achieved.

According to a first aspect of the invention, a method of imaging a region in a
scattering medium by diffuse lJuminescence molecular imaging is pro.vided. The region

comprises at least one luminescent marker arranged in the scattering medium at a



10 | umi nescence nol ecul ar imaging of a region of interest in a scattering

medi umi s provided. The system conprises_a |um nescent marker for use in

the | um nescent nol ecul ar i magi ng of the3scatteri ng medi um where the

| Ui nescent marker is a nonlinear |uminescent marker arranged in the

scat t eri ng medieunositiore véest thnleroinpsieaemanee iser narpligear iwhine senr metker. The

positioned by at |east one. light squrce posjtion for, exciting the 15
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| um nescent |ight detection position detecting |um nescence
| uni nescentdatgatingrluniieseance Hnetled tuminescenti matker dheteile ehdationrligesbent

nol ecul ag i i c rises. | nagi t he | umi nescent. mar ker based on

non- | i negr %g%éﬁlg%tngggrg’fnefﬁgl &gﬁ{eggﬁ‘ﬁf‘qr‘uﬁ?sﬁé@%é’ﬁ%‘éal&ﬁ PRERSY eé‘f’?eélntal'ﬂei ght
20 intensi tglan@dutdeepdsitit afdtHeC aPRsidokididn] Bnd Ghadih®thé QuhlRsdBRf kiker
posi tion. I n enbodi ments the |'um nescent nmarker is conprised in a
group of noPased ABArnqnolinege dersndennagrafehe detoeitd dumiadscencaipe drevexcitatiorcbghtng
i ght of an | ] L. n . . | um nescence occurs at a

| umi nescenglgké\fxl/g@ei eng!te ?11%%1 ﬂgot%%.e?&gf%‘g? tlrz%qé{]}?tgﬁgé}g 'ﬁgﬁkﬂ %Orﬁ%hoé]t'i on wavel engt h
when sai d | um nesAewtrdingr foera isscdnldl uspeoatefd thwi tifiveaBiosaiad syfieamifsrg diffighat .
The | um 5|escent marker js in_certai r} enbadi nents a hi ol ogi cal | uninescent
mar ker . 10 luminesgencg mplegular, imagippnt adpmen obrintersst 1A\ HE3USHNE danedismo a
system of the.Seg0 t - ' ' [ O¥| fop .| um. nce
i magi ng or %ﬁg%gﬁ?%@g‘?’aﬁ e?rtég.%%%w&gfégécgﬁtngﬁflgéa%gﬂﬁgrlfna{shgef([:!@ 1{3?%%% e -
i nventi on, molgselanimaginy of ¢he shtterire mediond vdepette lomitdseerit myarkér iora hen-

provided fof_in-vivo or in-vitro |umnescence.inmagin t onogr aphy .of a
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functional diagnostics, such as cancer diagnostics, by said |um nescence
i magi nglor ewersees markenbyasxcintindiigh emittedhy terenk jonezre ighteugceaimo an

attached to I ' c rast 5 agent for another . inagin ality. For
i nstance a enxgﬁgl %gglg%ﬁhﬁgersgl?téma?cfrg%rhsga 2 FIE Tt d Lupin ffgﬁﬁ Hglgtréqt‘?%lﬁpng
Wi th a convgsitioonitectingdimigesveniad frdi theSlutineSerVagiiesridee ReGRRABER ohNREL, NY
(M), X-Ray, etc. In a specific enbodinent, a non-linear marker is

attached t oVBFfeiBrthaMiBingscan malegwiat bRagineCamprisas Bhaging thed o mirsern; mgkesh has
par amagnet i rti.€ r i i nvention. are.defined
o tho dopesiion PR ddsineal AephlARE FTRPALORE! frpinelcaod Y B SRl
aspect s20f inteasitnarehthe dighesoarepobvion imeldtionsd tlespaker positaini s nut andi s.
Sone enbodi ments provi %I?f“f or increased resolution in diffuse |um nescence
nol ecul ar i nmagi nglg‘aeﬁ'&bq £113 Grec RS eeTagkas |15 FOPBATSY ri Fraroun sEperslinear
enbodi ment Sj,Rf AL t gb;}@ain M O R ien [,eat.s LN
tabl et s. Fo#ﬁflﬁésétbgﬁcg?fkaegﬁgﬁﬁl I neartgl ll,ll éoﬁggﬁe{ﬁl’fmngffgkg&fgm;rdff %?ﬁ%@%‘?‘é’h may
be att achedwalengtlasuchydal hgrieetcent oceuraat abinhescdive vatength ttatsis shdxteri on
~of the actityle ingr.gldi entt. rra‘g '[E:US adxant agﬂousl é?be det erm.ped, Sone.

embodi ment sUBT SR HEUPERAtOR el et Whe, s31d IRmiRse Rt markey nis i lpmingtedeWith anc e
i magi ng25 Whem mesmlidgnedi. markers are used as an MRl contrast agent. At the
sanme tine, |um nescence inmaging or tonography may be made, providing for
functional di agnoEhd bimipn¢ssemfemprkar éoitbearain winbhdihiegts 2 dsdbgitaldnmiMiscaft one
and the sa ion of interest and in-vivo. It should be enphasized t hat
the term "conpri'ses/conprising” when used in

According to another aspect of the invention, a use of a system of the second

aspect of the invention is provided for luminescence imaging or tomography of tablets.
30 According to another aspect of the invention, a use of a system of the second
aspect of the invention is provided for in-vivo or in-vitro luminescence imaging or

tomography of a small animal.



25 this specification is taken to specify the presence of stated features,
i ntegers, steps or conponents but does not preclude the presence or
addition of one or nore other features, integers, steps, components or
grloups thereof 30 Brief Description of the Drawi ngs_ of enbodi nents of the
present inventi onAcceiimganaaother agpentaatethé dnviehdomccaseneysys@ndbBiben@dond N
which Fig.1l is a graph.showing a typi cal signal with an autofl uorescence
batkgr ound; 2BFg. O(iPAt s TYCRUY IR sRiOVigreS gfos nfunsippal  diagnastigs. g sughin as heARceig

f 1 uor escencgisRAGES, By bRIMSANBCdnks RHEiAS HOK 85 Figs 2 a)-c)
are schemati 1321?(% ust ryasti ons ofca) ra%la%i vgﬁg)%ggpngnr adi ati ve energy
transfer; b) Resolaat emhodiment, dlxonamtineneraglers menatfached wrah thagignpaniaston of

ETU (left) and ESA (right) upconversion; 10Figs. 3.a) and b). are schematic
i |1 ustrapi ofs"btTd" éﬁeﬁdv“)ég@gdp?‘}éﬁ%ﬁ%r RIS ceRrislincgn dpasferrip aftaghied to a
excitati on {shttpCRMEITSH hadihdl WilSE @BERntional imagir@bgmdél T Suc SCHRERLC

illTustration of an upconversion Er ocesses in the -- Tm ion pair of a
upconver si oResvaaeser yraging (MRI), X-Ray, etc. fh guapecifig embodingméphnenbngangnarker

em ssi on spec r the upconyersion 15 nanocrystals of Fig. aA,

Flos. 5 ) Sop e & ah Geltlr SRR Sonm PEEP GdOlfu) Ghmmofita ey bas

i npl ement at paoramagnesiogrypetiags. a set up used for fl uorophore inmaging
(epi-flzBrescence ; (b) a setup tg be used for fluorophore reconstruction

in transtl | uninat ‘Bﬂ}eraﬁr‘i’ébc(dé')‘efﬁﬁ@f g i%‘@?ﬁ%‘_l gy defingsy wistherdepertient hpems,
optical tompgraphianfQHI%he @c@%d b bs@ﬂlilf‘en{ THRES Ak E{@H@&ygljgoavsu fggtl')e
utions’ I'gs. 7°a) to c) are

various fluorescence Intensity distri
schemat i ¢ i fitstisipeatmotass ofutdndés. di f f erence bet ween fl uorescence inmaging with

| i near and non-1ipear fl uqrophores; . Fig, 8 is.a schenmatic
illustration of eg%rf’? SPvSfmes aravids; fon ingreased ;5?%5‘;5‘35’&5“ ffuse bunigescence

scattering ARMCHIAT imaging and il fhor&cSRe WolectRTORbERGRY.Of t omogr aphi cal
reconstructions between a |inear and a non-linear fl'uorophore;"
- Figs. 10A and 10BS¢hewmbedigienisyproyidprforf détersninaion dfudistdptigorest marddiegptd innear

10A) and ratic. (10B ower dependence: and 3QFig..11 is a sch tic
i(I I u)st rati g*é%%%& g:lﬂrem%‘laﬂ%% g&l@‘é\ﬁggaﬁﬁ%wgﬁylaglf%&r glr"f‘\o%phore may kg ﬂ?acﬁ‘gﬁ %s a
graph show aigadtive ifi@edieht iz @dtaBlet Jub SpatiMBlidRibitish bf Pelab@Vt Rbredieeh@p gt ri x

W for single-beamexcitation and conbi ned singl e-beam excitati on and
dual - beam e¥biaptageisly be determined.

Some embodiments provide for enhanced contrast in medical magnetic
20 resonance imaging, when non-linear markers are used as an MRI contrast agent. At the
same time, luminescence imaging or tomography may be made, providing for functional
diagnostic information combined with high resolution MRI of one and the same region

of interest and in-vivo.

" It should be emphasized that the term “comprises/comprising” when used in

25  this specification is taken to specify the presence of stated features, integers, steps or
components but does not preclude the presence or addition of one or more other

features, integers, steps, components or groups thereof.

