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INTRODUCTION

Among the most important problems in medical imaging is the three-
dimensional reconstruction of biostructures embedded into tissues.

| Need for non-invasive and safe for the patients techniques,
| Need for reconstruction accuracy and time efficacy.

Fluorescence imaging is advancing to a very essenftial fool for medical
imaging and diagnosis, mainly for cancer diagnosis.

Progress in fluorescent probes technology and optical imaging
modalities.

Data quantification and processing is now more realistic and
possible.
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LUMINESCENCE

Light emission from a medium, which is not due to high temperature, is
called luminescence.

Since luminescence is actually energy leaving the medium, some kind of
energy absorpfion should precede light emission... e

...and thus we have:

< Electroluminescence (LEDs),
Substance excitation due to electric current.

& Radioluminescence (emergency exit signs],
Substance excitation due to ionizing radiation.

& Chemiluminescence [glow sticks) and
Substance excitation due to chemical reaction.

& Photoluminescence [safety signs).
Substance excitation due to photon absorption.

-



LUMINESCENCE

Light emission from a medium, which is not due to high temperature, is
called luminescence.

Since luminescence is actually energy leaving the medium, some kind of
energy absorption should precede light emission... *

...and thus we have:
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LIGHT PROPAGATION IN RANDOM
MEDIA

Random Media
Tissue]

Absorption  “Snake”
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LIGHT PROPAGATION IN RANDOM
MEDIA [conr)

m Absorption coefficient: The inverse quantity corresponds to the
mean depth a photon fravels inside the medium before It is

absorbed.

h Beer's Law: |(X) =1, e+

@ Scattering coefficient: The inverse quantity corresponds to the
mean depth a photon fravels inside the medium before it is

scattered.

Equivalent to Beer's Law: | (X)=1,-&**

m Penetration depth: The depth of the medium where light intensity
equals to 37% (1/e) of the incident light intensity. This quantity
equals to the inverse of the attenuation coefficient pi=pa+us.

Lambert Law: I (x) =1, -e"”
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STOKES SHIFT

- Stokes Shift
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HAVE I EVER “SEEN” FLUORESCENCE??




HAVE I EVER “"SEEN" FLUORESCENCE??




HAVE I EVER “SEEN” FLUORESCENCE




HAVE I EVER “"SEEN" FLUORESCENCE??




AUTOFLUORESCENCE OF OUR BoDY

exogenous fluorophores.

Chromophore Mexc (NM) em (NM]
Tryptophan /5 350
Collagen 340 395
2/0 395
285 310
Elastin 460 520
360 410
425 490
260 410
NADH 350 460
Endogenous 400 610, 675
Porphyrins

O Autofluorescence: Emission of fluorescence without the need for



ABSORPTION OF OUR BoODY
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Wavelength (nm)
¢ Absorption dominated spectral range: A<250 nm and A>2000 nm.

¢ Scattering dominated spectral range: 600 nm < A < 1200 nm.
Optical window.

¢ Comparable scattering and absorption: all the ofher wavelengths.

i



S50...WHY NEAR IR WAVELENGTHS?

@ Most of the fissue endogenous fluorophores absorb at the region
<600 nm.

Q The same as blood and most of all other fissue molecules.

very small penetration depth. i

g [Very useful in multi-view machine vision systems with structured light projection) {

7 Within the optical window, fissue is a scattering dominated medium
and thus light can propagate a few centimeters before it is absorbed.

> Autofluorescence does not exist in the optfical window and thus the
acquired fluorescence is the signal of interest.
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FLUOROPHORES TECHNOLOGY
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FLUORESCENCE MOLECULAR IMAGING

.

The solufion of fthe reconstruction problem, in the context of
fluorescence molecular imaging, corresponds to the estimation of
the Fluorophores distribution within the investigated medium, when:

® the amount of quided light and
® the measured data on the boundary of the object are given.

The fluorescence molecular imaging investigated characterisfics are:
the absorption coefficient values of the fFluorophores,

x*
% their three-dimensional distributions and
% their fluorescence lifetime.
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THE FORWARD PROBLEM IN
FLUORESCENCE MOLECULAR IMAGING

The forward problem in fluorescence imaging is to solve the;
measurable data, which are the intensity values recorded by the,
detector on the surface of the inspected region, when the

fFluorescence distribution and the input light sources are given. )
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¢ Forward Solver

« Monte Carlo [M(] is the gold standard,
« Diffusion Approximation (DA],

« Radiative Transfer Equation (RTE] is still under investigation.



