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T sste gnti cor worehtesh il Berel e AERRT ShBapb et inadi gl e | <
phot ol um neghothioinescengd lagogratlywlatisgrbipigand seattering sediacas wedires ghaipinyinesshitch ar e
non- i nvasi Viga ROPIP &R BRotdIhinédtente Yha ndgad@ ey AR Bor Uch PROtBRMRescERES

TE”I) g ? -dD selcsi n gxé F

i magi ng approaches ar um nescence and”require an ernal source of
light for elR@pgraphyeshscatterngmedidscent bi ol ogi cal markers. Phot ol uni nescence
is a process in which a substance absorbs photons and then reradiates

phot ong.,y A speci fgégk%,%ﬁa efthé bMfoncence is fluorescence, where typically
emtted photons are Of |ower energy than those used for illum nation. Thus,
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systems for diff Ugeareain tissue optics, which the present disclosure is partly dealing with, is
photoluminescence imaging including photoluminescence tomography, which are non-invasive
approaches for in-vivo imaging of humans or animals. These imaging approaches are
20  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 emitted
photons are of lower energy than those used for illumination. Thus, in fluorescence, the

25  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 to sacrifice them.

Shimomura, Chalfie and Tsien were rewarded with the Nobel prize in 2008 for

30  discovering and developing the green fluorescent protein, which has become a very important
fluorescent marker.

However, hitherto, fluorescence molecular imaging and tomography systems for diffuse
luminescent imaging or diffuse luminescent tomography in absorbing and scattering media suffer
from a number of drawbacks. They have for instance a low resolution or contrast, which makes

35  diagnostic tasks based on the imaging results difficult. Hence, there is a need for such systems
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In this present disclosure, it is shown that by replacing the traditional Stokes-shifted

20  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 luminescence molecular imaging is provided. The region comprises at least
one luminescent marker arranged in the scattering medium at a marker position, where the

25  luminescent marker is a non-linear luminescent marker. The method comprises exciting the
luminescent marker by excitation light emitted by one or more light sources into an excitation
volume from at least one light source position, detecting luminescence from the luminescent
marker due to the excitation light by a detector at a luminescent light detection position, providing
movement between the light source position and the marker position, and imaging the

30 luminescent marker based on a non-linear dependence of the detected luminescence on the
excitation light intensity and the light source position in relation to the marker position.

According to a second aspect of the invention, a system for diffuse luminescence
molecular imaging of a region of interest in a scattering medium is provided. The system
comprises a luminescent marker for use in the luminescent molecular imaging of the scattering

35  medium, where the luminescent marker is a non-linear luminescent marker arranged in the
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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 is attached to an organic gadolinium

25  complex or gadolinium compound, which has paramagnetic properties.

Further embodiments of the invention are defined in the dependent claims, wherein
features for the second and subsequent aspects of the invention are as for the first aspect mutatis
mutandis.

Some embodiments provide for increased resolution in diffuse luminescence molecular

30 imaging and in fluorescence molecular tomography.

Some embodiments provide for determination of distribution of ingredients in tablets.
For instance, a non-linear luminescent marker or fluorophore may be attached to an active
ingredient in a tablet. The spatial distribution of the active ingredient may thus advantageously be
determined.
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acconp i ng dr avs 3 BesdribtivhbCtie Drfvi is a graph showing a typical signal
W th a%@e/lut of | uoresceﬁ%ermblacﬁgr%un ;m% 1A is a Jabl onski diagram Fig.
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mul ti pl e exéehiehati on in upconversion fluorescence; Fig. 4Ais a schematic

illustration of an upconversi on processes in the Yb3+-Tm 3+ ion
1 Fig. 1'is a graph showing a typical signal with an autofluorescence background;

Fig. 1A is a Jablonski diagram;

Fig. 1B is a graph showing fluorescence spectra from some tissue fluorophores;

Figs 2 a)-c) are schematic illustrations of a) radiative and nonradiative energy transfer;
b) Resonant and nonresonant energy transfer; and c¢) Comparison of ETU (left) and ESA (right)

20  upconversion;

Figs. 3 a) and b) are schematic illustrations of a) single excitation fluorescence, and b)
multiple excitation in upconversion fluorescence;

Fig. 4A is a schematic illustration of an upconversion processes in the Yb3*~Tm?3* ion
pair of a upconversion nanocrystal;

25 Figure 4B is a graph showing the emission spectrum for the upconversion nanocrystals
of Fig. 4A;

Figs. 5 a), b) and c) are schematic illustrations of planar imaging implementations,
namely (a) a setup used for fluorophore imaging (epi-fluorescence); (b) a setup to be used for
fluorophore reconstruction in transillumination; and (c) another setup for fluorescence diffuse

30  optical tomography.

Figs. 6 a) to d) are images and graphs showing various fluorescence intensity
distributions;

Figs. 7 a) to c) are schematic illustrations of the difference between fluorescence
imaging with linear and non-linear fluorophores;
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Figs. 16A to 16C shows fluorescence images for a) linear conventional fluorescence
dye and b) upconverting nanoparticles, and c) cross-sections of the images in a) and b).
20
Description of embodiments
Some embodiments of this disclosure pertain to an area within the aforementioned
tissue optics dealing with diffuse luminescence imaging and tomography. For most visible
wavelengths, light does not penetrate more than a few millimeters into tissue. But in the
25  diagnostic window (wavelength 600 to 1600 nm), the light penetration is sufficient to allow
imaging through up to several centimeters. This opens up the possibility of imaging fluorescent
contrast agents deep in tissue. Fluorescent imaging of diffusely scattered light has a notable
importance in biomedical applications.
Fluorescence tomography is based on three-dimensional reconstructions of contrast
30  agentdistributions inside humans or animal. The three-dimensional reconstructions are based on
fluorescence imaging techniques.
As mentioned above, the area of fluorescence imaging and tomography of diffusely
scattered light has long been adversely affected by the ever-present endogenous tissue
autofluorescence, and suffered from poor contrast and resolution. The autofluorescence conceals
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should not be construeé as Ilmlted 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. 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.

25 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 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

30 scattering media, providing poor resolution due to the diffuse character of the light detected.

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
35  various decay paths from an excited state of a molecule. In the lower part of the figure, a
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excited el gbe stataiSO threugblradiationless kinetic interactions. This is called internal conversion (IC).

Alternatively, the de-excitation may result in the emission of a photon 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

25  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
lower levels (S0). In the lower 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

30  configuration. Hence, the fluorescence process is non-destructive and reversible, which is an
advantage in, for instance, medical diagnostics.

Although spin forbidden, a fransition to the triplet system may occur. Also in the triplet
system a rapid internal conversion to the lowest excited state will occur. Since a transition to S0 is
spin forbidden, this will proceed at a much lower rate (t 10-6-1 s) than the transition S1 S0. This

35  process is called phosphorescence and is less often observed at room temperature.
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not al ways the case.
Fluorescence imaging

In contrast to point monitoring devices, Fluorescence imaging systems can detect a
25  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 illustrated in Fig. 5b. With a tunable filter
the wanted detection wavelengths can easily be selected and a spectral resolution of
approximately 20 nm wide may be achieved.
30
Fluorescence imaging with non-linear fluorophores
A particularly interesting subsection of fluorescence imaging is that of using non-linear
fluorophores of the present embodiments. In the context of the present application, a “non-linear
marker” is a luminescent marker, wherein a luminescence (L) of the marker is not linearly
35  dependent on the luminous flow of excitation light (E). Non-linear markers thus have a



Rat her, the fluorescence properties are dependent on environnental factors
and pH  Another inportant aspect of fluorescence is the

such as pol ari

rapi d rel‘é{Q&f’l%%sqs’ﬁ the excited as well %@s in the groun&CIERRYO/05HRT

nol ecul e | ooses sone of its excitation energy by rel axation. Al so,

redi stribution of solvent dipoles around the fluorophore and specific

I nteractions, such as hydrogen bonding, contribute to this relaxation
procedure. Thus, the energy of the fluorescence photons is | ower than that
of the excitation, or in other words, the fluorescence wavel ength is |onger

than the exgiharhan NANRISRILRen deddaalimoRlinhes pOAvEEORA The 1 cage

di fferent I7ar’ ‘envi

of the nol eonisgar wakesowraise have algginscentefagtording taét@(jelbweg felailom&h@eence

di agnosi s. |Ej4tey £50R E“WS'L”Q E *BMPPB@ %ﬁ% k"E’*xRCHéEgt Bk érfarq 419 midgyisices,
Fluorescence |nag|n yst | uores nce Slg In &%
nunber of FENHRMS thﬁfrﬂ:%e'thaf Opmafﬁph@ﬁgﬁddw&n thenpgpblielt of gxcitalicddaWE) ir EF EE i s

createds Atanelbgazl In §Mﬁ;§aﬂ§ﬁn(t@60?ﬂérﬁ|@ﬁalmrr%§@rn@e hfagmg heh-linvdak dﬁarﬂer&wabl e filter,
see Figure ransi