30 Brief Description of the Drawings

These and other aspects, features and advantages of which embodiments of the

invention are capable of will be apparent and elucidated from the following description



Figs. 13A and 13B are three-di nensional reconstructions of upconverting
nanoparticles, using (10A) only single-beaminages, and using (10B) both

si ngl e-beam and dual - beam i mages. S Figs. 14A to. 14F shows
cross-sectional slices of the reconstructed relative 5 nanoparticles

di stri but i orf fobodewmts of thetpresest irsiengor(, IdfRrencd H&)ngomhge i tigl @etrapmyingmges,
and using (14D .- 14F§, bot h si ngl e-beam and dual - beam i mages. Figs.
15A to 15F SHOWES:M Qlcgecti onal slices of the reconstructed relative

Rhodam ne 60 di st Eyhptd é)é}a;f)lpgh(fvﬁg%ﬂﬁrﬁéh@%f-gﬁglswwSr?gut()ﬁ@&'es'ceﬂécaacf?ﬁ&]oﬁnd;
si ngl e-beam i mages, and using (1 -""15F) "bot h si ngl e-beam and dual - beam

i mages. 10Fi gs. 167¢-tlé isedabipmsksdiagaor.escence i mages for a) |inear
conventi qnal fl uo%esc?gce dye ang b% upco vertiﬁg}g nanoFar icles, and 'r(':i%
cross-sections of "the rmayed PYPR) SANYTB) NUPESTRSE r PRSEHBN O eiNB¥di thalt s
Sonme enbodi meBisphefesi hi s di sclosure pertain to an area within the

af orementioned tissue optics dealing with diffuse | um nescence inmaging and
t onogr aphy. For nbgs & fs¢Are s¢hematie njediationy ¢ffn) rddiesveand penrediatitecenergye

than a few m.lld .S t] i ] i.agn I C '@dﬁyv

(wavel engt hﬁ%%%)&{’rg)s %gg%laﬁ%}'d 40?112%&25%?’ npg%éllta{rq%fﬁ}gﬂgfgagﬁlﬁ %}ilscoin\égrgt to(lgm ow

i magi ng t hr and ESu(right)spvatvatsicent i neters. This opens up the possibility of

i mgi ng f| uores_ce%égsc ntrast agents d,e,eﬁ) in. tissue.. Fluorescent imaging of
L}S

di f fusel Y scat t er &8st P ghtnchaare schsmate dlusiationsd @é singletseivaieindiyorescence,
appl i cati ongnd B} Halt @%ﬁﬁiéﬁ%gﬁ{yﬁbﬁﬂg&%%m% t hr ee- di nensi onal

reconstructions” of 25 contrast a i stributions inside humans or animal.
The t hr ee- di nensi dmgal44 scosdiematit iilbwsratior obas egcanvefdieopeseseca thaadh’ g
t echni ques. nti oned above, the area of fluorescence inagi ng and

. As
t onogr aphy an'diofnfﬁféreque‘g’&%?‘feéstl%nqqoﬁﬁiﬂ ras | ong been adversely affected by

the ever-present @li‘gi@éleﬂmoiésaEﬁgﬁu&&uhg%@%ﬁéﬁ%ﬂ%trﬁﬂdf&%é QIpEShVer<adp poor
contrast and resol ution. 30 e aut of | uorescence conceal s the signal from

t he contkashareseyiias @hkig. #8i ng St okes-shifted fluorophores, effectively
limting the signal-tozbackyground,sensitivity. . . _Experinents on

ti ssue phant ons, __\?\,il%sh %e ’ig?i%l%oﬁl)i g5 ® be %?lctilggs,"%?se erpfl%ltaﬁe‘cﬁl?agérfgd it
was shown t h@plenfentasiopQsfimdlye(d) @ @aipetdedadr AubRPhbONRBERNE@H-lIiGescEhe)al -

Al so, using the nanocrijst al s for_ three-di nensi onal tonographic

reconst r uct (Bh2i StPsty Se|ussedor fiporophore raqenstictionnn | trassdlumeatioar end dekh as

upconverti ngnmgpé‘eg%?gghﬁéreggegces@g\(/yg? glﬁicgg%ﬁ@gﬁgnt bi ol ogi cal markers for

tissue i magi ng purp ns wi thin bionedical
i magi ng 2f the fl Figsesc@ned) areagiapes aid paphgstawiyg aitodedhwrédentctiagleasity Thi s
IS a speci fid?str?t?nﬁi%ri];;or scattering nedia. '
Figs. 7 a) to ¢) are schematic -illustrations of the  difference betWef__:n
fluorescence imaging with linear and non-linear fluorophores;
Fig. 8 is a schematic illustration of excitation and emission light propagation in
25  ascattering medium,; |
Fig. 9 shows a comparison of tomographical reconstructions between a linear
and a non-linear fluorophore;
Figs. 10A and 10B show sensitivity profiles for ﬂuorophdres having linear
(10A) and quadratic (10B) power dependence; and
30 Fig. 11 is a schematic illustration of the fluorescence tomography problem.
Fig. 12 is a graph showing the normalized singular-value distribution of a

weight matrix W, for single-beam excitation and combined single-beam excitation and

dual-beam excitation.



5 OGther applications are provided in non-biological areas. Exanples for
such areas are |lum nescent imaging or tonpgraphy for material testing,
including quality control of tablets, fi 1@ ers for i qui ds or gases through
whii ch flows a nediumw th nonlinear markers, etc. In the context of the
present applicati drgsaridAeabddidiente dire¢-deménsiomal ravopsthtibhe @f egeeneeting

i magi ng represents all .t of .1 nagj of. | um nescence. Al so, any i nmaging
or” t omogr apRaERqless Eﬁng Ele(f’aﬂ My ﬁllngleg%éf"t 4Ry andaeme (1B Lbath 6H1§¥q’9€am
provi di ng pegd digssehmtibdpesdue to the diffuse character of the Iight

detected. Enbodi ments of the present invention advantageously inprove
contrast and resolFigsi ddAofo. $4ic Ishbwsricnesssestionaimaligengef thaalecatistrgeted relative

| um nescent _tonoar aphy. . 15Specifi ¢ enbodi nents of e inyention wl] now be
descri be wn?ﬂogﬁ%fcil%eﬁggﬁ{uggf‘ h%’r JECVHBUHA gUsit & ‘hgs'. 1‘]’%? §’nk3’n VEIS 9'%‘?1'“’hay,
however, be igeaggdieiusing (TaDY- 14F) behenigld-BEdm® ard uadHeihdmagds. be construed as

limted to the enbodiments set forth herein; rather, these enbodi nents are
provi ded so that FHss IaAs® balushows |crossseetinpab sliges aafdthe orpdnstragtedimalatig |

fully conve 0, . i pyent | hose i in the. art. 20 The
t er ni nol ogyxﬁltgg%nlﬁ% (?(ﬁea(?%ré{)lgﬁneg%ofgé(%:ngpr%{t?ogtrsl Of'& ﬁ? Aeﬁggg)r%’ﬁﬁ §mig[el'he§fl} at ed
int h;a. acco:ima%sﬁj airgl Lckﬁrgg/ﬁlﬁ@sl I!SE) B@mns%ﬁgﬂébm?aﬁd)?&wjﬂeirﬁiiﬁq%g&. OI t he
invention., In the_draw ngs, e nunbers refer to like el enents. _
Bel ow, aﬂ) over vi ew&s VY'@%e to Jré@aﬁéww%u%?scm%or%én@é 3)nHpgas geamventiqnak ye
optics are giWRReentfldlousHL ol eloE ol near I : as
upconverti ng u25 %eélnoc#y' st};?%c?ngﬁgﬁé F%Hcg} glglggr%’céemgc tcjir%gfse%t(@sé?g%%ﬁ a§§1ng
upconverti ngn n)aami_dr)yst als. Mreover, results from experinents and
sinmul ations are disclosed. In the text bel ow fluorescence inmaging
represents all types of imaging of |umnescence. Al so, any imaging or
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Alternatively, the de-excitation may result in the emission of a photon 25
and this process is called fluorescence. Since the transition may be
terminated in any of the rotational-vibrational states of SO the energy of
the different photons will not have a distinct value, but rather a broad

di stribution. Thudjengefiondirescmarerss pebtasupeéiverting mmbaosthie, at showe béingad,

nost often without ,any .si.,gnificant structures. The form of the spectrum
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(t 10-6-1 s)lﬂteﬁgﬁértiﬁ%’ ‘!ft?'ansi tion S1 SO This process is called

phosphor escence aiiul ths cbesst of tienprefge rapplication rA@nehERAERL S fre RO A

ot her paltdlit@’rge gossi.bl e.for the excited nolecule, such as energy transfer
t 0 ot her ' ‘hoMEOIASERNCE JIMARITEL FERIPSSAIST &lf | tyRssc Phemagiog neft iumminessdnex cAlsat aon t o
10 repul siv : LG, (eTelR i.ation., These pocesses are
i ndi cgt ed W%Fﬁélg%%zt‘:”ﬁ@%@g qlg?d@éae&%%%%%%%g? g%:eeh‘?rﬁg]ﬁlggglﬁ}egr% % one
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t herapy of tunmours. Wth the know edge of the fluorescence
propertiks of - i np&pedfic embedients| afshojmiventas), wal idwibe decabedwiteofetinogtof an
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t he fl uorescence: cteris
different forms and should not be construed as limited to the embodiments set forth

herein; rather, these embodiments are provided so that this disclosure will be thorough
and complete, and will fully convey the scope of the invention to those skilled in the art.
20  The terminology used in the detailed description of the embodiments illustrated in the
accompanying drawings is not intended to be limiting of the invention. In the drawings,
like numbers refer to like elements.
Below, an overview of the fundamentals of fluorescence imaging and tissue -
optics are given, followed by a description of non-linear markers, such as upconverting
25 nanocrystals, and fluorescence optical tomography using upconverting nanocrystals.
Moreover, results from experiments and simulations are disclosed. In the text below
fluorescence imaging represents all types of imaging of luminescence. Also, any
imaging or tomography discussed is in highly scattering media, providing poor
resolution due to the diffuse character of the light detected.

