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Overview

1) Theory of light transport in scattering media based on
a) Maxwell’'s equations (FDTD simulation, analytical solutions)
b) Transport theory (analytical solution, Monte Carlo simulation)
2) Determination of the optical properties of scattering media
a) Spatially resolved reflectance

b) Spatially modulated imaging

d) Scattering light microscopy

gloog —

I c) Goniometric measurements
i

. 06.12.2013

||



Motivation

medical
therapy diagnosis
V\ f microscopy

Light propagation in bio-
logical media (dependence
on microstructure)

06.12.2013

gloog —



Description of light propagation in scattering media

Maxwell’s theory microscopic scale complex refractive

(FDTD, PSTD, index: ny(r)
analytical solutions)

transport theory

= =
——— mesoscopic scale scattering coeff.: g
— Monte Carlo absorption coeff..  u,
— scattering function: p(6,o)
@ O refractive index: n
) & <)

analytical solutions

simplified spherical harmonics theory  analytical solutions (semi-infinite ...)

diffusion theory 00 o O

0 macroscopic scale  effective scattering coeff.:
us‘: Mg (1'9) (g:<COS(e)>)

00 OO O _ _ absorption coeff.:

analytical solutions  refractive index:  n
® O ® (N-layered ...) G[]A
UUULL ——
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Maxwell theory — verification of methods

Comparison of analytical solution and FDTD simulation
for scattering by many cylinders (d=2 pm, n,=1.52,
n=1.33, A = 633 nm).
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J. Schéfer, S.C. Lee, A. Kienle: J.Quant.Spectr.Radiat. Transfer, 2113-2123 (2012). o
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Numerical solutions of Maxwell’s equations: FDTD (Finite Difference
Time Domain)

Light propagation in
human dentin:
dental tubules (cylinders

with d=2 ym, n_,.,=1.50,
Ne=1.33, Ny, = 1.37;
A =633 nm).
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Numerical solutions of Maxwell’s equations:
laser scanning microscope

Scannin ga focused The required position of the focus: x/A = -20, y /A = 0
beam through a '
scattering medium
(cylinders with

n,=1.33, n,,=1.40).

Y/
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Transport theory

Transport theory is often considered a
‘gold standard’ for calculation of
light propagation in biological tissue

Flexible solution: Monte Carlo method

- Cw-, frequency-, time domains

- multi-layered (spheres, cylinders ...)
- voxel-based/tetrahedron based

- laser Doppler

- fluorescence

- polarisation (Stokes, Jones)

- arbitrary surfaces |
- electric field Monte Carlo 10 10 ot it (] 30 35 O
- GPU accelerated

laterale Richtung [mm)]
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Transport theory — analytical solutions verified with Monte Carlo method

 Fluence rate for infinitely extended 3D-space for different sources
A.Liemert, A.Kienle, Phys. Rev. E 83, 015804 (2011)
» Radiance for infinitely extended 3D-space for different sources
A.Liemert, A.Kienle, Phys. Rev. A 83, 015804 (2011)
o for infinitely extended 3D-space in the time domain isotropic source and
unidirectional source A.Liemert, A.Kienle, Biomed. Opt. Express 3, 543-551 (2012)

A.Liemert, A.Kienle, Phys. Rev. E 86, 036603 (2012)
« for infinitely extended 2D-space

A.Liemert, A.Kienle, J.Phys.A: Math. Theor. 44, 505206 (2011)
« for circle in 2D-space

A.Liemert, A.Kienle, J.Phys.A: Math. Theor. 45, 175201 (2012)
« for a layered semi-infinite medium in 2D-space

A.Liemert, A.Kienle, JQSRT 113, 559-564 (2012)
I » for a semi-infinite medium in spatial domain (3D)

A.Liemert und A. Kienle, Scientific Reports 3, 2018 (2013)
» for a semi-infinite medium in spatial frequency domain (3D)

A.Liemert, A.Kienle, Opt. Lett. 37; 4158-4160 (2012)

1]
||

» for an arbitrary source in 2D-space
A.Liemert, A.Kienle, Waves Rand. Comp. Media (2013) o
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Transport theory — Comparison Monte Carlo with analytical solutions

Analytical solution for a semi-infinite medium in the steady-state domain

Perpendicularly incident beam with radius n (reflectance)

f\\ 0.5 - - - j Nyy = 1.0 l
\ =0.1 mm . _ p
I n 03| | i | 1 >

n =14

out

Ws=1mmi p,=0.01 mmi, g=0.8 (Henyey-Greenstein)
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Transport theory — Comparison Monte Carlo with analytical solutions

Analytical solution for a two-dimensional semi-infinite medium with internal sources

Source: Reflectance
i T | | . 0.07 sinusoidally
L E : E : line source
N E E sinusoidally line sourée
oL Noo / 0.05
£ ; ; T
. e T A £ 0.04
g0 : s : £
e T oo
ébounde;try X= 0 \/‘ 0.02+ !/,
T : : : o straight line
: 0.01+ source
_67, . L -
-0.5 0 0.5 1 15 2 25 3 35 —010 —I8 —EIS —All —2I (I) é 4Il é EI! | 10
X (mm) y (mm)