P ot Pat cdtinipiarss) My Pl Ba g s e BB solon S lor Blobslia, s Hr G decgsds
wavel engt hsheaxtitaties vdlymdandpedvaies emowmt:aazedree@tahcml pomwothvslmaomer,cn‘ontrast and

non 11 near "PRUET OhEEar oot sibloft o B HGHEFREE B LTSt Rtgl b
f 1 uor escencaad |reaakgtlmng>f ﬁlﬁuaewa\nt lrbmmmsasoagt imagirg of ﬁb@fblﬁgl and isegiibingasediis t he
present oe”ﬂmﬁﬁ()@”mboduﬁbn&{tﬁ trféﬁifés%mtanv%ﬁnoh*ﬂﬁeféﬂ\rﬁﬁ%pé oﬁmé’bﬂfééﬁt ion, a

"non- | i near IS a escent nmarker el n l'um nescence (L) of
the marker is notTOI“ﬁUﬁéaé?r‘P?d‘ﬁ%rﬁ'&?d’@“\te%ﬂﬂof%eﬂcﬁliﬁ‘%&‘ﬂé”‘th fRsdy #1d neRdngaat i on

Ilaﬂt (B). ﬂlﬂ?ﬂ@pﬂldrébe%ferémé lseﬁa@ettdmg@reh@VoteF Iwmugﬁf(mmﬁaﬁm@;@écénmwage inL= k’;( ELx
, erein x 0] lve ons r_.nmar Kers
ey ol S0 haid-waP A skaueodatnl Rt BARN B lins R vl raeb RER
L=k*ELx + b illuskdtés) ankinagetobtaineti whtl Efwdsphoton, tmpEiear duorbphereilex nen-ingén , where k
and b gge gﬁ&lﬁéécéﬂt ﬂ{é?{;ﬁf&tﬁF‘ié‘?x%@?ﬁ@or@dhbﬁé%oz?@%ﬁrﬂh a&é P&ﬂaf& QE:;O“ the

| ocal |eI exci ari son

to convent iasdde h@hﬂ@i&g@éha@catwag Peinfs ofrxpitatiomia &e ane patterns(/P rTHEIO!j@iﬁ? BBlor es)

may thus reQpbdpndss ﬁﬁetph)"]}é@te@ "lﬁadéfb‘ﬂh@ %rﬁe@ﬁoﬂﬁ'tﬁ@ém %Qﬁerﬁr {YP?eﬁ{eZezgltaﬁgit : )c/)n

decreases the e tation v rovi des a
o T e (i aresoangs i e bosite & redobibute oF. esr o ouianecming ity 1o
i mproved, dsminescestmraniet (782)ed camadieavly bd seentiratudigyttee hon-linemflu@sghornttreasso! ut i on

IO‘; dif fz‘dse dohP4 ardTedotib 5% HUbre b RBMAGe. his ANGHPLURFoRADy 528 b gl medi @
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 corresponding projected image (703) of the marker (702) on
the grid pattern (701), the excitation volume is sufficiently small and localized to the light source
position (706) for the non-linear marker, such that no luminescence is detected in the

25  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 volume. Thus, imaging the marker (702) based on the non-linear dependence of
the detected luminescence on the excitation light intensity, the resolution may be increased.

30 By making not an image of the fluorescence distribution itself, but rather of the
florescence intensity for different excitation locations, images like in fig. 16 (a) and (b) can be
obtained. Since the excitation volume is smaller for the non-linear fluorophores, it will yield a
smaller part of the fluorescent marker to shine and thus increase the resolution compared to
conventional linear fluorophores.
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0 Fluorophore position and size. Here the fluorophore is treated as an internal
structured, i.e. a well-defined region containing a homogeneous distribution of fluorescent marker.

25  Dependent on the size and position the emitted
fluorescence will have different appearance on the boundary.

0 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.

30 1 Emission light collection position. The collected intensity is dependent on where (on
the boundary) it is detected. This is due to the inequality of the propagation path from the
emission site (fluorophore position) and the collection site (boundary).

Due to the fact that these factors are connected in ever changing ways the need for
tools to interpret the collected signals is inevitable. The fundamental goal in using optical

35  tomographic techniques for fluorescence imaging of deeply situated fluorescent markers is then



nanoparticles are one such non-linear fluorophore with high yield and

non- coherent excitation. Applications of fluorescence inmaging O
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This results in background fluorescence which is non-specific, i.e. no information about the target
20  tobeimaged.
The activateable probes are more specific since these only emit fluorescence when
“switched on". The fluorophores are arranged in close proximity to a quencher altematively
several fluorophores are placed together to self-quench each other. This arrangement is possible
due to an enzyme-specific peptide sequence. In the presence of an enzyme the peptide
25  sequence can be cleaved thus the fluorophores are free to emit light, no quenching. The use of
activateable probes has been demonstrated for 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
30  contrast to other non-targeting fluorescent dyes, e.g. ICG, which are used to visualize
vascularization and permeability. Another way of increasing the contrast is to use probes that are
genetically encoded. A transgene (reporter 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 using optical techniques and this modality is called indirect
35  fluorescence imaging since the fluorescence emitted visualizes the presence of gene regulation

t he
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can be detected using optlcal techniques and this nodality is called
i ndirect Clinical cancer diagnostics
20 The main application so far is breast cancer diagnostics using ICG or derivatives of the
same. Fluorescent proteins is evidently not an alternative for human applications hence
fluorophore imaging will be achieved by functionalizing non-specific molecular probes.

Non-linear fluorophore tomography
25 Due to the quadratic dependence of the emitted fluorescence in e.g. up-converting
nanocrystals, the fluorescence tomography is improved.

Fig. 9 depicts the differences between using a linear fluorophore and a quadratic
fluorophore.

Fig. 8 is a schematic illustration of excitation (801) and emission (802) light propagation

30 inascattering medium.

Fig. 11 is a schematic description of the fluorescence tomography problem. An
excitation source emitting excitation light (803) is translated on the boundary whereas the emitted
fluorescence (804) is static in position while the emission intensity is changing dependent on the
source location.
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I ndirect fluorescence inmaging provides interesting inmaging capabilities
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several types of fluorescent proteins but the main famly is based on green
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1o 75 HORIBLE e B ied o RLORMBNE il Bt BEDRER 11,
scattering PiResitissHe hap g high canceriraonsef waten dtilcanrsyaniagstto vse light fiomea wavelgraik cence
t onogr aphy ggiebedr thaRbS¥stibh Rérh MatePRYTWE BisSil érffdrearfiitfdteiniCdh thd éHable (803) i's
translated \Acl)ar{/eferr)]ﬁhsp lél\r/v]gv%F,Yn t‘r’é@]se e(rarﬁaﬁ ngrnﬁvaesWetaE)ﬁigations, as in certain embodiments, light
needs to penetrate the skin which will put further constraints on the usable wavelengths.
20 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 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
25  absorption. The dermis can thus be described as a turbid tissue matrix. For tissue types below
the dermis, scattering usually 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
30  window resides in the longer wavelength regions and can be considered to 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

35  manyimaging and tomography applications, the signal itself is also weak, thus still limited by the



fluorescence (804) is static in position while the em ssion intensity is
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risks for DNA damage in the illuminated tissue, QD are not suitable for many applications.
Furthermore, quantum dots are often fabricated of materials that are highly toxic for organisms.
Moreover, studies have shown that quantum dots tend to react when exposed to biological
environments and can be very harmful.
25
Non-linear fluorophores
Examples for non-linear fluorophores are nanoparticles (NP), described in more detail
below.
Upconversion
30 Upconversion is a non-linear process that occurs when two or more photons 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.