30

Fluorescence contrast
The process of light emission from a fluorescing molecule (fluorophore) can be

described in a Jablonski diagram, see Fig. 1A. Figure 1A shows a Jablonski diagram

showing the various decay paths from an excited state of a molecule. In the lower part



20 the isolated fluorophores, the concentration of the fluorophores can be
estimated. This is, however, not always the case. Rather, the fluorescence
properties are dependent on environnental®factors such as polarity and pH.
Amot her inportant aspect of fluorescence is the rapid relaxation in the
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b(E). In conparison ta conven%jl;i al lum nescence inmaging, non-Ilinear

mar kers (or SPS7¢ Iﬂ?PéldBBﬁ%lﬂlfs‘)ap @ngi ht)sabsgtipn eraegise therripme de nohohangs thiir
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nmore | ocalized excitation point. I'S ‘manner,” contr as in of
| um nescht rapidgelagation torthe dwveeht rawatioml-cirmieial staedotb®l eill fHNoWOTIR: seiai | |

contrast ang. reso Khon.of. di ffuse |i, Ht in_|lym nescent imaging of
absor bi ng agglessccgle?@pi iy OfRiP éel?’éé“ioﬁﬂg Vel theﬁwu&%m of &tati%?p#bé@éml
i nvention t 3kels2@roif Ranh@gR1Rhlek Rhs prick&fio tgg_gta'té é(?’ﬁﬁ&%he : Pﬁﬂoﬁil'e J gh&hce
between fluorescence inmaging with I'inear .and non- Iine Flior ophores,
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25  and this process is called fluorescence. Since the transition may be terminated in any of
the rotational-vibrational states of S0, the energy of the different photons will not have a
distinct value, but rather a broad distribution. Thus, a fluorescence spectrum from a
molecule will be broad, most often without any significant structures. The form of the
spectrum will reflect the probability of transitions to the lowér levels (S0). In the lower
30 part of Fig. 1A the fluorescence spectrum of haematoporphyrin, which is a tumour
marker, or photosensitizer, and will be discussed later on, is shown. Once the pathway

absorption-IC-fluorescence is completed, the molecule is back in its original state and
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704) in a grid pattern (701). Fig. 7b illustrates an image obtaine |
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-With the knowledge of the fluorescence properties of important tissue
fluorophores, a fluorescence recording of an unknown sample will yield the relative
contribution of each fluorophore. If the fluorescence characteristics are the same as for

20 the isolated fluorophores, the concentration of the fluorophores can be estimated. This
is, however, not always the case. Rather, the fluorescence properties are dependent on
environmental factors such as polarity and pH. .

Another important aspect of fluorescence is the rapid relaxation in the excited

as well as in the ground state. The molecule looses some of its excitation energy by

25 relaxation. Also, redistribution of solvent dipoles around the fluorophore and specific
interactions, such as hydrogen bonding, contribute to this relaxation procedure. Thus,
the energy of the fluorescence photons is lower than that of the excitation, or in other
words, the fluorescence wavelength is longer than the excitation wavelength. This is
called Stokes shift and is different for different molecular environments. Hence, a

30 general knowledge of the molecular environment is required for an adequate
fluorescence diagnosis.

Fluorescence imaging
In contrast to point monitoring devices, Fluorescence imaging systems can
35  detect a fluorescence signal in large number of points. Thus, a two-dimensional image
of an area of interest is created. A typical system comprises a camera together with a

tunable filter, see Figure 5a. A similar setup in transillumination is schematically



Non-1inear fluorophores require in general higher excitation intensities
conpared to linear fluorophores and song fion-1inear fluorophores even
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t hat t he cdhe®sintaef g)ppl’qaﬁoré\yxgﬂ}p grid ggtiem (701). The circle (703) corresponds to the
projected image of the marker (702) on the grid pattern (701). The excitation points
(704) cortesponds to the positions of the light source, i.e. laser (503), when scanning the
30 luminescent marker (702). It can clearly be seen that using the non-linear fluorophore
increases contrast and resolution of the fluorescent image. This is further supported by
Fig. 9 and Figs. 10A,B described below. In particular, when the light source is in the
position marked as 706 in Fig. 7c, close to the marker (702) or conespohding projected
image (703) of the marker (702) on the grid pattern (701), the excitation volume is
35 sufficiently small and localized to the light source position (706) for the non-linear
marker, such that no luminescence is detected in the corresponding pixel (708) in Fig.
7b. For the linear fluorescence image in Fig. 7a, the corresponding pixel (707) receives
luminescence due to the increased excitation volume in the scattering media. The two-

photon non-linear dependence provides the narrow photon-density of the excitation
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The act il vat &3ar Buerophers withehighyprieid arelsnonefobereatexcitaién. SMart  probes or
optical beacons since they only are able to emt |ight upon excitation y\/?gn
the target nolecule is present. Fluorescent probes are targeting a specific
nol ecul e or a spe‘%??li“@"ﬂp%PB@PW&F“@Oémagmﬂs the function is imaged. This

is in contrast tdrlabhstenteornagdphiyng fl uorescent dyes, e.g. 1CG which are

[ [ .ari zation and . . _
used to visuali ZeAVp’ﬁlaSn%lrjllr"%l[aIge otf tge uorescence emitted from the surface of an object

20  contains information about several aspects. The spectroscopic features yield the type of
fluorophore, and the intensity is related to the concentration of the fluorophore.
This holds for fluorophores situated, or excited, on the object surface.
Considering deeply situated fluorophores, the complexity increases manifold. This is
due to the fact that the spectroscopic features as well as intensity are connected and
25 affected by the optical properties of the object bulk tissue, i.e. surrounding tissue.
Several factors must be considered, i.e.
& Excitation light absorption and scattering. The fluorophore must be excited in
order to emit light hence the excitation light must reach the fluorophore location.
o Excitation light .source position. A source positioned close to a fluorophore
30 will excite the fluorophore more than compared to a source positioned far from the
source, given the same excitation light.
1 Fluorophore position and size. Here the fluorophore is treated as an internal
structured, ie. a well-defined region containing a homogeneous distribution of
fluorescent marker. Dependent on the size and position the emitted

fluorescence will have different appearance on the boundary.

8]
W

o Emission light absorption and scattering. Emission is attenuated when it
propagates through the tissue. Usually the optical properties for the emission are not the
same as for the excitation light. |



13 perneability. Another way-of increasing the contrast is to use probes
that are genetically encoded. A transgenereporter gene) is inserted in
the cell. The transgene encodes for a fluorescent protein (FP) which upon
transcription will_be produced intrinsically inside the animal. The probes
can be detected ust %&“ﬁﬁb‘?r} Heht eclieniiory pesitiom dTlchécdlenedahichyity & epeadidr®bn
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protei n of iGPEReMOgTaghic thehnimes flarcllwttesvbidesinidgen Rt 'Ivssitfugfégrfﬁgg]%g&ﬁ.
There exi st Haxeidd ikypes of fluorescent proteins but thé main famly iI's
based on green fluorescent proteins (GFP). The probe devel opnent is pushing
forward to devel ogl%CFFa”é‘ﬁY tenfl lgealizg aflordphore ivithirhen NbBorbRG &Y sTRRRYg NO
NIR FPs is phbgsent but yellow and red fluorescent proteins have been
reported{ YFP and P).. The confrast 15 is dependent on the fluorophore
concent r%a('gi on and TﬁEel)eFPchl%tffgr G388 i thatothe tryge conneniratsm pf aaflswoplont ril | ed
by so cal | edougiti wherpaolties terhf “togliZd" Unk@RN e the AteRBlibYSnNOvery ¢

> ; hree-
fl uorescencey; 3 , . AN _ever present problem using T GO Lsctfice
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chr onophor esbR0t Méhick endieriRAGK 450N He BLIHQ'E%%%}Q%G |s fluorescence

origi natf'sng fromfluorescent probes outslde epry'egi on-of -interest. \Ways of
theoretically subtract the autofluorescence and the background fl uorescence

has been reportedApﬁﬁeaMlﬁ&ﬂ‘ﬂﬁﬁr&EeM%ﬁﬂgﬁgﬂﬂf fluorescence effectively
reduces the cont‘rgﬁia.“ %}qgginical cancer diagnostics The mai n
reas

application so far I's Im3&M€er di agnostics using 1 CG or derivatives of
t he same. Fl uor esdeday, pnit Idnsyanmeegteele (M0G) Rt beaA g}jn;t@(q PRA UBnrh 041 llau[géan
appl i cati ongsdieBg hufhaho re i ing,wll .be achieved by, functionalizing
nonspecific ?mhﬁchluar ?%@% ?oéoﬂﬁﬁﬁgll figgngsticy bay Whorall i2Birayr spagng the