THE INVERSE PROBLEM IN
FLUORESCENCE MOLECULAR IMAGING

The inverse problem in fluorescence imaging is defined as the;

30 reconstruction of a fluorophores distribution embedded into ai

turbid medium, like tissues, by utilizing the acquired fluorescence
signal and the outcomes of the forward problem solution. )
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¢ Inverse Problem

Optimization problem is formed,

The fluorophores distribution is updated after each iterafion,
Application of the forward solver to the new distribution,
Iterations continue until convergence occurs.
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APPLICATIONS OF THE FLUORESCENCE
MOLECULAR IMAGING

Example of current clinical application of the Fluorescence molecular
imaging




APPLICATIONS OF THE FLUORESCENCE
MDLECT.ILAR IMAGING

Example of fluorescence molecular imaging application in the
pharmaceutical field.

Kovar ] et al., “A systematic approach to the development of fluorescent contrast agents for optical imaging of mouse
cancer models”, Cancer Res. 69(13]):5592-600 (2009).



APPLICATIONS OF THE FLUORESCENCE
MOLECULAR IMAGING

Possible prospects for clinical application of the Fluorescence
molecular imaging/tomography

. ¢ Breast cancer diagnosis.
¢ Tumor diagnosis/quantification.

Photodynamic therapy evaluation.

e

¢ Lung inflammation.

¢ Immunology.

e

Lardiology.
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IMAGING TECHNOLOGIES

Low NA Lenses

»

Focal Volume

a

Tissue

l. In viva fluorescence microscopy

|

Confocal
Macroscopic CCD Microscopy
Imgaing Camera
CCD Intensifier
Camera a
Confocal Filters

Intensifier

Scanner

Optical Fibers

Monochromator

Xenon
Lamp

|

~~ Nitrogen-Dye Laser

r Unit

Transmition light source

Computational

Falati S., Gross P., Merrill-Skoloff G., et al., "Real-Time in Vivo Imaging of Platelets, Tissue
Factor and Fibrin During Arterial Thrombus Formation in the Mouse", Nat Med, 8(10):1175-1181

(2002).




IMAGING TECHNOLOGIES

Il. Epi-illumination imaging

CCD Camera :
Rotation

Stage

Laser
Lens %

CCD Optics
Emission "| Camera
Fluorescence Intensifier .
Lens

Lens

Fluorescence
Filters >

-

-

Joshi A., Bangerth W., Sharma R., et al., "Molecular Tomographic Imaging of Lymph Nodes with
Nir Fluorescence", in 4th IEEE International Symposium on Biomedical Imaging: From Nano to
Macro, IEEE Proc, 564-567 (2007).
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IMAGING TECHNOLOGIES

Ill.Trans-1llumination imaging

CCD Camera CCD |,
Camera
Intensifier -
| Lens
| o Lens
Fluorescence <«4— Emission
Filters Fluorescence
Filters
= =~
% Stereotactit &
§ Laser Table | |
= :D Optical Fibers
Laser Optic Optical Fiber Optical Bundle
Switch |

Schulz R.B., Ripoll J., Ntziachristos V., "Noncontact Optical Tomography of
Turbid Media", Opt Lett, 28(18):1701-1703 (2003).
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LIGHT PROPAGATION MODELS -

FORWARD PROBLEM SOLUTION

-

N/

¢ The Radiative Transfer

Equation: L (18) 48V (1) [0 (1) # 1 (1) L (8)
& isaccurate in predicting light  —Houn (1) ] Py (88) 1y (r.8) -8 = A, (r.8)
propagation, - reVere
€ requires huge computing .
B B (r§) _ {O r eSRTE,oui\iJISsrc $-A<0
« s time consuming. o (13) SRS Sl

¢ The Diffusion
Approximation:

)

Is accurate in predicting light

propagation when the

application is scattered ==-U,, (r)=V[ D, (r)- VU o (1) [ 18,m (7) Uy (1) = Ao (1)
dominated, |

provides inaccurate

predictions close to the light 5
source and Ux/m(r):—Z'A'Dx/m(r)'a—ﬁux/m(r) F€Sppaun S-N<0
provides inaccurate

predictions close to the

region boundaries.