1600 nm Ti ssue contains several endogenous fl uorophores which have a
strong fluorescence with small Stokes shift when excited by I < 600 nm For
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I magi ng and tonography applications, the signal itself is also weak, thus
still limted by thebackground autofl uorescence which causes artifacts.
Atypi cal signal (continuous line) with an autofl uorescence background
spectrum (dashed line) is shown in Fig. 1. The aforenentioned
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Non-I'i near cfo}ny%@@Weewﬁwaﬁble%sbwanpmné ﬁdﬁ@@d‘at% tgagophores are
nanoparticles ( N@u%ﬁéarrsngrrel I?nergy T?ann%r 5pconver3|on @% and Excited-State Absorption (ESA)
processes are illustrated in Fig. 2c on the left respectively on the right of the Figure. Excited state
20  absorptions happen when an ion, being in an excited state, absorbs one more photon. The
probability for this process is usually small, and can only be observed under coherent pumping.
Energy Transfer Upconversion is a process involving energy transfer between ions. Here, an
activator in an excited state is considered. Energy can then be transferred non-radiatively from a
sensitizer. This is possible because only energy differences are significant in preserving the
25  energy.

Figs. 3 a) and b) are schematic illustrations of fluorescence and multiple 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

30  wavelengths.

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-
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20  excitation wavelength of 980 nm, which is a very suitable wavelength for bioimaging applications
since the light penetrates relatively deep in tissue, which lowers the risk of photodamage.

With upconverting nanocrystals, luminescent imaging does not suffer from any
autofluorescence. Luminescent imaging is provided with better contrast, e.g. compared to
biological markers of Stokes-shifted fluorophores.

25 In addition, the non-linear fluorophores, such as the upconverting nanoparticles may
also be biofunctionalized, giving them for example tumor seeking abilities.

The non-linear fluorophores may be water soluble, allowing for easy administration in
certain applications, such as in solutions for intravenous, peroral, or enteral administration.

A way to provide upconverting nanoparticles as water soluble, is to coat the particles

30  with a structure that is polar. Coatings may for instance be made of polymers or silica. Both
synthetic polymers, for example, Polyethylene glycol (PEG), and natural polymers may be used
for the coating. These polymers are stable in biological environments and do not interfere with the
optical properties of the nanocrystals in any significant negative way.

Coating the particles with silica usually gives a very robust coating, which is in particular

35  advantageous in biological environments.



Figs. 3 a) and b) are schematic illustrations of fluorescence and nultiple
excitation in upconversion |um nescence, respectively. In Fig. 3 a) the
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€9 corrparaen% 'Ilmq’f. The energy diagrams for the two ions are shown in Fig. 4A. Fig. 4A is a schematic
illustration of upconversion processes in the Yb3+/Tm3*ion pair. Nonradiative upconverting
20  processes are illustrated 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 where the slope (S) of the
25 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 is attached to an organic gadolinium
30  complex or gadolinium compound, which has paramagnetic properties. When used as an MR
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.
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silica. Both syntheti r.exa 3 ene 5%%00' (PEG) ,

c polyners, for. Pl e,  Pol yet hyl
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advant ageous in biol ogi cal environments. Water sol ubl e upconverting

nanopar E?I cles nayE)}ra,grimgﬂgl ded w thout coatings. Hydroxyl groups nay be
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fluorophores of the type DY-781.
The concentration of the nanoparticles was chosen to have a reasonable
correspondence with studies using quantum dots, namely a concentration of 1 wt% was used.
Using two step motors from a CNC machine, the fiber coupled lasers (503) could be
25  raster scanned. The positions of the laser in the raster scan may be described by a grid pattern
(701) as shown in Fig. 7. An image was acquired for each scanned position with an air cooled
CCD (504) camera sitting behind two dielectric band pass filters centered at 800 nm. Fig. 5¢
shows a raster scanning setup (507) where the laser is scanning the tissue phantom (501) from a
below position (505). The CCD (504) méy capture one image for every position (506) of the laser.
30  The positions (506) describes a grid pattern (508) similar to the grid pattern (701) in Fig. 7. For
each position (506) of the laser, the emitted fluorescence from the entire side of the phantom
(501), i.e. the total luminescence intensity, was measured and summed to make up one pixel in
the resulting image. Hence the number of pixels in the image was given by the number of
excitation positions (506) and not by the number of CCD pixels. The resolution may thus be

35  determined by the photon-density of the excitation light from the laser light source (505), and not



4B is a graph showing the emi ssion spectrumfor these upconverting
nanoparticles. The blue emssion |ine at 477 nmis only visible for higher
punp i nt eNQi2P106280%he punp- power depend@fAce of the 800 RMI(EPAYOREE 2reasur ed
to be quadratic using lowintensities, as seen in the inset of Fig. 4B,
showi ng intensity (1) on the x-axis and count s (© on the y-axis and wher e
the slope (S) of the fitted line (401) equals 2 . In an enbodi nent, the
non-linear nmarkers are attached to an inmagi ng contrast agent for another

i magi ng nodality. For instance a non-linear marker is attached to a
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(502) were image fmrm eahlingar cEcpnvettag nanopbrticlespwitina conmparative erosstsectonofofi@.itFigm  The
concentrati fgbsdiscbﬁayﬁlaﬁne FWHM as 10.5 mm and 8.0 mm respectively, giving an improvement of a
factor of 1.3.

Autofluorescence Insensitive Fluorescence Molecular Imaging
The epi-fluorescence setup was used for this experiment. The optical properties of the
25  phantom was chosen to be p's = 6.5 cm-1 and pa = 0.44 cm-1 at 660 nm, which fall into the
range of those found in small animals.

The capillary tubes containing the fluorophores, DY-781 and NaYFa: Yb3+/Tm3+.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,

30  since it emits at 800 nm too and has a quantum 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 consisting of 121

35  positions. The images were then summed, giving a representation of the photon distribution on



fl uorophores were 1 % for the nanoparticles and 1 nMfor the traditional
downconverting fluorophores of the type Dy-781. The concentration of the
nanopar t i WP281032809% hosen to have a reasgpabl e correspon8ERER2UOOFO13T udi es
usi ng quantum dots, nanely a concentration of 1 wt% was used. Using two
step notors froma CNC nmachine, the fiber coupled |lasers (503) could be
raster scanned. The positions of the laser in the raster scan nmay be
described by a grid pattern (701) as shown in Fig. 7 . An imge was
acquired for each scanned position with an air cooled CCD (504) canera
sitting behind two_dielectric band pass filters centered at 800 n Fig. 5c
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value in the CCD, ma e nu fed ' wth itself before added to the total
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the total |um nesgesmbeisedreftsi iy, 61alythbe igretices buteftiowstance taekfouidin each
pi xel or pocsoin%pia(r)ls%n é_’ Pig.)b’ (c)':,iirﬁproairgsgpfhé 8gnal-to-background contrast for the upconverting
nanoparticles. These figures clearly demonstrate the contrast difference using downconverting
fluorophores and upconverting nanocrystals. It is worth to notice that even without any artificial
25  autofluorophores added, the intralipid itself autofluoresces and the effect is visible in the cross
section profile in Fig. 6(a).
The end result using the nanoparticles is mainly limited by the signal-to-noise ratio of
the detector. This means that by increasing the excitation power, it is possible to enhance the
obtainable image quality.
30 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 excitation power will not result in a better image quality.
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16C shows i mages using the scanning i magi ng techni que, where each pixel in
the i mages corres(f)onds to the fluorescence induced by a si n%l e excitation
poi nt, i . WO2PIWHEM™ource position (506)21Fig. 16A shows PEREPPHAYESILEr a

| i near convent ional fluorescent dye, and Fig. 16B the image from nonli near
upconverting nanoparticles, wth a conparative cross-section profile in
Fig. 16C displaying the FWHM as 10.5 mm and 8.0 nm respectively, giving an
i mprovenent of a factor of 1.3. Autofluorescence Insensitive Fluorescence
Mol ecul ar 1 magi ng The epi-fluorescence setup was used for thi S experinment.
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following steps; i) For each of the excitation positions: calculate the excitation field with a correct
20  power factor; i) For each detection position: calculate the emission field with the aforementioned
excitation field, i.e. the adjoint-method; iii} calculate the product between the excitation field and
the emission field (adjoint) for each excitation and detection pair. That is, calculate N*M, where N
is the number of excitation positions and M the number of emission positions. The latter can be
considered as the calculation of the sensitivity profiles. The resulting internal distribution is stored.
25 iv) Find the internal fluorophore distribution which best describes the what is detected, for
example by solving least-square problem by minimizing ||Ax - y||, where A is a matrix containing
the sensitivity profiles, x the internal distribution of fluorophores, and y the measured data.
For non-linear markers the non-linear dependence of the light propagation (emission
and excitation) may be modeled for example by solving the related diffusion equation or use
30  Monte —Carlo simulations. This may be essential in order to utilize the non-linear markers for
tomography. When having calculated the excitation field it may be used as input data to the
emission problem. At one of the aforementioned steps for the tomography reconstruction the
power dependence of the marker may be considered. For example, for non-linear markers having
a specific power dependence of the luminescence (L) on the excitation light (E), the field strength
35  of the excitation field is raised to the same power, i.e. calculating the quadratic product of the