Due to tHe BAstailPeropbersn deneunabus Ahiseisia teslt bF ter sclened iclefetdwithin

up- convert i pgrbeakoclopmed Sver the phd t raphy. i.s. i nproved. .
Fig. 9 depigts the iyffer nces Bettm%géﬁsﬁlgg%gdggrﬁgeuas (ﬁldjﬁ?r(?gﬁg?go%ﬁ%‘ca 35

quadratic f uorglﬁ?folggi.zmg f?uoresc?ﬂ.cﬁ.fo’gma@i% Wemedrealiphendrherstinatilon of
excitation (801) %hdflesropkirencandRZhtebidd iRIORAIEDLE PR ] i Lerin
medi um The Fﬁ\g.p gesi Sea s_cshenPt ielg deﬁcri pti on})c??5 %%@%Uﬁlgtr%%g%gﬁo@ -
t onogr aphy probl em P AR eXci APy IS JPropheses that pee attechedito en affinjit lig®d3) i s
transl afed #ircifiseldsobnderest. hescetigandt cint e agiBodiead pEpriRs esaen68:4 884) | S
static in pasidiRy ™id-gvd hebe Mg intensity is changi ng dependent on
the source location.. E‘%Figgi:'}?g?mfﬁi\"%‘ﬁ%“H%@HBW%%\%&I&\l,q 19} agagded| es
for fl uoroplfogdargehligagd This sesults dvhackewugd doiostseancé WA ROWRLspdapendence.
The source nsindornidien kBt tlile_r‘taltglé?tofljegﬁ{agéc}. 5 and the distance to the
detector is L. Thﬁhecaé ﬁ,u! alt)ll On‘%t were performed using the anal ytic
expression for the G LAteadle prokes sre more apecifi pince theho nlyesmoit Sluordiance  As
seen i n3Phewheryiavetched AnarithelMBroptigesate diraibad #EARLL %/y%@xﬁr){itfrt(?f iciu%n& S.very
sharp in thgyw 'lvglly'fﬁ\év I hhﬁro' hant sou][ace, ar&und a synmetrical 1evo “ution
around the x-axis. Thi s | npl CRSTFhAE Pacqdstogeler [ ecli-guenchreach other.GFnmt i on
“wi t h hi ghera/&8g8mentys p9SS.(b1%él¢d totanomsyme-3pedific PERI¥R-sequence. In the presence of
an enzyme the peptide sequence can be cleaved thus the fluorophores are free to emit
' Pght,. no quenching. The use of activateable probes has been demonstrated for
35 identification of proteases in vivo. The activateable probes are sometimes referred to as
smart probes or optical beacons since they only are able to emit light upon excitation
when the target molecule is present. Fluorescent probes are targeting a specific molecule
or a specific biological event thus the function is imaged. This is in contrast to other

non-targeting fluorescent dyes, e.g. ICG, which are used to visualize vascularization and



10 In other enbodi ments of non-linear fluorophores of hi gher order, e. g
cubic fluorophores, the contrast enhancemgnt is even further |nproved ( not
shown) . Tissue optlcs and aut of | uorescence of tissue Wthin the field of
ti.Ssue optics, interaction with tissue is studied. 15 Optically,
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fluorescence, is caused by several different fluorophores. Sonme of the
comon tissue fluorophores are collagen and elastin present in connective
fibres, 45 ypt ophaflinteadeancer dlatgneﬂthsrot eins and fl avi ns and nicotinamd

adeni ne di nucl eot ipgg ip the est i on cells, see Fig. 1B
showi ng spectra of ¢ &MDgBrplg %OEFdasltsl P\reélOET’ n(’itffé‘) uSIB%\dI%r‘Hten
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Non-linear fluorophore tomography
Due to the quadratic dependence of the emitted fluorescence in e.g. up-
converting nanocrystals, the fluorescence tomography is improved.
Fig. 9 depicts the differencés between using a linear fluorophore and a
35 quadratic fluorophore. _
Fig. 8 is a schematic illustration of excitation (801) and emission (802) light
propagation in a scattering medium.
Fig. 11 is a schematic description of the fluorescence tomography problem. An

excitation source emitting excitatibn light (803) is translated on the boundary whereas
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phot on. Within the field of tissue optics, light interaction with tissue is studied.
15 Optically, biological tissues are inhomogeneous and absorptive media, with a slightly
higher refractive index than water. When light interacts with tissue, multiple scattering
and abs-orption events are expected to occur, where the possibilities for these events are
highly wavelength dependent. Since tissue has a high concentration of water, it is an
advantage to use light from a wavelength region where the absorption from water is
20 low, this will enforce an ultimate limit on the usable wavelengths. However, in
transdermal non-invasive applications, as in certain embodiments, light needs to
penetrate the skin which will put further constraints on the usable wavelengths.
The skin can be seen as a layered structure, with the stratum corneum on top,
followed by the epidermis and the dermis-below. The stratum corneum and epidermis
25 are very effective in attenuating light, mainly due to high absorption for wavelengths <
300 nm from aromatic amino acids, nucleic acids and urocanic acid. For longer
wavelengths, 350~1200 nm, melanin in the epidermis is the major absorber. As light
enters the dermis, scattering begins to dominate over absorption. The dermis can thus be
described as a turbid tissue matrix. For tissue types below the dermis, scattering usually
30 dominates over absorption. In a crude approximation, the scattering can be modeled
using Rayleigh scattering. This implies that light at shorter wavelengths will be much
more scattered than light at longer wavelengths.
Considering both the scattering and the absorption in tissue, the transdermal
diagnostic window resides in the longer wavelength regions and can be considered to
35 range from 600 nm to 1600 nm. | |
Tissue contains several endogenous fluorophores which have a strong
fluorescence with small Stokes shift when excited by A < 600 nm. For longer
wavelengths in the diagnostics window, the endogenous autofluorescence from tissue is

in general much weaker. However, in many imaging and tomography applications, the



16 I n some enbodi nents, |um nescent markers in formof solids doped
with different rare earth ions are used g obtain upconversion. Solid state
upconverting rrateri als are for instance fabricated by doping the materials
with rare eart ﬂ{g@e rare earths fills their outer electron shells
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(Y203), whi%®f P5rE o fabricate.

Non-linear fluorophores

30 Examples for non-linear fluorophores are nanoparticles (NP), described in
more detail below.

Upconversion

Upconversion is a non-linear process that occurs when two or more photons

35 are absorbed and a photon of higher energy, than those of the incoming photons, is
released.

The process is for instance observed in materials containing a meta-stable state

that can trap one electron for a long time, increasing the interaction-probability with
another arriving photon.



O her nanosi zed upconverting particles are for instance fluorides, which
have hi gher efficiencies than Y203. The higher efficiencies can be

expl ai ned by the I ow 5 phonon energies in fluorides, which |ower the
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Figs. 3 a) and b) are schematic illustrations of fluorescence and multiple

30 excitation in upconversion luminescence, respectively. In Fig. 3 a) the emission
wavelength (EM) is longer than the excitation wavelength (EX). Fig. 3 b) shows
multiple excitation occurring in step 1 (EX1) and step 2 (EX2), where the emission
wavelength (EM) is shorter than the excitation wavelengths.

35 Nanosized Upconverting Crystals

Upconverting nanocrystals are herein disclosed as fluorophores in biomedical
imaging applications due to their unique property to efficiently emit anti-Stokes shifted
light upon near-infrared (NIR) excitation. This provides for detecting a fluorescent
signal in a region where no autofluorescence is present.
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environments and do not interfere with the optical properties of the nanocrystals in any
significant negative way.

35 Coqting the particles with silica usually gives a very robust coating, which is in
particular advantageous in biological environments.

Water soluble upconverting nanoparticles may be provided without coatings.
Hydroxyl groups may be attached to the surfaces of the upconverting nanoparticles,
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intensity, was neasured and summed to make up one pixel in the resulti ng
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two ‘lons are shown in Fig. 4A. Fig. 4A is a schematic illustration of upconversion
processes in the Yb*/Tm?" ion pair. Nonradiative upconverting processes are illustrated
20  with dashed arrows and non-radiative decays are omitted for clarity. Fig. 4B is a graph
showing the emission spectrum for these upconverting nanoparticles. The blue emission
line at 477 nm is only visible for higher pump intensities. The pump-power dependence
of the 800 nm line was measured to be quadratic using low intensities, as seen in the
inset of Fig. 4B, showing intensity (I) on the x-axis and counts (C) on the y-axis and
25  where the slope (S) of the fitted line (401) equals 2.
In an embodiment, the non-linear markers are attached to an imaging contrast
agent for another imaging modality. For instance a non-linear marker is attached to a
contrast agent for imaging with a conventional imaging modality, such as Magnetic
Resonance Imaging (MRI), X-Ray, etc. In a specific embodiment, a non-linear marker
30 is attached to an organic gadolinium complex or gadolinium compound, which has
paramagnetic properties. When used as an MRI contrast agent, contrast is enhanced in
medical magnetic resonance imaging. At the same time, luminescence imaging or
tomography may be made, providing for functional diagnostic information combined
with high resolution MRI of one and the same region of interest and in-vivo.
35 Other applications are provided in non-biolbgical areas. Examples for such
areas are luminescent imaging or tomography for material testing, including quality
control of tablets, filters for liquids or gases through which flows a medium with non-

linear markers, ete.
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35 excitation positions (506) and not by the number of CCD pixels. The resolution may
thus be determined by the photon-density of the excitation light from the laser light
source (505), and not by the photon-density of the fluorescence emission light. In this
way, because the two-photon photon-density in the excitation volume is more narrow

than the single-photon photon-density, the resolution could be increased. When
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Autofluorescence Insensitive F luorescence Molecular Imaging
The epi-fluorescence setup was used for this experiment. The optical properties
of the phantom was chosen to be H's = 6.5 cm—1 and pa = 0.44 cm—1 at 660 nm, which
25 fall into the range of those found in small animals.
The capillary tubes containing the ﬂuorophores DY-781 and NaYF,:
Yb*/Tm* . were submerged to a depth of 5 mm, where the depth was taken as the
distance from the front surface of the tubes to the surface of the phantom DY-781 was
chosen in order to get a fair comparison, since it emits at 800 nm too and has a quantum
30 efficiency on par with more commonly used dyes, for example the rhodamine class.
Two diode lasers were used to excite the fluorophores. DY-781 was excited at
780 nm, and the nanoparticles were excited at 980 nm.
The lasers were raster scanned over an area of 4.4x4.4 cm2 con51st1ng of 121
positions. The images were then summed, giving a representation of the photon
35  distribution on the surface. This, provides whether or not a fluorescent inclusion can be
detected. In order to suppress the effects of bad pixels on the camera, a median filter
with a kernel of 3x3 pixels was applied to the summed images. To simulate
autofluorescence, DY-781 was added into the phantom up to a point where the contrast
was s0 poor that the data could not be used in a sensible way.
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fl uor ophor es, andhy nidie derds Figfleddd)dto d) show the images taken with and without
autofluorescence along with their cross section profiles.