26



LIGHT PROPAGATION MODELS -
FORWARD PROBLEM SOLUTION

Dual Coupled RTE-DA model

RTE

C /m ’A 5 / l'loc,xm $,X m ’A
. ) [9un (68) 118 8 =0 )
: rGVRTE
Vacuum boundary condition A {0 € Spre o VAS, s-n<0

1. (r.3) reds,,3-A<0

) 3 .
e SRS RN S CRORONC E
DA ITO) U,y (1) = V] Dy (1) VU (1) [+ B i () Ui (1) = A (1)

Robin type boundary
condition

Interface boundary condition Ux/m (r) = J. |X/m (r,§) .ds e Sim
4



LIGHT PROPAGATION MODELS -
FORWARD PROBLEM SOLUTION

Dual Coupled RTE-DA model

O o (F8) #8910 (1) +[ b

x/m
RTE ‘ T
(1) [ P (38 ) n(1:8)
e 0 S - Ihd
Vacuum boundary condition | (r §) - { src? ‘
R I (r §) A)
Interface boundary | (r §) U (r)—i-[D (r)-VU A (I’,A) = Ao,m (l’)
condition XmAC w1y 4. Loxm =
1o
DA —

Robin type boundary
condition

Interface boundary condition U (r) = 1 J' | (r,g).dg reS.
4
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LLIGHT PROPAGATION MODELS -
FURWARD PROBLEM SOLUTION

Dual Coupled RTE-DA model

Ix/m(r,§)+
Al B, (88)1,0(r8)- 08
o 0
Vacuum boundary condition a) =
IX/ r s) {'src(r s)
Hosgn (7) = 1 (1) A (r §): Ay (r)=

: 3
lczzedrir:;;iboundary “a,x/m(r)zugs,x/m(r)wzuo/m(r)} [Dx/m(r)-vu _

DA

Robin type boundary
condition

Interface boundary condition
interface

() |
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THE DuAL CouPLED RTE-DA MODEL

Numerical solution of the forward problem

-
The finite elements method is the one adopted as the numerical

solution approximafion of the forward problem in fluorescence
. molecular imaging.

\



THE DUuAL CouPLED RTE-DA MODEL

Numerical solution of the forward problem

Variational formulation of the dual coupled RTE-DA model.

» RTE is multiplied with the test function w(r,S] and integrated over the domain Vgre and
for all the angular directions.

» DA is multiplied with the test function y(r) and integrated over the domain Vp.

Finite elements approximation of the dual coupled RTE-DA model.

» The solutions of the variational formulation are approximated in piece-wise linear
Functions per element (standard Galerkin technique).

28



THE DUuAL CouPLED RTE-DA MODEL

Numerical solution of the forward problem

Application of fthe streamline diffusion modification, sdm, for

minimization of the “photon rays”.
~ \p(r,é)::\|;(r,§)+8(r)-§.Vw(r,§)
Transformation of the resulted linear algebraic system into itfs

matrix formalism.

A
B

o/ C

BRTE,X/m

A

RTE,x/m RTE,x/m

_a/ C

x/m DA, x/m

DA, x/m DA, x/m

ARTE,x/m (hl’ hz) N Ag/m (hl’ hz) + Ai(/m (hl’ hz) M A)z(/m (hl’ hz) 4 A)s(/m (hl’ hz) +Aﬁ/m (hl’ hz)
Aoa/m (p, k) =Ke, (p, k) +Me,, . (p, k) +Pe, . (p, k)

29



THE DUuAL CouPLED RTE-DA MODEL

Numerical solution of the forward problem

Application of fthe streamline diffusion modification, sdm, for
minimization of the “photon rays”.

n_r(r = welr &N sle). 2. el v &)
Transfi: " (nuh) :LT(D' "’i(r)""j(r)'driw'(g)""q (§) 08 S

matrix - S
o= [ [8,,(r) 8-V, (r) v, (8) i (8) 08w (r) ar
Vere 47

S A IS T G

¥ A (hy,h, )+ AY™ (b, b, )+ A (b, b )+ A (b b )

ARTE,x/m (hl’ hz) :\

Aoa/m (p, k) =Ke,, (p, k) +Me,, . (p,k) +Pe, . (p, k)



THE DUuAL CouPLED RTE-DA MODEL

Numerical solution of the forward problem

Application of fthe streamline diffusion modification, sdm, for
minimization of the “photon rays”.

y(r.8)=y(rs)+8(r)-8 Vy(r.s)
Transformation of the resulted linear algebraic system into itfs
matrix formalism.