directions, respectively. The white dots in the inmages have been added
art|f|C|aIIy and represent the positions used for the excitation |ight. The
left col MR 28HOMEPhe results using DY-781 , and the ri §hi/EESNIURPOIShons t he
results using upconverting nanoparticles. The inages shown in Figs. 6(a)
and 6(b) are taken w thout any added autofl uorophores, wherein the inmages
shown in Figs. 6(c) and 6(d) are taken with a background autof | uorophore
concentration of 40 nM In nore detail, Figures 6a) to d) show the images
taken with and wi thout autofluorescence along with their cross section
profiles. een from Fi aut.of.| uorescence
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20 Reconstructed Resuits
Fig. 9 shows a comparison of tomographical reconstructions between a linear (302) and
a non-linear fluorophore (903). The illustration in Fig. 9 is presented as an example of a
quadratic fluorophore. (this case chosen to be quadratic)
The ground truth is shown as the Input anomaly (901) in Fig. 9. Two separate, but close

25  anomalies are shown as the irregular dots in the larger circle.

In the reconstruction using a linear fluorophore (902) the two closely situated anomalies
can not be distinguished, as is evident from Fig. 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.

30 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 fluorophore, the signal will only be strong if the source

35  position is in the vicinity of the fluorophore itself. Thus the signal can provide more information



since the solution is expected to be snoboth and using a coarser basis

i nproves the ill &osedness In this experiment the pixel basis was chosen,
whi ch i s WOBBB%Pegul arly spaced pixeRS. This basis i $CIEPPHY0IDr
problens with no spatial a priori information. The input data for the
reconstruction were obtained froma forward sinulation. The sources were
nodel ed as isotropic point sources radiating wwth 1Wsituated at a di stance
of one scattering event inside the phantom The procedure for the
reconstruction may be briefly considered as perfornmng the foll ow ng steps;
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of the mar kexampleytuersquoetedsds meddrugeffectsxanpl e, for non- | i near rrgr kers havi ng
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(B), the fi stren excltation
power, i . e.flugseant tatgﬁwgdw%/ dptpimingd pithe pBenit endyguatitn eldidereseenéedpfomation i f t he

non- 1| i near dﬂt’a”rt@@rfromab@urmaﬁ/uﬁéérs@fbm@nt@an@tﬂma@l@mm@%toﬂm@%@ﬁw@m the

excitation field g&r{] a]F source, t Ior cal cul ati ng the
ont sspon 1 BaaPS G e reatihndst Befitngil Coot Son Bl Endan st ohth 1 o
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preV|oust ad nce, reconstruc g
| um nescentcanmtk@ﬂlveralylswwmc%@ey:@ﬂserma&tarﬁgnlnutﬂizm epree¢nt tnlfcema»oo intat | on

field aCC0rb@tt@ﬂwéﬂatﬁéﬁhdﬂ%dah%ﬁ@@éonﬁ?a@ﬁé‘ﬂﬁtﬂé ?ecowﬂeéﬂ@né h@ &fding et i on of the
em ssion field 1S based roduct. And cal cul
independent mformatlon which Is cntlcal to improve the quality of the reconstructnons
In a noncontact CCD-based FDOT system, one preferred way to gain more information is by
25  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 modality such as magnetic-resonance imaging to provide a-priori
30  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 two beams simultaneously
for excitation in FDOT. The effect of the images taken with dual-beam excitation (named type-D

35  images) on the reconstructions of the nanoparticle number density distribution, n, is



the product may conprise multiplying the field strength of the excitation
field so as to forma product of the field strength raised to the power

cor r esponPrR81%38¥%Re power dependence ofat he non-1inear PEEERRYIBNEHRD. The
accuracy of the reconstruction is dependent on how nmuch information, such
as detected |um nescence, is obtained, for each |ight source position when
the light source is noved in relation to the |um nescent marker, or the
vice versa. In addition to obtain the reconstruction information by spati al
variations, a nultiple of excitation wavel engths and em ssi on wavel engt hs
of the lum nescent marker may be used to obtain the reconstruction,

i nformati ond%]P”FtWﬁdelﬁéd&%c‘iW?”ﬁPﬁ? pIdeGoasiruc @S@f@gem“f ﬁ?”ﬁefﬁr g‘%qafnﬁ‘ﬁti on
det ect | um g aRERsQiadfatiS@¢cevatinyBarebartigdshse made. utili zation in both inmagi ng
and tonography reconstruction,.l.n latter e, both the spatial and
spectral variatio er‘?’é‘i}taﬁoé‘ aﬂgg@sggn @%q%é:ﬁf] ?renoq'aiegjsoé{ft\%q %OHBlﬁé P'gﬁsé@ eggﬂ'gf's[i vity
profiles. R&ebisEoraoadzatic RemophbresRhefluotessdnossigreal dedenesirat 8 fixedaletectonuogitiaphi cal
reconstruct| ; +hi r (902) and a non-linear fluorophore (903).
The illuésjtrlé@?'(s)eﬁ(gl?aﬁ&%?&ea@hp%r esented as an exanple of a quadratic

fl uorophore. (this case chosen to 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 thehéarger circle. In the reconstruction
using a | i neberdesrabesiidiedomesonoded) t wo cl osel y situated anonalies can not
be distinguished, as is evident fromFi g. 9. However, a reconstruction

usi ng quadratic fluorophore (902) shows a good separation between the two
cl osel ?flosi tuated anonalies. This can clearly be seen in Fig. 9 . This
conparison illustrates th‘e‘kadErﬁmgg@gﬁ(re)ﬂlﬂgc;k,m}j”admg he (3e of non-linear
fl uor ophores provides, namely:-a higher contrast and resolution, than with

| i near fluorophores. The enhancenent is due to the nore narrow sensitivity
whi | e usi ngwhaie Ngaresdes rungtpfvexalser m as seen in equation (1) below. This
can be visualized by considering the collected signal for different source

positions. Using adratic fluorophor he signal will only be strong if
t he source q&%?* f a'?{‘%f%ﬂ\er?o?’a‘aa%? @f?‘ﬂ?’f"}?' ‘f??eckoﬁ@nil uorophore itself. Thus the
si gnal can pr owkelgespectvelyrdndr mat i onabout the | ocation of the fluorophore
than for the case of a linear fluorophore. This may al so give the
possibility of resolving, for exanple, two closely situated fl uorophores

t hat are ncaV:isgeeovoluaisicévaxeiing a |i near fluorophore, as shown in Fig. 9 . 5
Mul ti-beam fl uorescence diffuse optical tonography using upconverting

nanoparti cl es
P 20  The forward solution of the excitation light is represented by;

[Ue (Tops T4 )]2

while the adjoint solution to the forward fluorescence problem is represented by;
25 Uf(ra,rq).