As can be seen from Fig. 6 (d), there is reduced autofluorescence background
in comparison to Fig. 6 (¢c) , improving the signal-to- -background contrast for the

20 upconverting nanopartlcles. These figures clearly demonstrate the contrast difference
using downconverting fluorophores and upconverting nanocrystals. It is worth to notice
that even without any artificial autofluorophores added, the intralipid itself
autofluoresces and the effect is visible in the cross section profile in Fig. 6(a).

The end result usmg the nanoparticles is mainly limited by the signal-to-noise

25  ratio of the detector. This means that by increasing the excitation power, it is possible to
enhance the obtainable image quality. _

The situation is different for the DY-781 dye. The dye is very efficient, and is
in general not limited by the signal-to- noise ratio. However, it is limited by the signal-
to-background contrast. This means that an increase in excnatlon power will not result

30 in a better image quality. -

Fluorescence Molecular Tomography (FMT)
Simulations of FMT using non-linear fluorophores and traditional ﬂuorophores
were performed in transmission-fluorescence setups, as shown in Fig. 5b. The simulated
35  tissue phantom was modeled as a semi-infinite cylinder (508) with a radius of 43 mm.
The optical properties were p's = 10 cm—1 and pa = 0.4 cm—1 at A = 660 nm, with 16
uniformly spaced source-detector points (509) around one plane of the geometry. The

ﬂuorophores were placed closely together as sticks extending throughout the phantom
as shown in Fig. 5b.
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 the rion-linear marker has a quadratic power dependence. The quadratic excitation field

strength is the used as source term for calculating the emission field in the emission
35 problem. This may result in a more narrow sensitivity profile and thereby increased
resolution. The narrow sensitivity profile corresponds to the narrow or small excitation
volume previously addressed. Hence, reconstructmg a tomographic image of the
luminescent marker may comprise calculating a product of ‘the excitation field

_ accordmg to the non-linear dependence, where the calculation of the emission field is
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pertur baltSI ons tFlg. 9 shows a comparison of tomographical reconstructions between a linear

(902) and a non-linear fluorophore (903). The illustration in Fig. 9 is presented as an
example of a quadratic fluorophore. (this case chosen 1o be quadratic)

The ground truth is shown as the Input anomaly (901) in Fig. 9. Two separate,
but close anomalies are shown as the irregular dots in the larger circle.

.20 In the reconstruction using a linear fluorophore (902) the two closely situated

anomalies can not be distinguished, as is evident from F ig. 9.

However, a reconstruction using a quadratic fluorophore (902) shows a good
separation between the two closely situated anomalies. This can clearly be seen in Fig.
9. ‘

25 . This comparison illustrates the advantageous effect that the use of non-linear
fluorophores provides, namely a higher contrast and resolution, than with linear
fluorophores. The enhancement is due to the more narrow sensitivity while using the
quadratic source term as seen in equation (1) below. This can be visualized by
considering the collected signal for different source positions. Using a quadratic

30 fluorophore, the signal will only be strong if the source position is in the vicinity of the
fluorophore itself. Thus the signal can provide more information about the location of
the fluorophore than for the case of a linear fluorophore. This may also give the
possibility of 'resolving, for example, two closely situated fluorophores that are not
resolvable using a linear fluorophore, as shown in Fig. 9.

Multi-beam fluorescence diffuse optical tomography using upconverting
nanoparticles

Additionally, this disclosure demonstrate a method in Fluorescence diffuse

optical tomography to exploit the unique nonlinear power dependence of upconverting
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by two couplngornditivhisiadsetter way rather than adding new constraints for the reconstructions,
i.e., adding new independent information, which is critical to improve the quality of the
reconstructions. )
| In a noncontact CCD-based FDOT system, one preferred way to gain more
20  information is by increasing the number of excitation positions. However, in order to
keep the intensity of the excitation beam within reasonable levels, there is a limit on the
" minimum size of the excitation beam. This implies a practical upper limit to the highest
excitation-position density, since distinct, i.e., non-overlapping, excitation positions are
desired for reconstructions. It is also possible to employ an anatomical imaging
25 modality such as magnetic-resonance imaging to provide a-priori structural
information. However, this is at the cost of significantly increased complexity and
reduced flexibility of the system. '
In this disclosure, we present an approach to exploit the quadratic power
dependence of upconverting nanoparticles to gain additional information by utilizing
30 two beams simultaneously for excitation in FDOT. The effect of the images taken with
dual-beam excitation (named type-D images) on the reconstructions of the hanoparticle
number density distribution, n, is demonstrated. In addition, comparisons of
reconstructed results between the linear Rh'odamine 6G and the quadratic upconverting
nanoparticles are made. | |
35 ‘The excitation and emission fields can be modeled by two coupled diffusion
equations [Ref. 1]. For quadratic fluorophores, the fluorescence signal detected at a
fixed detector position under excitation of the k:th beam;
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where N denotes the number of voxels,

I's.d.: denotes the coordinates for source, detector, and
voxel, respectively, and;

10

AV: is the volume of voxel ;.

The forward solution of the excitation light is represented by; -
15 [Feiraera)?

while the adjoint solution to the forward fluorescence problem is represented by;
[’ (rd.1;] : ’
£ hd g ).

20 When éxciting the medium using two beams simultaneously, the detected signal is
given by (2);

N
Tpg; = Z Uf (ra. rinr; iy, vt + Lelr,. 1',}]2.-‘.\‘-",
) =1
25 - =Dl
S N
23 U7 (ra v nirs) Ualry, 10, i1, 1, 1AV,
=1
(2]
which reveals the involvement of cross-terms. In a raster-scanning setup (500, 507), if
30  two images are taken sequentially with one excitation beam scanning over two positions
(named type-S images), and a third image is taken with two-beam excitation (type-D)
above the previous two positions, the involvement of cross-terms implies that the type-
D image cannot be obtained by any mathematical manipulation from the existing type-S
images, indicating that it is independent and contains additional information. However,
35 for linear fluorophores, €.g., Rhodamine 6G, the type-D image is only linear
combinations of the existing type-S images, and will not add more constraints for the
inverse problem. For nonlinear fluorophores, it is deduced that Eq. (2) can be
generalized to include more simultaneous excitation beams.
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fl uorophores, it is deduced that Eq. d( 5""Cé1'n"'be ’gener’-'él'l ized to include nore
si mul t aneous excitation beans. 26 The significance of the neasurenents
wi th dual -beam excitation in the reconstructions was confirned by the

si ngul ar-val ue anal ysis of the weight matrix, W whose el enents are given

by (3) [Ref.Wlﬂ];; 5(1d, r,r. r JJ.1,.(3) with; 10.-)= 2 for quadratic

fluorophores and; =1 for linear fluorophores. Cal cul ations were
per f or neg, usi ng, %{ge N RFAﬁT package inplenmenting the finite 15 el enent
met hod. was™ fatt GrpFadc Huereporagandy (4); (4) where U and V are

unitary matrices containing the left and right singular vectors of W 20

and; is a dL’,agop@rlirreatrgix cgnt ai ni ng the singular values of W The
col um- space of P9y YR B¢ by the i mage-space nodes, while the
col um-space of U is spanned by the detection-space nodes. The singul ar

val ues of : f ively. a gi i e-space node can be detected
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si ngul arv aFisaent methpg, Viveas fadtonived Boeordingxb $4)shows t he singul ar val ue i ndex
(1120) and the y-axis shows the normalized singular 30 value intensity
(1121). For clarity, only ever{y._sg;q.qu singul ar val ue are shown. The cross
(1122) and plus (1124) signs représent the |inear ftuorophore (y=1), the
former for the single-beamexcitation (1122), while the latter for the
conbi ned si Wﬂgreelp execi t,tati on and dual -beam excitation (1124). As seen,
the normalized intensiti 6sabf Maficeseritaniasdhe ftgod sighvsihgisa duerd of W,

dual - beafh esd:t at i on (1124) have dropped to machi ne 35 precision, which

i ndi cates that the neasurenents w th dual -beam excitation may not alleviate
the ill-posgdness of FDOT. In other words, the type-D i nages nmay not
provide nmoré&’information than the existing type-S inmages. Hence, it may not
i nprove the quality of the reconstructi ons. However, for the quadratic

it Sre ot oy ok At
i , -space of U is spanned by the
detection-space modes. The singular values of W denote how effectively a given image-

space mode can be detected by an experimental setup [Ref. 2].