{ ARTE,x/m BRTE,X/m —‘{ ax/m —‘_’7 CRTE,X/m —I

e,y () =12 yk(r).yp(r).dﬁviua,x/m(r).yk(r).yp(r).dr

VDA
A ()= K510 55

, ) J Mex/m (p’ k) + I:)ex/m (p’ k)

(hy.h, )+ A (b, )+ A (b, )+ A (hy,h,)

1’




THE DUuAL CouPLED RTE-DA MODEL

Numerical solution of the forward problem

Excitation solution and application of the outcomes for the solufion

of the emission.
» The linear systems can be solved through application of the BiLG5tab methad.

Spatial and angular integrals were confronted separately.
» Assembly of the finite elements matrices with application of the Kronecker product.

C=A®B=

Gorpas D., Yova D., Politopoulos K., "A Three-dimensional Finite Elements Approach for the Coupled Radiative Transfer Equation
and Diffusion Approximation Modeling in Fluorescence Imaging", J. Quant. Spectrosc. Radiat. Transfer, 111(4]): 569-584 (2010).

30



REGION DISCRETIZATION

Discretization of the geometrical model

_ Spatial discretization
with application of the
Delaunay friangulation .
method.

-

~ Angular discretization with application of the
Azimuthal fechnique.

Z
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SUPER-ELLIPSOIDAL MODELS

Optical properties distribution

® The volume optical properties distribution was implemented

through application of the super-ellipsoidal models.

® [Jescription of the position of a three-dimensional poinft, related
to the super-ellipsoid surface.

Flx,y,z
Flx,y,z
Flx,y,z

=1 when the point is located on the super-ellipsoid surface,
<1 when the point is located inside the super-ellipsoid model and
>1 when the point is located outside the super-ellipsoid model.

® Spatial distribution of the absorption coefficient.

o (1) 21 +a(r) 1%, a(r)=

r1,f(x,y,z)£1
\O,f(x,y,z)>1

N



ELLIPSOIDAL MODELS

SUPER-

| properties distribution
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EVALUATION IN FREQUENCY DOMAIN

Results in the frequency domain
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EVALUATION IN FREQUENCY DOMAIN

Results in the frequency domain

v \
-
Y P
- ST AT e

<32 R M =

T e

spatial discretization: £ =0.1 cm .:—-""-{-:E.EfSUl;‘-’;-.érlhi»[iéoidaI model with radius:
Angular dISCFE’flza’rlon: NoX Ny =4X4 |55 r=0.25 cm, located at the centre of a cubic
Inferface location: z=0./ cm region with dimensions 2X2X2 cm’.

RTE-DA

/200-RTE

Tetrahedral Elements 48000 48000 40800-0A

: 1764-RTE

Nodal Points 9261 9261 7938-DA
Angular Elements - 16 16-RTE
Angular Nodes - 20 20-RTE

Assembly Matrices
Dimensions

Required Times (sec| 7.69 7.95 8.2¢2

[9261%9261]  [185220x185220]  [43218x43218]




EVALUATION IN FREQUENCY DOMAIN

Results in the frequency domain

— Logarithm of the photon density modulation amplitude.
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EVALUATION IN FREQUENCY DOMAIN

Results in the frequency domain

— Logarithm of the photon density modulation amplitude.
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05 The optical properties of the labeled synthetic fumor were matching
the Methylene Blue [MB] fluorophore, while the background was
corresponding fo a solution of 1% v/v Intralipid and 1% w/v Agarose.
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EVALUATION IN FREQUENCY DOMAIN

Results in the frequency domain

— Logarithm of the photon density modulation amplitude.

I




EVALUATION IN FREQUENCY DOMAIN

Results in the frequency domain
— Phase shift.
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EVALUATION IN FREQUENCY DOMAIN

Results in the frequency domain
— Phase shift.




EVALUATION IN FREQUENCY DOMAIN

Evaluation of the results in the frequency domain

— Accuracy of the method.