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

N
T = Y Uf (ta, ra)n(e) Ue(rs, , 1) + Ue(rs, 1) PAV;
30 i=1
=%y +T it
N
2 " Uf (ra,ri)n(r:) Ue(re,, 10)Ue (s, 1:)AV:,

i=1
(2)



Additionally, this disclosure denonstrate a nethod in Fluorescence diffuse
opti cal tonngraph to exploit the unique nonlinear power dependence of
upconver tWYRAGVHARSWAr ti cl es to further iBérease the amouRETEP29IR08IAAL i on in
a raster-scanning setup by including excitation with two beans

simul taneously. It was found that the increased information led to nore
accurate O reconstructions. Fluorescence diffuse optical tonography (FDOT)
is arelatively new nodality which seeks to reconstruct the spati al

di stribution of the concentration of fluorescent probes inside turbid
TRteri Al A lelRUI AR of boltaend AGMLAEARRE Selibieh SERCLRRE ot Ui es
to image, exanP
nurreri cal | wna@e?syare akerv@g@ﬂtlallx yﬁ@gne exaltatwn t@,eans&@a@mgtqw bej@ positions (@ﬁmethe

reconstruct fth t t he
arount ang s rres) miﬁé@ﬁ@@ﬂ%@?’ﬂ?@?@%@&é’ﬁ?@f‘ e e

measur ement %o ppﬂ@f‘? R RYOAE MBI 05 GOSSHEMSilg %théht{‘%fYP%rQr"B%Q@éﬁ&@ Bg IS i n
perturbat i omsem)fmatri@maﬁnaaﬁammlmm ffom the existing ltypeJSnmagusrmcﬁwﬁgaihatquﬁl ity, and

over oms. t IIEPeaieal 6.5P ey obebapT T EA0g s ol B PRl et . use
background Rhaddemiae 6Gothe type-Bpreagerimbniyimeancomyinatidoseiier existing-tiped tfeges ao@innot
e & il A48 mo a9 (RSARAC o B Enclelr iblobi i fis'dagcBg esent

|nforrrat|on| new cons
r econst r uct halrks, (2) can be gﬁﬁmalﬁgd ﬁﬂéwuﬂﬁﬂ@fﬁéméfﬁﬂequﬁﬁwiaMﬂ peams. whi ch i s

criticglgto inprove the quality of the reconstructions. In a noncontact

CII)based F .system _ one preferred wa npre information is by 5
i ncreasi ng P@;‘%ﬁ‘ﬁ%@? ofgfe B& Eeg\eptgwﬂgg@(pﬁ% Xcit %M@E’r reconairyciionswas o keep

t he i nt ensi ¢opfirafed birthe@ingiléradaiue andnasirof thietwaight mates o) ahbs dietneplsSire diveang i s a
limt on th @gfigunlsize of the excitation beam This inplies a practi cal
upper limt ﬂ hi ghest excitation-position density, since distinct,
i.e., non-overl apping, excitation positions are desired for
reconstructions. It is al so /pegs+bledroUdnpl)iywvan an@t om cal i nmagi ng

nodal ity such as nmagnetic-resonance i maging to provide a-priori O
structural information. However, this is at the cost of significantly

i ncreased conplexity and reduced flexibility of the system In this

di scl osure, re present an approach to exploit the quadratic power
dependence rupconverting nanoparticles to gain additional information by
utilizing two beanms sinultaneously for excitation in FDOT. The effect of

t he i mages iak ' C|tation (naned type-D 5 inmages) on the
reconstructl on %ﬁh%ﬂgﬂﬁghgeﬁﬁg: ‘e nunber density distribution, n,

i sdenonstrated. In addition, conparisons of reconstructed results between

the |inear 7R®q6¥8iiliﬂ€arﬂuorophores.

25  Calculations were performed using the NIRFAST package implementing the finite element
method. W was factorized according to (4);

W =UzV?, )

30  where Uand V are unitary matrices containing the left and right singular vectors of W, and;

by

is a diagonal matrix containing the singular values of W. The column-space of V'is spanned by
35 the image-space modes, while the column-space of U is spanned by the detection-space modes.



6G and the quadratic upconverting nanoparticles are made. The excitation
and em ssion fields can be nodel ed by two coupl ed di ffusion equations [Ref.
1]. For Q¥Q3PHY4280%| uor ophores, the fluggescence signal PHEERZQUIEASHRT a i xed
detector position under excitation of the /cth beam can be described by
the forward nodel (1); O NTk = 7f*(rd . r,-)n(r,-)[t/c(r Sfc T ) ] AV (1)
1= 1 where Ndenotes the nunber of voxels, B,d,i denotes the coordinates for
source, detector, and 1 k voxel, respectively, and; DV; is the vol une of
voxel / . O The forward solution of the excitation light is represented by;
[E/",(r !V r )]2 while t adjoint solution to the forward fl uqrescence
probl em i s MEsngY@eles ‘Qﬁlv degiofg h\ow&?\‘eeﬁmlyawméggcgp@pq@o W“H@g?tﬁ‘ﬁ? ing two
beans si mul irexpsiaehel setupgReiedject ed signal is given by (2); L' r j =V O f
(r d, \ﬁ)n{Tiﬁ?

yn{r ) (r ik .r, )L‘J‘Fg{“t(e? ﬁghj’\qfﬁ/?"? ﬁ?r%e%pgﬁg@%%/éﬁ? Sotipdor RO e aGshpb nd !
cr oss-t er mesingular valuedrsier (-12@)and they-axis tsbqvs(HBO®Maiaqy singufar valee ipM¢$1 1at)e t aken
Cype-S Img b it SAVBER SR AP R SE SR e RRE (112 RERLS {1296 sRere
(type-D) abepesanhige fireafustesharadi=pb diefarerdor thneingle-Regmaxgiaten 022 rdatheer s
b bl | o PSRBTl g oty 1 e 0
i ndegendent nogAelizecoAEasites Og‘h%lP‘?q”@ﬁglggﬁﬁ'f"gﬁ‘gﬁa‘iedﬂ g“ﬁhﬁ@%\‘/ itat%k”%)rtﬂé‘éer
f 1 uor ophor egroppad & machine precision, which indicates that the measurements with dual-beam excitation
10  may not alleviate 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 not improve the quality of the
reconstructions. However, for the quadratic fluorophore (denoted by asterisk (1123) and dot
(1125) signs in Fig. 12, the intensities of the additional singular values (1125) are still significant.
This implies that type-D images will contribute to the quality of the reconstructions.
15 The experiments were carried out in a gelatin phantom with optical properties of ya=
0.29 cm' and p's= 10.0 cm-' at 660 nm, measured with a time-of-flight spectroscopy system [Ref.
3]. Two capillary tubes, filled with solutions of Rhodamine 6G (¢ =0.1uM) and NaYF4: Yb3+/Tm3+
nanoparticles (c = 0.1wt%), respectively, were used to simulate the fluorescent lesions. The
experimental setup and corresponding running parameters were similar with those used in our
20  previous work [Ref. 1]. Due to the limited area of the phantom under investigation, only 9
excitation positions (3 x 3 grid) were used in the present disclosure. The separation of two
nearest-neighboring positions was 3.5 mm, and each excitation beam had a diameter of
approximately 2.6 mm. During the experiments, a single excitation beam was first used to scan
over the 3 x 3 grid, and one image was captured for each scanned position by a CCD camera. In
25  the next step, two excitation beams, located at two nearest-neighboring sites of the same grid,
were simultaneously employed to illuminate the phantom, giving 6 extra type-D images.

Figures 13A-13B shows the three-dimensional rendering of the reconstructed
upconverting nanoparticles. The red cylinders in the subfigures are identical and represent the
true fluorescent lesions. In the reconstruction of Fig. 13 (a), only type-S images were used. As

30  can be seen, the shape of the fluorescent lesion is overestimated. This overestimation may be
explained by the ill-posedness of the inverse problem. When adding type-D images, the
reconstruction of the fluorescent lesion shape is improved remarkably, as shown in Fig. 13B. In
order to emphasize the difference between the two reconstructions, cross-sectional slices of the
reconstructed relative fluorophore distribution are shown in Figs. 14A-14F. Although the depth is

35  relatively well reconstructed at the center of the fluorescent lesion (represented by the circles) for



Rhodam ne 6G, the type-D inmage is only |linear conbinations of the existing
type-S inages, and will not add nore constraints for the inverse problem
For nonl i¥ a?PlOI’]IZ&Q?Pophores it is deducg@ that Eq. (2) EC&H/BFVIYEMIREAI | zed
to include nore sinultaneous excitation beans. The significance of the
measurenents wth dual -beam excitation in the reconstructi ons was confirned
by the singul ar-val ue analysis of the weight matrix, W whose elenents are
given by (3) [Ref. 1]; W. ) i =t/f (r dr,-)[[/ (rB, Ti M t (3) with; 7"
= 2 for quadratic fluorophores and; 7 =i for linear fl uorophores

| cul ati
Cal L 2 OBl e AR d D) GhERh Rk %5@1@ ReFae td'C
wher e Uand betrigpecBndsl {mages. ﬁhl@@@ul&'zcﬂm{mﬁisﬁmaﬁ@eﬂm@es@ftvp tmd%dgmtrlbdt&h@dlh%r
vectors of Napd; ro'ﬁlehﬁana l&um@fl reéﬁ\&t?dcﬁor@%’rttﬁféd%b&‘dtl&@%@éﬂ@ﬂ\é%pﬁ‘fﬁéées of