Figure 12 shows the normalized singular-value distribution of W. The x-axis
shows the singular value index (1120) and the y-axis shows the normalized singular
30 value intensity (1121). For clarity, only every second singular value are shown. The
cross (1122) and plus (1 124) signs represent the linear fluorophore (y=1), the former for
the single-beam excitation (1122), while the latter for the combined single-beam
excitation and dual-beam excitation (1 124). As seen, the normalized intensities of the
additional sigular values due to dual-beam excitation (1 124) have dropped to'machine
.precision, which indicates that the measurements with dual-beam excitation may not
a_lleviate the ill-posedness of FDOT. In other _words,.the type-D images may not provide
more information than the existing type-S images. Hence, it may ot improve the
quality of the regonstructions._However; for the quadratic fluorophore (denoted by
asterisk (1 123_).and dot (1125) signs in Fig. 12, the intensities of the additional singular

35



27 val ues (1125) are still significant. T.hi s inplies that type-D i nages
wll contribute to the quality of the re o7nstructi ons. - The
experiments were carried out in a gelatin phantomw th optical properties
of: ga= 0.29 cm and 11's= 10.0 cm at 660 nm neasured with a
ti me-of - f | i gffues (b8 ereosdlopigniSyartt Tif Replicd]thar tyse-DaktabbauH] othiBute 1 {Heed
wip h sol uti afsligfoffthodapidgc8SG(c =0. 111, M and NaYF4: “Yb3-/ Tnt+
nanoparticles (¢ =, 0.1wm %, respectively, were used to sinulate the
fluorescent |esi ons'® SHREBSHS Mere Aaraied sut ipa geldtic phareamoxidh Betidall BRipegics
S . . )
to the Iig Y"g@fggg 'o»?'["“%ﬁ“é‘“” Eg?;ggj’%" e PP GRS YT ot on
posi tions (ng( O,iyg Pam e lis &P tapiiiage tyhesshied with sbbusioneof Rhedamine
separation ane0.h piyt) et - NeeY I h Y/ v > ResibbargAss was 0 nd. each
excitation Qg@&ntggg?ﬁagi A er.Of P r oxi f)t ely. E@s %ﬁ%t@;}r?s%agfvﬁg" were
experiments, a.single excltatlon BelSiohas s paterimental stupcand ooreespomdng x 3
grid, and ofe"VA&gEamgereaptesimiar withelesh wehin@d ROSbES WOKOR 2 gCBu qrer a.
In the next t5¢ Bfited WRaCfGhE 3h . located at two nearest - nei ghboring
sites of,4he ﬁ me 15 e%a!;i d %ﬂ%ﬁ%@?‘f%ﬁ%@@éf‘%}%@f gféﬁ“ﬁtﬁ’ni ROstitingds & 1 he
phant om gi ¥ Sweyf iy (hg resentrdigelosure. The sepfairajionest 3ANdBEt SBNB ot RE
t hr ee- di mengpsitiahs wendSrmng adll ehd1Led SGANS bE rting .
nanoparti cl E"ﬁn ﬂnﬁné ﬁ"% & | i nderes i.?\ t he subfi g‘ggé‘;@‘%‘%fa{éﬂ?ﬁq@&@%ﬂ& 2.6
represent the true fIuorBSCEHS:%YRgREXciiaion heam evasriyst used tmscanfovkt the 3.3
(2), only {ypkrShadiomgoosasas casertd (e canmasRRiiohs SORRFBhehy
uor escent eafikO8eh S - : [ verestimation may be expfalne
by the il - poesinece uf eRbiEitoh TEARS Icali ot Yo wpaestisighhgring pisesmofithagere. ¢ he
reconst ridct BBf: Beret smukangopsls ceployled 9b Ghuratmapethi Phafig \L8dng SNEtsahhdp as
shown in Fi gmagk8B. In order to enphasize the difference between the two
reconstructions, Fr osséﬁ%gﬁ'%é)nﬁl slices of the reconstructed relative 25
f I uor ophore di st rt §ifFor arl & $ASNH thenthregdimensignal 4endesing hdubh rdcoastelepidh i S
rel ativel y wedonversagnstnopatields.athé hed CoMh8E:s of, e sgenty L esion
(represent efl iy NG Gik G 85 %?_rl botshqﬁﬁl%onrcgtfrnuf:l{ii. %‘%ﬂgﬁ{eﬁe FelisAutd (deq
fluorescent. fesion is nore Contifadss Bt herscensiuctiom fsFisglbehonlypspssand- D
it Eag_es_ 29hi @%giij were @S@gf Ixs aan bhsdens the shﬁf&gﬁ‘&h?ﬁubﬁég&npleisﬁqg'tgﬁv&gghﬁg‘@%t et to
e i nver seThik QhleRIRiAR reconst ructions for the quadratic
upconverti ng, rslan%garlt Lcl e??ﬂThg eg@%uﬁngé pbgnﬁ'\en '9‘58%?%% ©ofi the dmerseoproblean.
| i near Rhod3MCRAdsinabPe- 131 imegesarthe eecapstryctishosf ther Aasres@at 1@ sBdpkCRS are
present ed iimprogsl rehfedkdbdy;. asCOHIRA Gl FiY Lts for .th o
nanoparti cl ?&Weé he. .t coar?z}fpr%sct i.ons fclf\rig %Qﬁn %@%}é& ﬁglpﬁ‘ﬁ?zaogl??efilffer?qcém
addi ng the type-D] réﬁ%ée,coﬁﬂf‘lfﬂ(’?% Grossageieeek nlicesi ofh thehecotmtmced Eheiver ue
dept h o5t hBdrpphwre distittutionsiroshdven & Figs PROSIINFT RERASH HE L, ¥ el 43
di scl osed aRepfldbhdRRal 1 BledUs; adr&)rét e of the nonlinear power _3_% dence
of upconverting nanoparticles TR L) dessombrrrssantsd o ichickes) fpr t o
obt ai n addi 2t FPnstAcEpra theotecdrotrutthe flunrecee 143k eR8rd Yo kShddFok 'f!ﬂeg@a e Laken
with two orofMiyigy Bl dypé-sOmdls i gl t anepusl y. found that this
resulted in_j rgﬁ%ov?db:; 8 recongi?ir%%ec%'t' irﬁgl#s?ég'fﬁe(:ogéﬁléyﬁmé]?ﬁ Hyees Rfl @pad) be
found when 0§ g IHRLE 19 (the inysrssr roblem gnd IRWothabetee ©6nstructions for the Thi S
di scl 0sB e prémtntupc@veatioRAbSarRéled O d LD pescence | I.ng. and
tonography.Rﬂoraa%ﬁpeg(%, m(eent%g it %@ 'gthgll\?\}r? d{oﬁrg?}?olnga %@0 rPﬁt_’clPﬁgg%U_@?‘ﬁeﬁb 5
nanocrystal's 1o posst BIFE 310 med @t Whoseesdoss-seettmmbilicag atei pobsegiedah Figsssue.
Fur t her nor € 5As1 ¥l Gempared shidwelsk tdsalts ifbr itlse BQ&ﬁﬂ-aﬁic@eﬁE daRhsths; Obp%)rr y
I ng

used in fl yt{cagset i raphy. to work wth the upconver
nanocrystal s 6 R 'ff’ﬁlé’e%eg@gﬁ‘%rawlhé tﬁ%ﬁ@?&? dnagespahichcis ds agenienn t hi s

di scl osur e, Wilnthe $eony. iThe truaidepth of gerfiuwrdsteran oo afo poBN e ré@ oM @hicilay of

appl i caz3j ons, sugh iasdifPssehi I rkers_10 thank o thelr unique

opti cal prﬁﬁerti es.1 1 se@‘[%leodg?g%é%l?%f]h%gn?%v %ﬁggsogé}é‘?} '@ége?qué‘éiwglbove
with. refer bB%ldF%CCS%%EPWP&C@%@mecg@s. Hdwe wédvantage heablesrad po®ibiByt fyan t he
above descobtagdadditiorabinddrinatio® Sxithd Bviist Bi - f the inyention. The
different fea uerx%ﬁ%tﬁogldggte s. of 't he ??&%Et@éﬁﬁﬁﬁ;@&gg%%lt%a VIH oy

S

conbi nati ons %han Stnygeoushie Weofeundf thes thise rdsniventin cimpirsvedn! y
limted by the appended patent clains. - The net hod may be perforned

in-vivo at a living human or aninmal body. In this case, the markers may be
prei ntroduced into the body in any manner, such as by injection into the
bl ood stream or subcutaneously or directly into a tunour, or alternatively
by topical application, pulnmonary and other non-invasive nethods. Such



hod.

I ntroduction can be perforned separately fromthe remaining net
égcﬁrgrel ntroducti on can be perforned in gonnect lon with the rema: In| ngt ]
nmet hod but shortly therebefore. ernatively or additionally, | e
met hod may be perforned _at a hunman or an| mal body, which is sacrifize hod
after the né‘fc}‘?gﬁf“%céloﬁ%rfT@? medine 28Nangaacsulé! yoorbeaddiid OWAd Yusidd &ifEE ho

body or part of
f Vd §r i ving human or ani mal

ga%/)og; p?(r)r@gl%fﬁeésaé rg{lﬂdangnpg uman or ani mal body. Al ternatively
or additionall y, the th & Yreh @rsenis o pmbedigtentsornf medi-tiatarf iehitesceatich as

filters or imbdiegand &ndgrapHyold OWeRithehliEWaD SRR ilﬂfg%é) ?ﬁgtupc%\\ egting

f al | ur poses:
L o el Tyl IS0 Cfdringcioedia rmﬁémb Inpihjogicat tissud FurdbaAias, 35
(2009) . [ Refimuigtions sRow@littheerit isvposhibkd RCA: ﬁufésﬁheMy JsedHH'fﬂRJf&cerﬁ“cﬁhﬁal

ta
Yodh, Opt. f{ephd to 0k (ARPhY up O RES ers
Andersggn Engelgsraﬁ’@né)T Svenssoﬁcorg' Be %C’Y §. 13, 041304 (2008). 29

CLAINS 1. A method ‘?)PP‘FQ%(QITU@@ I@H@@gﬂit@lnpamcles st ihehisngsol@td) Th Rymphfiddas e

| uni nescen CWlth’lmlr@w ﬂuorbﬁf&ﬁéﬂ" gaveS@{/ éﬁ yota é‘?‘f’{n s 6§l I %ﬁf(gtbulél%g]sﬁ%ﬂkrggr ers

sal
lpggnl ??zﬁgn hgp‘lshe tl’s‘%@ﬁﬁ?ﬁﬂl—f@c@ﬁ?erﬁﬁ? ker is a nonl | near | um nescent
mar ker ; the net hothe prgsentsinvertionXBast bérg %bﬁ?é‘ﬁ%%Zﬁ“@%ﬁ?%gr&%eg# con
exct L2t on byeln i Yed L, ey oL IBEE LIt seur et e, wereoliyn
| umi nescencROspiblsmvathing theusdope sifetht inveritien. d4e differsai feait6d LAk ig %bn {Heght

by a det ectﬂﬁﬁferﬁionamliyuﬁe RERGERE ih oaHE gmglélaée Ontrllg.gikll%lsoéiire]§qr@ﬁ8 V"Il“he scoprenz)\lienent
bet ween, sai ht source position an
15 ge invention is only limited by the appended patent claims.