EVALUATION IN FREQUENCY DOMAIN

Evaluation of the results in the frequency domain

— Accuracy of the method.
@ Estimated in regards to the RTE.




EVALUATION IN FREQUENCY DOMAIN

ARE

— Accuracy of the method.

@ Estimated in regards to the RTE.
o Estimated through the absolute value of the relative error between the results of the
dual coupled RTE-DA model and the RTE based model.

A/0,DA/RTE-DA

M

A/O,RTE

M

A/6,DA/RTE-DA

M

A/0,RTE

Evaluation of the results in the frequency domain

x 100%



EVALUATION IN FREQUENCY DOMAIN

Evaluation of the results in the frequency domain

|Relative Error| (%)

|Relative Error| (%)

— Accuracy of the method.

o Estimated in regards to the RTE.
o Estimated through the absolute value of the relative error between the results of the

dual coupled RTE-DA model and the RTE based model.
o Compared with the corresponding accuracy of the DA based model.
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EVALUATION IN FREQUENCY DOMAIN

Evaluation of the results in the frequency domain

— Accuracy of the method. RTE-DA/RTE DA/RTE

| Excitation  Emission  Excitation  Emission |
Photon density ~98% ~96% ~85% ~930%

Phase shift ~90% ~96% ~85% ~94%

, ‘ .
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EVALUATION IN FREQUENCY DOMAIN

‘

Evaluation of the results in the frequency domain

_ The computational time, the number of iterations and the size of the
formulated matrices.

1060.19

101
165

128 581 48 346 456 8415584

85 766 121 34 306 448 400 1867 795 524

39



EVALUATION IN FREQUENCY DOMAIN

Evaluation of the results in the frequency domain

— The computational fime, the number of iterations and the size of the
formulated matrices.

127

197

—

48 346 456 8415584

85 766 121 , 34306448400 . 1867795524




EVALUATION OF THE STEADY-STATE

FORMALISM

Steady-state results

1pm

0.5

Z (cm)

0

Z (cm)

Z (cm)
o




EVALUATION OF THE STEADY-STATE
FORMALISM

Steady-state results

1p . -
.-2

1 1 ~

5. e N |
Super-ellipsoidal model with radius/
r=0.25 cm, located at the centre of a cubic | {4

7
7.5

[ spatial discrefization: £ =0.1 cm
£ o |Angular discretization: NgXNg =4 X4
N ‘ .
N Interface location: z=0.7 cm | region with dimensions 2X2x2 cm3. -
; -6 | -6
-1 e | 3
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d BN PFEEEE MR B 45 Ir Al __PFE
s The optical properties of the labeled synthetic fumor were matching s
| the Chloro-Aluminum Phthalocyanine, fluorophore, while the s
g, background was corresponding to a solution of 1% v/v Intralipid and
) 1% w/v Agarose. "
-0.5
L . Excitation wavelength: ix=680 nm
05 Emission wavelength: fn=/00 nm




EVALUATION OF THE STEADY-STATE

FORMALISM

Steady-state results




EVALUATION OF THE STEADY-STATE

FORMALISM

Evaluation of the steady-state results

— Accuracy of the method.
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EVALUATION OF THE STEADY-STATE
FORMALISM

Evaluation of the steady-state results

— Accuracy of the method.

I RTE-DA/RTE DA/RTE I

Emission
~94%

Excitation
~94%

Emission
~98%

Excitation
~98%

Photon Density




EVALUATION OF THE STEADY-STATE

FORMALISM

Evaluation of the results on the CW state

_ The computational fime, the number of iterations and the size of the
formulated matrices.

159 206

134 864 48 346 456 8415584

94 128 804 34 306 448 400 1867 795 524
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EVALUATION OF THE STEADY-STATE
FORMALISM

Evaluation of the results on the CW state

_ The computational time, the number of iterations and the size of the
formulated matrices.

e

206

§ 415 58

1867795524
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EVALUATION WITH REAL
MEASUREMENTS

Construction of the database

Solution of the forward problem for numerous virfual
fFluorophores distributions and for every excitation source
position.

Dual coupled RTE-
DA model




EVALUATION WITH REAL
MEASUREMENTS

An example of measured data
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Fluo ph e: Alexa Fluor 680.