W The col um- s;ace Vi's s&anne nodes

col umm- spacid'®§PasPAEG FHABIURHPNS i@éthaﬁme@eﬁhqﬁamgﬁé@&%a&cams ogt, whepear
val ues of Idroédennibeal bives @r’éfpﬁééénté(ﬁh Vl & 18AM6P, de@dsmﬁtme rémbefoﬁta@ be

detected by an erl ment 2 sh rmal i zed
S ngul at - v-eLePe B TRRIral B8 ol LA L G et Ue | naex
( 1 120) anmagdsewiycraxmagselamwvmthmenhnor;alﬂneztmde depthgtthafluorestcers lesioh araisot y (1

121). For cdoglw rre{oni%eﬁ every second singular value are shown. The cross (1

122) and gns represent the linear fluorophore (g=1), the
for mer for the sulhgﬂléckhs@éﬁm addifional uniave qdvantagezf thewpninearppueridapandencedf t he

conbi ngg S'db@érﬁ/erﬂﬁ‘gar@nﬁffé?ﬂde@tTrﬁ’srhd@é}ﬂaog‘é‘éﬁbbl&qm&élﬁlhtgféc{/ éd%hh&@éff) As seen,

t he nornallzed |ntenﬁ|t|es of di.t1onal g ues to
dual - beam &XeiMaen font % DVersproery Y kNG iPagestieninimeor B‘P@cﬁx@ﬁa&?\" DRS¢ h
i ndi cates td’tﬁdltahéwslyrﬂlv@fom&fmiﬂﬁs febled mumbmbvaae@oastﬂmmblm sHay advahtagd | evi at e

brovi de_ ror@an R e e v Be Hloieree ¢ yeuRRR G e rence. 1t may not
i nprove the quality dhstdlrselosmpmsanta&mhodlmnts bbvapvieear luiminestenee iqagidg atd c
B! oAy ot ol 3l o olfplost gt kipfi 12
si gni fi cantin scattering media resembling biological tlssue Furthermore, simulations showed that it is
possible to adapt the theory used in fluorescent optical tomography, to work with the upconverting
nanocrystals.

The upconverting nanocrystal particles used in this disclosure, in comparison with

20  organic fluorophores, have a variety of applications, such as for biological markers thanks to their
unique optical properties.

The present invention has been described above with reference to specific
embodiments. However, other embodiments than the above described are equally possible within
the scope of the invention. The different features and steps of the invention may be combined in

25  other combinations than those described. The scope of the 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,

30 pulmonary and other non-invasive methods. Such 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.



This inplies that type-D images will contribute to the quality of the
reconstructions. The experinments were carried out in a gelatin phantomw th
optical pVOpaHYR28¥0of ma= 0.29 cm 1 andygis= 10.0 cm 1 gFTQQ@"ﬁ 61gkasur ed
with a tinme-of-flight spectroscopy system[Ref. 3]. Two capillary tubes,
filled wth solutions of Rhodamine 6G (¢ =0.1 m) and NaYF : Yb3 /Tn8+
nanoparticles (¢ = 0.1 wm%, respectively, were used to sinulate the
fluorescent |esions. The experinmental setup and correspondi ng runni ng
paraneters were simlar with those used in our previous work [Ref. 1] . Due
tothe limted area of the phantom under investigation, onIX 9 excitation
positions (3 x 3Ajemnaivelweraadiieraly.ithe meleoddpaydemeramee inydiaéa Neingepar at i on

of two neargin Bﬂdnﬁﬂf@@édy@ﬂpmia%bmmrmg%ébrﬂﬁr{j%ﬁﬁdnﬂﬁﬁmrﬁmb@@ti on bleam
ri,n e eri ngl e

had a di aneter of, approximtely 2.6 X nts,, .a s
excitation beam \,ﬁggl%gqvﬁgpf %@@8@% t@dﬁ%hmqy Qeﬁ)grf%cmﬁggtprap-l nﬁ'cﬂﬁ'@d%ﬁ%‘:hi nmage
was capt ur ed fifters odalildts.scanned position by a CCD camera. I n the next step,
two excitation beans, |ocated at two nearest-neighboring sites of the sane

grid, re sinyltaneously enpl oyed iLlum pate. the phanto iving 6
extra type- em\ﬁ@% (e?qggrﬁ%q @gﬁwigﬁgritgéggﬁmw H@e'f‘ H\'tEeé[%‘it'W&r{%ﬁrggnglpoﬁ'eé'nder i ng
of the reconstructed upconverting nanoparticles. The red cylinders in the
subfi gur es [BefelliCddny, d ixelasnd. @f‘é’gﬁq Aseargsop-fagels; Aepl Ao Les S USR8, 1n the
reconstruction of Fig. 13 (a), only type-S inages were used. As can be
seen, tloe gRefp? JoP. Guher, Vl NiziagsistontM. | eidolonhe i and Averash, Omtlet. 26TH)142001).
overestimati on may be explained by the ill-posedness of the inverse

probl em Whgaf. apitliAngstiry, B2 ARISr$sBGERgels, Bl T.80€n3sdn; U Bidned. Oft. 13)e4 130412088 cent

| esi on shape is inproved renmarkably, as shown in Fig. 13B. In order to
enphasi ze the difference between the two reconstructions, cross-sectional
slices of the reconstructed relative fluorophore distribution are shown in
Figs. 14A-14F. Although the depth is relatively well reconstructed at the
center of the fluorescent |lesion (represented by the circles) forboth
reconstructions, the reconstructed fluorescent lesion is nore confined for
the case of using both type-S-and-D inmages. This result confirns that the

i mges of type D indeed contribute to the inverse problemand lead to
better reconstructions for the quadratic upconverting nanoparticles. The
correspondi ng reconstructions for the |inear Rhodam ne 6G were also carried
out, whose 5 cross-sectional slices are presented in Figs. 15A-1 5F.
Conmpared with the results for the nanoparticles, the reconstructions for
Rhodam ne 6G do not benefit from adding the type-D inmages, which is in
agreenent with the theory. The true depth of the fluorescent lesion is also
poorly reconstructed. It is disclosed an additional unique advantage of the
nonl i near power dependence of



0 upconverting nanoparticles. This advantage enables the possibility to
obtain additional information for the inverse problem by using i mages taken
with two P2/ @8®ci t ati on beans sinul R&neously. We foiéﬁ'(i/EtPﬁ 08HLT
resulted in inproved reconstructions. The same advantage coul d not be found
when using linear fluorophores, e.g., Rhodam ne 6G This disclosure
presents enbodi nents of non-linear |um nescence inmaging and 5 tonography.
In experinments it was shown that imaging with upconverting nanocrystals is
possible in scattering nedia resenbling biological tissue. Furthernore,
simul ati ons showed that it is possibl gupigdapt the theory used in
fluorescent optical tonography, to work with the upconverting nanocrystals.
The upconverting nanocrystal particles used in this disclosure, in
conpari son with O.amghodof ifagiog o pigiondsa sdatieriag mediami by diffuss lumipgdcencat | ons,
such as forphi | r : t I P LG | rties.
m&ééﬂla?ﬂlagﬁb SR een}oglgﬁés (I:H|§5| at sg@% lJmlh&bﬂHﬁa&BHr%ﬁéedﬂﬁ on¢