The method may be performed in-vivo at a living human or animal body. In
this case, the markers may be preintroduced into the body in any manner, such as by
injection into the blood stream or subcutaneously or directly into a tumour, or
alternatively by topical application, pulmonary and other non-invasive methods. Such

20  preintroduction can be performed separately from the remaining method. Such
preintroduction can be performed in connection with the remaining method but shortly
therebefore.

Alternatively or additionally, the method may be performed at a human or

- animal body, which is sacrifized after the method is performed. _
25 Alternatively or additionally, the method may be performed in vitro at a non-
living human or animal body or part of a body, for example a brain-dead human or
animal body.

Altematively or additionally, the method may be performed at non-medical
fields, such as filters or tablets, -

30
The following references are incorporated by reference herein in their entirety for all
purposes:
[Ref. 1] C. T. Xu, J. Axelsson, and S. Andersson -Engels, Appl. Phys. Lett. 94, 251107
35 (2009). '
[Ref. 2] J. P. Culver, V. Nt21achrlstos M. J. Holboke, and A. G. Yodh, Opt. Lett. 26,
701 (2001). .
40 [Ref 3] E Alerstam, S. Andersson- Engels and T. Svensson J. Biomed. Opt 13,

041304 (2008).



i magi ng sai d | um nescent marker based on a non- l'i near dependence of said
detected | um nescence on said excitation @ ght intensity and said |ight
source p05|t|on in 15 relation to said narker position. 2. Method
according tq- 1, wherein said non-linear dependence is given by the:
rel ati onship E E&@; 20 wherein E is excitation light intensity in said
excitation volunme L |s | um nescence |ight intenS|ty fromsaid | um nescent

Erer S B ORI SSRRIAN 23k 1 £ D0SHHL Ve QU 210% Lian ore,

3. Method accqrding to, clarml, erern
nmovi ng said ‘?‘ﬁaﬂ{larslm% prid FQgil@hCQrTnprrseigtat basttmeimnmemhkﬁbrl&ﬁﬁh&ﬁg%ﬂ in30

NOVENMENT CONpri Ses;
Tovi ng Sl 4 ga Ker peors | oy AR, QL g R R S R iedten o

ositio
Met hod accor%ﬂﬁgu{‘wpéfeﬂ magker Beaethadrgmpsisingni ng sai d one or nore
excitation beans lbstiviegBaid Inhireatdnt ){né?fcersﬁy Q?déﬂag?ﬂ; (1) gy%ﬁgtae?}}pggl Li %r})sre such
nis
(het o2l gt ceRds o BRSLL oy | GRVEd LN 16 S Cier T
| umi nescence for é&@ﬁtﬂm‘ ltglancBCpIha@rﬁbmt spid lurhingdtbntS RUFKRE dROTH LshRNSyciSifh
| um nesci@nc ¢ighei @get@CtE)pitaallu}n‘d@s&%ﬁ&ﬂca%hec%e§$§ %3/ of said | um nescent

mar ker for each luralit ositions,

i magi ng sai d | uni RESCERE %Y%m H&ﬁt‘ﬁm{u ﬁégdalnghtnmeceobosaamd dn@t &id Smarker

| um nescencposmbmny ty for each of said plurality of Iight source
positions. 7. nﬁg ccor(j to claim6, wherein said total |um nescence
i nt ensi ty [ s provi ded b aig NPt maagker basedl vasz aprdinedr degicuddnaniafesient

mar ker. 10 Hetegpd Il'lUdlnaSCemermSJud excitaBomifht iMRAS) z{hdss‘aidqléﬁt Wbdkd Lgsn%n i ght
source ﬂ@s' i1 th QhidEnAker position.

2. Method according to claim 1, wherein said non- -linear dependence is given by the
relationship

L=k*E"x,
20 |
wherein
E is excitation light intensity in said excitation volume

L is luminescence light intensity from said luminescent marker
k is a positive constant

25 X 1$ @ positive number larger than one.

3. Method according to claim 1, wherein providing said movement comprlses
moving said light source pos1t10n in relation to said marker position.

30 4. Method accordin'g to claim 1, wherein providing said movement comprises;
moving said marker position in relation to said light source position.

5. Method according to claim 3, comprising;

scanning said one or more excitation beams between a plurahtv of said light source

35  positions such that said light source position is moved in relation to said marker
position.

6. Method according to claim 5, compriéing;



grid pattern, said | um nescence marker having a projected area on said grid
pattern. 9. Method according to claim38, jpherein said projected area is

| ess than the area covered by said grid pattern. 10. Met hod
according to claim8, wherein said one or nore |ight sources are scanned
bet ween sai dGCtiPgFHIE JurBinescener fos sarhosf spidlspiltriabitysofdiphbsdued pesaicis S94ed t at i on
val ume does lamfxfdsédntct BhviNe RAS 5 : two .successive |ight soyrce
positions in fsaj d %rl'.d ;%3,% }_lert?ll%ﬁuﬁé&nﬁlm%gsﬁ Pﬁé’g@%{?ﬁz‘%}}?‘&e%&“‘t‘aa 5%%399
wherei n sai PIERGRUR{IRPIlghtsaursespasitions.ant i al Iy | ocalized to each of said
plurality of |ightim@iug@eid_pmiﬂeis&mnﬁkkféhb&Mi@adn%{ag@oﬁ&?&ﬁ{%l marker s

0

partial | yz exgi I i.d. li.ght sourc osjtion overfFaps partrally with
sai d proj %c?gféﬁrgerg“éeé’?e i Siny et aeh aboed Bllﬁf?gltif ot Lgly serce pesitiensy- 11,

conprising exciting said |um nescent marker by two or nore |ight sources
si mul t aneous} WetAst advbidh or di t.o a f clains 1-12, conprising
30exci ting sb?i d Tum nescent ﬁ%&lkégr‘ﬂ%{/el%sqla)r(%tgl lnmisscense intensifyis prgvided i r st
wavel engt h fPYoHINIRg pEsaid lughinessongead spiddimimescent marker. exci ting sai d

| um nescent marker by a second |ight source having a second wavel ength from
a second, [ i our ce position. 35 14, Method according to clains 13,
wher ei n ls(éai cgii]Mer?%({d %\’fg}’@ﬁafﬁ?‘ﬁné’é‘@lﬁ?ﬂ‘bm‘i’ Blurality g@ehghtsanree positions foemond
wavel engt h. gtig;paiehsxid hedaesdemg haked RivRelBoroeHSD GAl 1] cent
marker is excited by said first and seconélfﬁgma sourc(ggga&%%ﬂ%%g%usly.
31 16. Method according to claim 13, wherein at |east one of said first
and second It Yfsthodggeerdingde claimBs whereimsatdipriofected] aadd i@ llest ehasiahdardRES RS ed
posi tion. 5b§z§aid'lélaﬂr;§q§ﬁpd of any of clains 1 - 16, wherein said diffuse
| um nescgnt 1 magi ng conprises diffuse | um nescent tonography. 18. Method

according to claim17, conprising; scanni ng said one or nore |ight
sour ces bet WeeNethoplausordiing Yo Ohirsl8S §8L8Mtsald Gt C&uRQsLEIons such
p o B! REER ald Bl ER SRS MOS0

that said |i [C sition is noved in re ) ) S,

posi tion, a-r?gmcfgft?.g%{g ipinauéﬁ_éaf’.hhg@rﬁoil@§é’8ﬁ88n$ Bich phag vaidiexejtationivobeweedves i mages
of said I uniswstangially netrdverlaf betwearc twofucs@iside Bight @ubdeYhoRfioflk fnfﬁfde g | 1 ght
source posi i, ) reconstructing a three-di nensiona onogr aphi c
i mage of_said [ um nescent 15 marker fromsaid | um nescence inages. 19.

‘Met hod &Zor di ng to claim18, wherein reconstructing said three-di nensi onal

t onogr aphi ¢ 11."¥Mefo€ 888FdisEio claim 9, wherein said excitation volume is substantially
Jocalized to each of said plurality of light source positions such that said luminescent

marker is partially excited if said light source position overlaps partially with said
projected area. ' |
25 '

12. Method according to any of claims 1-11, comprising exciting said luminescent
marker by two or more light sources simultaneously.

13. Method according to any of claims 1-12, comprising
30 exciting said luminescent marker by a first light source having a first
wavelength from a first light source position,

exciting said luminescent marker by a second light source having a second
- wavelength from a second light source position. |

| 35 14. Method according to claims 13, wherein said first wavelength is substantially
identical to said second wavelength.