Rea Ig metry: Ellipso dI ith d=0.25cm and h=0.5cm at z UBm
Tis ph’rmSp F1//I’r|pd d1//Ag
Exc ’r’r PJ’rdI with scanning step 0.05 cm
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EVALUATION WITH REAL

MEASUREMENTS

The system




EVALUATION WITH REAL

MEASUREMENTS

The system
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EVALUATION WITH REAL

MEASUREMENTS

The system

Lenses: Telecentric
Imaging mode: Orthographic projection
Field of View: 20.3X27.2 mm
Excitation profile: Structured light scanning
Excitation wavelength: 680 nm

Detection wavelength: 700 nm

Detection geometry: Epi-illumination

N A



EVALUATION WITH REAL
MEASUREMENTS

Rotation Stage

Mirror M2

The system

Mirror M2

l Laser Jl

Mirror M1

Translation Stage

<>

1D Translation &

Stage

Phantom



EVALUATION WITH REAL
MEASUREMENTS

The corresponding virtual distribution
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EVALUATION WITH VIRTUAL TISSUE-

LIKE MEASUREMENTS

Evaluation with application on the MOBY phantom

The various organs of this digital mouse
phantom have been developed through

the utilization of non-uniform rational b-

spline ([NURBS) surfaces. High-resolution

30 magnetic resonance microscopy (MRM|
data, obtained from the Duke Center for
In Vivo Microscopy, was used as the basis
for the formation of the surfaces. This
digital phantom has been ufilized for

numerous imaging studies, including

fFluorescence molecular imaging studies.



EVALUATION WITH VIRTUAL TISSUE-

LIKE MEASUREMENTS

Evaluation with application on the MOBY phantom




EVALUATION WITH VIRTUAL TISSUE-
LIKE MEASUREMENTS

Evaluation with application on the MOBY phantom

N

Gorpas D., and Andersson-Engels 5., "Dual Coupled Radiative Transfer Equation and Diffusion Approximation for the Selution
of the Forward Problem in Fluorescence Molecular Imaging"”, Imaging, Manipulation, and Analysis of Biomalecules, Cells, and

Tissues X, Proc. SPIE, 8225:822522 (2012).
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EVALUATION WITH VIRTUAL TISSUE-
- LIKE MEASUREMENTS

Evaluation with application on the MOBY phantom




EVALUATION WITH VIRTUAL TISSUE-
LIKE MEASUREMENTS

Evaluation with application on the MOBY phantom

Y (cm) -1 -1 X (cm) Y (cm)
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EVALUATION WITH VIRTUAL TISSUE-
LIKE MEASUREMENTS

Evaluation with application on the MOBY phantom
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EVALUATION WITH VIRTUAL TISSUE-
LIKE MEASUREMENTS

Evaluation with application on the MOBY phantom




EVALUATION WITH VIRTUAL TISSUE-
LIKE MEASUREMENTS

Evaluation with application on the MOBY phantom

RTE-DA/RTE DA/RTE
| Excitation Emission Excitation Emission
Photon Density |  ~35% ~97% ~95% ~85%

|

|
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1




EVALUATION WITH VIRTUAL TISSUE-

LIKE MEASUREMENTS

Evaluation with application on the MOBY phantom
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CONCLUSION

Contribution of the research

\
S/
Ed

S

e

e

Solution of the forward problem in Ffluorescence molecular
iImaging with utilization of the RTE model.

Solution of the forward problem in fluorescence molecular
imaging with the dual coupled RTE-DA model.

Development of an epi-illumination Fluorescence molecular
iImaging with scanning structured excitation source.

Fluorescence acquisition with angular information.



CONCLUSION

Ongoing research

¢ Development of an inverse problem solution, based on super-
ellipsoidal models and the Levenberg-Marquardt technique.

¢ Further evaluation of the dual coupled RTE-DA model on non-
homogeneous synthetic phantoms.

¢ Optimization of the algorithms for time efficacy increase.



CONCLUSION

Possible prospects

Optimization of the spatial and angular discretization schemes.

Investigation of the possibility to apply the RTE based forward
solver.

Study of the molecular information of the biomarkers.
Development of small animal tomographic applications.
Adaptation of the methodology for breast cancer detection.

Development of a compact and portable system!



CONCLUSION

|s the solution of the reconstruction problem the border of this

field?
M \..




Thank you for
your attention!!!
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