The present i nvention 'has Is ed above w't eference to specific
enbodi mént sscalsEngredium gt haprkerrresiinwhrren saik minesceabyparker i ranilibedl ar e

qual Ity poa?m?%@ewrﬁéﬂ{ep_tﬁehﬁetmﬁ,pﬁgm%he i nvent i otn.h The (roLffe{ ent fteﬁtur es
and steps o e inventjion may he conbined in 5 other conbinations an

t hose descri bed. e?‘ﬂw‘gssélgg‘gmﬁq%?'ﬁg‘aﬁ‘ﬁ(/@’rﬁmgﬂoq @ﬁ%ﬁﬂ“gﬁe‘jlqyr?ﬂ% 8H“?59"Qt111e appended
patenlt gl gisrasancemhb anekditatibnralymb éromet Iia@stﬁmllig'hfedwicwpoaﬁonganhi \éi ng hunﬁn grd
ani mal body. In this: r rei ntroduced. i.nto fhe body
" any nanner - sulcu@ ek e FBRAER TR RS I G AR Bl i eous ¢
or diréét | ydetastopatea luminesgent light detection peitionel y by topi cal application, O

pul nonary and ot AN i ; i i £an be
perfornmed separ a[@";‘,%?‘(‘pd%%ﬁ@ b}é@/ﬁgf %}a{bﬂgﬁ%ﬁﬁggosﬂfgﬁgﬁﬁ %’%@%ﬁ@gﬂ@f on can be
performed in conrn@2§nGyaidimiRescAR! magier Parer gn Aeemigansiepensnpiend jaid drieciasief or e.
Al ter nati vealmingdcefd®hishio Badithtion ligiiehterBly e sﬁi@}{%r@%@@rﬂoﬁ[iﬁﬂﬁ' reMtioftoydyan or

ani mal body ich.is sacrifized after the nethod is

per f or med. ANE$'RAEWPel y or additional |y, the nethod may be performed in
vitro at a non-living human or animal body or part of a body, for exanple a
br ai n-dead human ] ALt LV r | L . met hod
may be perforned %E\A eﬁ@%%@?‘gyd?@gl’ %&% E%ﬁh%ns'l% ?foggéidb@drgﬂ é{%qneb&gh% The

fol | owi ng rreltanehipes are incorporated by reference herein in their entirety
for all purposes: {gefy. 1] C. T. Xu, J. Axelsson, and S. Andersson-Engels,
Appl . Phys. Lett. 94, 251 107 (2009).

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
X is a positive number larger than one.
25

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

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

5. Method according to claim 3, comprising;
scanning said one or more excitation beams between a plurality of said light source positions
such that said light source position is moved in relation to said marker position.
35



[Ref. 2] J. P. Culver, V. Ntziachristos, M J. Hol boke, and A. G Yodh,
Opt. Lett. 26, 701 (2001). [Ref. 3] E. Alerstam S. Andersson-Engels, and
T. SvenssHR20W/1289%8ed. Opt. 13, 041304:3(2008). CLAI M5 1PCNERRYIN@e018T
imaging a region in a scattering nmedium by diffuse | um nescence nol ecul ar

i magi ng, said region conprising: at |east one |um nescent marker arranged
in said 5 scattering nmediumat a marker position, wherein said | um nescent
marker is a non-linear |um nescent nmarker; the nmethod conprising: exciting
said |l um nescent marker by excitation light emtted by one or nore |ight

sources into an excitation volune fromat |east one |light source position,
and detecting | urf- M@ Aarding e'amisdcampifingscent marker due to said

excitation Iight deyecingdaldaintfdsesncator sadhwisaiesigamy oflligigRbureliosibispgaidosi ti on,
provi di ng novenent et.weehqi@l dli ﬁht. so%r cfe si.tion anq( sal d ey ker

posi tion, i HAGFFRGNELYNg & OREFE %Ptﬁ%ﬁ'yBa@@ TYRESEE BHKEY TR Besﬁﬁndence
of sai d detgatléylofllightismescmeiienspn sai d excitation light intensity and said

| i ght sqQurce positli : I at| o .y ; t hod
according to clai |h1:a@5'g %@e'lg@ln%cg@ir}@tr @6%%@%%@5&%& e'él@garmlu[snﬁglgc\?g&r\léeby t he
r el at i onshi iptensityfareach obsaishglurelitnofeightsowsepasionson | i ght intensity in said

excitation volunme L is lum nescence light intensity fromsaid | um nescent
marker k is a positive constant x is a positive nunber |arger than one. 5 3
. Met hod accor di ng Me&od pegording to Gl G WReTRip §9i¢ Hﬁ@b‘"@‘&?@“?ﬁim@gﬁms P(EQ)’Hjﬁgplées;
novi ng sai dsymingihg of$eit uefneB&Rtd bf@Bidilumincetet mamert 0 sai d marker position. 4 .
Met hod @gcordi ng to claim11, wherein providing said novenent conprises; O
novi ng id marker position in relation to said |ight source position. 5 .
Met hod accor di ng §.dleiHodiaccoBlingdoopimi 5 wheyein Said ploralily oBlighisoonee pasitionioans a

excitation Erﬁaﬁgﬁerﬁ,es%mne%cﬂcgﬁﬁlkg NaviRh apRfiddtel lafAton SR bhEpARERI L1 ONS

9. Method according to claim 8, wherein said projected area is less than the area
15  covered by said grid pattern.

10. Method according to claim 8, wherein said one or more light sources are scanned
between said plurality of light source positions such that said excitation volume does substantially
not overlap between two successive light source positions in said grid pattern.

20
11. Method according to claim 9, wherein said excitation volume is substantially
localized 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
exciting said luminescent marker by a first light source having a first wavelength from a
30 firstlight source position,
exciting said luminescent marker by a second light source having a second wavelength
from a second light source position.

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



such that said light source position is noved in relation to said marker
position. 56 . Method according to claimb5, conprising;, detecting said

| um nesceXOEO1HR8WAch of said plurality3adf |ight sourcePpddiPE9I8M3612%4) d

| um nescence having a total |um nescence intensity of said | um nescent

mar ker for each of said plurality of |ight source positions, inmaging said
| um nescent nmarker by making an inage of said total |um nescence intensity
for each of said plurality of |light source positions. 7 . Method according
to claim®6, wherein said total |um nescence intensity is provided by

sunmm ng of said | um nescence of said |um nescent marker. 8 . Method
according to claim5, wherein said plurality of |ight source positions
forms a grid pat t¥r Methehagondingita@aindacenersil seiluniaescar) marksr isjesciiee by sgicca on

said grid ppittaRd Becot lightdolRes SmEIRNEGURY, to claim 8, wherein said projected
area is less than the area covered by 'said grid pattern. 10. Method

according to claim@8, wherein said one or nore |ight sources are scanned
belt vveend5'sai d plure, M_ém?tloéccbrid@bﬁo @airrme,a%w' étileas’ﬁoné'oﬁébidfhﬂ?andiﬁ%c_dndﬁ@ﬁi tation
vol unme does stantja not _aver!| ap between.two successive |ight source
positions i??%ggipaﬁgpfﬁ"bo&?q '&rﬂ? '°.”L.’L°. Sa%épﬂ%%pg%t%rdi ng to claim9, wherein
said excitation volume is substantially localized to each of said plurality
of i1ght. source pstid ARRoRY Ry &fiRimsSRl @ LNEsE Aiflse TRIMRLert MRt ' 2! 1Y
excited if said |1 ght source posSition overlaps partirally W sdli

proj ected agcawrisepAifuglumibEscgbidereirandyt o any of clains 1-11, conprising
exciting said | um nescent nmarker by two or nore |ight sources

si mul t aneously. 13, t hod accordi.ng_to any of clainms 1-12, conprising
exciting said |un Mg@%?%ﬁ@ & qZ\’ MPEYNG i ght source having a first

wavcil engt h from aschirirgtsaldiopbbr merylighe spocs beeen @pluiatitiy gjifmﬁaénfllidhumurwsceng
mar ker by - SOUr Ng: ec. way.e t rQma _secon
Tant sour AR Prb e s TOibec SbREs BoRG R Besp Rl it 3 G
first wavel engt h detecingssidduminescenceifatproviding luminessaicelinmgesof daiddwrinescegt h . 15.
Met hod cok g bi i LR SRl Laescent marker is excited by
sai d filtr%(s:t ’gn &gg%gﬁﬁéf%?igh%%g%%gfé@#lﬁ%®ééﬁ ,ou'sl y. 5 16. Method according
to claim13, wher&fenstgictingaibieerifeensional tomegraphic imagp af spildenigescen arker from

said luminescence images.

19. Method according to claim 18, wherein reconstructing said three-dimensional
20  tomographic image comprise;
calculating an excitation field from said excitation light,
calculating an emission field from said luminescent marker,
calculating a product of said excitation field according to said non-linear dependence,
and
25 wherein said calculation of said emission field is based on said product.

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 quadratic product of said

field strength.