15. Method according to claim 13, wherein said lumninescent marker is excited by said
first and second light sources simultaneously. ' |



calculating an excitation field fromsaid excitation |ight, 20cal cul ating
an emssion field fromsaid | um nescent narker, calculating a
pr-oduct of said excitation field according to said non-linear dependence,
and wherein said calculation of said enmission field is based on said
product. 25 20. Method according to claim 19, wherein calculating said
product conpisi E'%‘Ii’hodrﬁébérﬁﬁitg%b'&!lnﬂqh@ {heleth a'itléa%ﬂ&tefbf%fald%’sﬂmg&%t&ﬁtltg% field

so as to forma %roduct 0 g strength rai sed e power
cor r espondi g6 PPHEOFIREIOVEE Heth ‘r?Béo &fid SaTker PeRtiPRnear rel ati onshi p. 30
21. Method according to claim 20, conprising calcul at| ng the quadratic

product ) ren to claim1, wherein
provi di ng§c szlﬁldq}ﬁ%\l}l?h%d 8 g&@észﬁot&“d’eé%ﬁlaa‘ﬁ@r# %Htesqepbmag&t& ection
posi tion i n cewipasesohiffuse lslalnmbsmnt kenogrgigtiyt i on. 35 23. A systemfor diffuse
| um nescence nol ecul ar inmaging of a region of interest in a scattering

medi um said s stem corrprl Si n? a | um nescent marker for use in said
| uni nescent ¥o dccording taglaim 1dapemprésiger i ng medi um wherein said

| um nescent 32 ngEdRiing sﬁlcﬁorféQihﬁer‘?@ﬁt douPdel BeGRBA a'ﬁﬁfrgl?(& o@'ﬁff?é?&ﬁ%ﬁhf‘ sai d
scatterlﬂg nedi u nor e

sources posi®t \Hcgﬁgbgﬁt}nsasfm?@?gfalgﬁg g SIOBT?F%s’B‘dPBéS ‘BB‘sfidth(Sﬁla‘f‘?ﬂ toesi'@: TAKET sai d

| umi nescent peositikerandy excitation light emitted by said one or nore |ight
sources into an e etector at a i nescent
‘light detection p)cé)lg{le%?ﬁc%t&d%tﬁ%#&%en e dR% 7 Vld@r@@”’f*?%ﬁ?@ﬁt’aageﬁﬁ? Fﬁégcent
mar ker due temBgpenemerkenfdrsach @fgﬁatd plwhdityeoidifaiedt lightismese poditions| ecul ar
i magi ng Corrprl ses réd&ﬂhﬂ:gin Aitkheb H%é}ﬁ%‘ﬁpﬂon{%ﬂﬁgk inaseds %dﬁ Estc%htnear
I'd excrtatlon

dependenlcse det gi | um nescence on Sa Intensity
and said Oni’qr %ﬁ?‘ “‘B’(5‘§§CteP‘EFn‘n}aﬂef‘r elation to said marker posr tion. 24.
The system of cl al m 23, wherein said | um nescent marker is conprised in a
group of no | unm,ne cent rk rs. configured t convert com ng

B ane of an o1 MEIRAr NS Shim gB oo BB B B ot

| uni nescencéomegreplingnhgel®nipat; | s shorter than said illum nation

wavel engt h when sgglgullamr;% Eﬁfé’?‘?ﬁﬁ%@éﬁ%"ﬁmhmﬁ%gﬂg B V\,i th said incom ng

l'i ght. 25. The syste d | um nescent narker
is a | umthescent KrlsMigtnEan cmissies fieldfremsaiddusineseast matkenedi um i s tissue of

a human or ani nal ca1§araﬂn§9ptdaﬁtmsﬁ%(cil@étmnqwr&éécofmﬁ & saRBhdIdIiAaf anged i n
said ti ssuedﬁgﬁ’ri%g?The ystem of any of claims 23 erein said

| um nescent ri ses nanosi zed upconverti ng partl cles. 25 27. The

system of cl ai m 26vhendiesail palsabiomeisai ereidsion Aelary Bideti 0@ spidprbdilces are of

sodiumyttriumtetrafluoride (NaYF4), co-doped with eit her Yb37Er 3 or

Y133-/ TnB+.
25 20. Method according to claim 19, wherein calculating said product comprises;

- multiplying the field strength of said excitation field so as to form a product of said field

strength raised to the power corresponding to the power dependence of said non-linear
relationship.

30  21. Method according to claim 20, comprising calculating the qtiadratic product of said
field strength.

22. Method according to claim 1, wherein providing said movement comprises moving

said luminescent light detection position in relation to said marker position.

23. A system for diffuse luminescence molecular imaging of a region. of interest in a
scattering medium, said system comprising a luminescent marker for use in said

luminescent molecular imaging of said scattering medium, wherein said luminescent



28. The systemof clains 23 to 26, wherein said non-linear |um nescent

mar ker conprises particles that are water,.soluble. 30 29. The system of
cl-aim 28, wherein said particles are nanosi zed upconverting particles that
ar.e coated with a structure that is polar. 30. The systemof claim
28, wher e| n Bakgr tfa?tﬂoéflé@alailénmamsu marker perangedr ini §xid ;gadttehggqgecﬁﬁmh@éﬁung
hy<dr oxyl 0%5;@@”@(5 .the surfaces of the upconverting particles .
The system of any of c ims_ 23 to 30, wherein said marker has a protectlve
coating. 33 32. W@révgﬂeéiﬁ%fsomys pésitednsil hy @Jedso oﬁa,hghhmlﬁd:mp@mmh for

| um nescent axeitigrsaldslugniidsobm GharR a
33. The system EE;%%? of1 CS| ai grrsi} Zgr l?ﬁgéi‘&t':anérhﬁ%}g: eﬁnnlls&g?@ysys (Se)l%l Ainjs ll%}gd

for 5 | umi nescen 8’6% Pnf’ﬁlﬁﬁﬁ’raphy 34. The system of any of cI ai s
23 to 32, wherein ssdétdenont lai hedhesoBitkiags k@ ish el c‘ié?ec%'ﬁ '1%&9#&9ence

contrast ag f | i di.f ferent from or said
| uni nescent ef?énr%gsgﬁg B%%gq%%ﬂgpgy%%ﬁ?’gfex& wfign g&ht Wi‘é?eé‘i ﬁalé Pﬂlmescem
non- i near rPIR@Hay inagingaedraprises imnagiog gaudi lamgeedcdnit mma:mrcmad X Ohon- hnear
gadol i ni um ¢! ﬂ@b p i per. wher ei n, sai d
B 0?"@&18 hiehRged RRARRIARE! & ohig exc1EaI1|18n IM%I )mtﬁlﬂﬁﬂlér anq,sa1d op

system f gerh [of0) ses g nmagnetic resonance i
si mul t aneous &Yt %f“oéldpdel%@] T@rﬁa@fm@fh@repcégtonby MRl and | um nescence
nol ecul ar 15 tom)graphy 36. The system of any of clainms 23 to 35, wherein

said incom m nat.i on wavel ength i s conprised of two or
more excit a?’ 9olgh%£é;a5tem 89?%% g# YRELFY Salééu@?’es@yts@éﬁheé@@@ﬂmr ined inca gnoyip of

cl ai ns 23- 3Goninenrei lnmimsckne xmiatkats (mnﬁgtghdi ioS up E@WCQGQn&Ymﬂgfh%ﬁt of! 9&“
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26. The system of any of claims 23 to 25, wherein said luminescent marker comprises
nanosized upconverting particles. '

25  27. The system of claim 26, wherein said nanosized upconverting particles are of
sodium yttrium tetrafluoride NaYF,), co-doped with either Yb*/Er* or Yb*/Tm®".

28. The system of claims 23 to 26, wherein said non-linear luminescent marker
comprises particles that are water soluble.
30

29. The system of claim 28, wherein said particles are nanosized upconverting particles |
that are coated with a structure that is polar.

30. The system of claim 28, wherein said particles are nanosized upconverting particles
35 having hydroxyl groups attached the surfaces of the upconverting particles

31. The system of any o_f claims 23 to 30, wherein said marker has a protective coating.
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32. The system of any of claims 23 to 31, wherein said luminescent marker is a
biological marker that is biofunctionalized.

33. The system of any of claims 23 to 32, wherein said system is devised for
luminescence molecular tomography.

34. The system of any of claims 23 to 32, wherein said non-linear markers are attached
to an imaging contrast agent for an imaging modality different from a modality for said

luminescent imaging,

35. The system of claim 34, wherein said non-linear marker is attached to an organic
gadolinium complex or gadolinium compound, which has paramagnetic propertiés, and
wherein said system further comprises a magnetic resonance imaging (MRI) apparatus
for simultaneous imaging of said region of interest by MRI and luminescence molecular
tomography. -

36. The system of any of claims 23 to 35, wherein said incoming light of an illumination

wavelength is comprised of two or more excitation beams simultaneously.

37. System according to any of claims 23-36, wherein said excitation light is provided
by a first light source having a first wavelength from a first light source position, and a

second light source having a second wavelength from a second light source position.

38. System according to claim 37, wherein said excitation light is provided by said first
and second light sources simultaneously.

39. Use of a system of any of claims 23 — 38 for luminescence imaging or luminescent
tomography of tablets. '

40. Use of a system of any of claims 23 — 38 for in-vivo or in-vitro luminescence

imaging or luminescent tomography of a small animal;

41. Use of a system of any of claims 23 — 38 for functional diagnostics, such as cancer

diagnostics, by said luminescence imaging or luminescent tomography.