22. Method according to claim 1, wherein providing said movement comprises moving
35  said luminescent light detection position in relation to said marker position.



source positions is noved in relation to said marker position. 17. The

nmet hod of any of clains 1 - 16, wherein said diffuse | um nescent i naging
conpri sesWEiZPTHIREPuni nescent tonographgy 0 18. Met hod BEETSPANAYSEIA7 cl ai m
17, conprising; scanning said one or nore |ight sources between a plurality
of different |ight source positions such that said |ight source position is
noved in relation to said marker position, and detecting said | um nescence
for providing |um nescence i nages of said |um nescent 5 nmarker for each of
said plurality of different |ight source positions, reconstructing a

t hr ee- di nensi onal tonographic i mage of said | um nescent marker fromsaid

| um nescence images. 19. Method according to claim 18, wherein

relconlst ructing saaaﬂA%m@emgéi@ga{cnme@ben& glomgqrawd@rgdf@genwnweisﬁea _
calculating an excitation t1.¢e romsal d excl Lan { t1ng an
omi ssi on f FSELETD BIEEY; S0 SYSHE EnirR{tY W%?SFG"&@S@(ﬁﬁ%rt‘isﬁg’%é'dd‘ﬁ@h‘%%ﬁof sai d
excitation rmoletuthr acagmg df saig scattesing wediam-Whiereiresaiddepiagsdent owrkenind nén-ear ei n
sai d calcul gt i LESI el d i S el duct. 20.

Met hod ggco‘rﬂ@!n%beﬁ{)maz?é&g%&%?ﬁ\?ﬁg? Ee*@'@a'b%ﬁ%tg iﬁﬁs s{égf ‘%@F‘%ﬁ Ict conpri ses;
mul ti plying the fonelomsterightgeticesiogitianad by alileast ane gt seures Rositignlot excilieg m a
product of |9mfnb$bﬂ rﬁ&l(e?ﬁ;gé%l&ijeﬁi@h fflerhifled BySsaRANE br FAE lighs RURES b 40 t he

power dependence of said non-linear relationship. 0 21.  Method according to
claim 20, cOfAPRYNY@al cul ating the quadratic product of said field
strength. 22. Metfiesledisr@bd dnmgsdent lightaletection peditoneietecting wmitkistance aord savv enent
conpri ses ving 5 sald | um nesc l,.] . e} it in.relation to
caid mitker opBereriael cbepE i o IneBL AR e BER il agi.

i magi ng of eompeigésomagifg saittleminascent markeskased e & nyp-lineafidepandenie of sajddedasted
comprl SI NG AridELAESSERN el ightRHiershPardSaR Ayl shitéd RRAGPR feidiigh Rfsdlear

i magi ng of said scattering med tim erein sa um nescent marker is a

non- | i near MaMPHWSE@Nht marker arranged in said scattering medium said
system conprising; one or nmore |ight sources positioned by at |east one
1 ght 5105ur ce posi EHRe gycs){emeo)fgllaitml ﬁgwherein said luminescent marker is comprised in a group of
non-linear luminescent markers configured to upconvert incoming light of an illumination
wavelength, such that luminescence occurs at a luminescence wavelength that is shorter than

said illumination wavelength when said luminescent marker is illuminated with said incoming light.

20 25. The system of claim 23 or 24, wherein said luminescent marker is a luminescent
biological marker, and said scattering medium is tissue of a human or animal, said luminescent
biological marker being arranged in said tissue.

26. The system of any of claims 23 to 25, wherein said luminescent marker comprises
25  nanosized upconverting particles.

27. The system of claim 26, wherein said nanosized upconverting particles are of
sodium yttrium tetrafiuoride (NaYF4), co-doped with either Yb3+/Er3+ or Yb3+/Tm3-,

30 28. The system of claims 23 to 26, wherein said non-linear luminescent marker
comprises particles that are water soluble.
29. The system of claim 28, wherein said particles are nanosized upconverting particles
that are coated with a structure that is polar.



said | um nescent marker by excitation light emtted by said one or nore

| i ght sources into an excitation volunme, a detector at a | um nescent |ight
det ect i on'WRAIY 28N det ect i ng | uni nescendd fromsaid 0 | BETARILIANE61FES ker
due to said excitation light, wherein said | um nescent nol ecul ar inmagi ng
conprises imaging said | um nescent marker based on a non-linear dependence
of said detected | um nescence on said excitation light intensity and said

| i ght source position in relation to said marker position. 5 24. The system
of claim23, wherein said |um nescent narker is conprised in a group of

non-linear |um n%cﬁ@tsmé’@ﬁ %%ﬁm%% P & Sﬁaﬂnc%@%@’?\‘éﬁ&s zed pﬁc%ﬂ}erﬁ Rbﬂaés of an

illum nati on wavel engt ha‘t um nescence occurs a eéscénce
wavel engt h hamag hvdsoxslmmwaeaﬁacwh%wrfaceﬂqfthlmun@mveﬂﬂg\mméle%ngt h when said
lum nescent marker is illumnated with said incomng light. O 25 The

rker is a_lum nescent

b1 ol ogi cal _mar kerd DavAan  SU Seis AYABdVRT S PESHSoDR PR IHAAEISE.

ani mal , ssai d | um nescent bi ol ogi cal mar ker being arranged in said tissue.
26. The system of er.ei um nescent marker
conprises 5 nanos z Sﬁ%ﬁrﬁﬂ%}yt ﬁ% %gijﬁ%,%renﬁand @e§c§§tt"ézﬁlf6f %1 ai m 26,

wher ei n saihibloginabsarkes dhatiis dofunetionalizgd.parti cl es are of sodiumyttrium
tetrafluoride (NaYF4) , co-doped with either Yb3+/ Er3+ or Yb3YTn8+. O 28.
The systemof clains 23 to 26, wherein said non-linear |um nescent marker

conprises parti cl¥sheryster obanf eleims 3B opi2ewhepein satheysiepds dewised foE| ai m 28,

wher ei riosal|g#n,ﬁ@gcéh(glnﬁ,$ec@§ﬁomgg}9&,zzed upconverting particles that are coated
with a structure that is polar The system of claim 28, wherein said

particles are nanosi zed upconverting particles having hydroxyl groups
attached the surf3cHs syfteh bEanyptcame 08 toB2, wharéin sdiesondindar mdiersats bikthed any

System of g 1ot sPiiEs Sethedt R g Hog oot b Rl BF B A R s &
bi ol ogi cal lwmingssentirhagingi s bi of uncti onal i zed. 33. The system of any of

claims 23 to 32, wherein said systemis devised for |um nescence nol ecul ar

tomography. 34. The_system of any of claims 23 to 32, wherein said
non-1inear marker¥® %Yﬁ?’f‘&&ﬂ@@ 3f1d’V'}f-‘Fﬁ"i SRCIoRdineas Markakis atiaghed toRAAIYANCI magi ng

nmodal i ty didateinrRift combRrbegaaBIiim doshpbshd, ®ittthas paramagnetic properties, 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.
20
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
25 by afirst 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.
30
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
35  imaging or luminescent tomography of a small animal.



| um nescent inmaging. 35. The system of claim 34, wherein said non-I|inear
marker is attached to an organi ¢c gadolinium conpl ex or gadoli ni um conpound,
whi ch hasWPaPHMagi8ti ¢ properties, and wherein said sysgﬁﬁﬂﬁﬁ?WW@@27
conprises a nmagnetic resonance inmaging (MR) apparatus for sinultaneous

i magi ng of said region of interest by MR and | um nescence nol ecul ar

t onogr aphy. 36. The system of any of clains 23 to 35, wherein said incom ng
light of an illum nation wavelength is conprised of two or nore excitation
beans sinultaneously. 37. System according to any of clains 23-36, wherein
said excitation light is provided by a first |light source having a first
wavel ength froma first |ight source position, and a second |ight source

having a second wavgdeasgbybidn sianpoformmzs 1 3afbt furktioratéiagnostictisach asfBnceby st em

according tp claim37. wherein said excitation light is provided by said
first and H%C{r}bbﬁqld WBRE Bceéi"ﬁ%’m%{ﬁﬁ'&ifeﬁﬁ?‘iﬁmg\s. ®We of a systemof any
of clainms 23 - 38 for |um nescence inmaging or | um nescent tonography of

tabl etsg 40. Use of a systemof any of clains 23 - 38 for in-vivo or
in-vitro | um nescence imaging or |um nescent tonography of a small animal. 4
1. Use of a systemof any of clains 23 - 38 for functional diagnostics,
such as cancer diagnostics, by said | um nescence imging or | um nescent

t onmogr aphy.