W= 1.0 mmi, p, = 0.01 mm?, g = 0.8 (Henyey-Greenstein), matched

condition i
gloog —
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Maxwell theory — comparison with transport theory

Monte Carlo method versus Maxwell theory (analytical)

Plain wave incident

on spheres (& = 2 pum),
which are located in a
cube

O ® O
+— O O .
d) O O 107 "L N=50 MC 2
O | < N=100MC ]
. N=200 MC
< o T i N=50 GMM (2.62 Vol.-%)
H | ——— N=100 GMM (5.24 Vol.—%)
_ya| | ——N=200 GMM (10.47 Vol.-%)

10 | | | | |
0 20 40 60 80 100 120 140 160 180
l scattering angle [°]

F.Voit, J.Schafer, A.Kienle,
nK_ 1.59+0.00i, Ne = 1.33, A =600 Nnm Opt. Lett., 34, 2593 - 2595C( 009)
0U000 —
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Maxwell theory — comparison with transport theory inclusive
polarisation (Muller-Matrix)

Plain wave incident
on spheres (& = 2um), " W ] — s
05 05 0s

which are located in a

0 - 1 N
cu be ] &0 120 ] B0 120 ] B0 120 ] B0 120
1 1 1 1
05 0s \w 05 05
W ]
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O O 1 1 1 1
O 05 05 0s 05
Cp O O ] . u] S ] 1] M’\z\,w
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ne =133, =600 nm ] s AL \M/\
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§ 06122013 F.Voit, A.Hohmann, J.Schéafer, A.Kienle, J. Biomed. Opt. 17, 045003 (2012) 13
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Diffusion theory - radially N-layered cylinder

Geometry (& = 16 mm,; finger): azimuthal direction

layers
skin
fat

muscle
bone

thickness

1 mm

1 mm
2 mm
4 mm

® detector

[/

—

(N N ]
¢® ®e ¢
>

//

CI\I#—\
=
E
nd

10

m';
15;
1U;
15;

107°

....

‘....

——cylinder 1
— — — laterally infinite
* Monte Carlo
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Determination of optical properties: experimental setups

Determination of the optical properties (absorption and scattering)

« spatially resolved reflectance
camera-based
fiber-based

* time domain reflectance
* integrating sphere measurements

e goniometric setup
(4n-measurements)

e collimated transmission
» photothermal absorption measurements
* spatial frequency domain imaging

* light scattering microscope

intensity [a.u.]
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20 40 60 B0 100 120 140 160 180
scattering angle [deg]

[ —— measurement (4.12 ym) |
——— simulation (4,12 pm)
- = — measurement {2.75 pm) x 10/7

T simulation (2,75 pm) x 10 |
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Calculation of optical properties

Solution of inverse problem

« analytic solutions of diffusion equation

- analytical solutions of SP, —Methode
 analytical solutions of transport equation
* Monte Carlo simulations (GPU)

» scaling methods of Monte Carlo method

* Neural network

(A.Kienle et al, Opt. Lett. (2001))

(A.Kienle, M.Patterson, Phys. Med. Biol. (1996))

(M.Jager, A.Kienle, Phys. Med. Biol. (2011))
(M.Jéager, F. Foschum, A Kienle, J. Biomed. Opt. (2013))
(M.Jager, F. Foschum, A.Kienle, Phys. Med. Biol. (2013))

06.12.2013
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Determination the effective scattering and absorption coefficients

Spatially resolved reflectance

With and without correction of transfer

measurements function
CCD chip
shutter ——550nm corrected
lens . 750nm corrected
r1s
f=50 mm ——950nm corrected
---550nm uncorrected
750nm uncorrected H
--950nm uncorrected
optical fibre
d =400pm S
Vﬁwu[ f"vﬂﬂ[‘l»m |
I | H l rl|| I
0 5 10 15 20
distance (mm)
i (F.Foschum, A.Kienle, J.Biomed. Opt. (2012)) OU
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Determination the effective scattering and absorption coefficients

Obtained absorption coefficient of

Intralipid/ink emulsions

1

10

— TR measurement

600 700 800 900
wavelength (nm)

1000

Total remitted light

0.05

<
o
&

Reflektanz

o
o
N

004\ LN

s
T

500 600 700 800 _ 900 1000
Wellenlange [nm]
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Spatial frequency domain measurements

Setup: ocb. % Amplitude versus frequency:
Kamera -
Linse D:]\St hlauf 0’8: A

C:; Bandpass- y “Isi,[u?]u ) 0.7

=" Filter CF’ g [
Spiege] // | ﬂ 3 0.6

lDMD g 05+
Llnse Q [

Gewebe II DUDG 03"

0.2+
Beleuchtung: [ =], -cos(2af - x +¢) 0.1

Light _ 1 ——e
scattering: - /\/W\A/ % Tos 4 is T2

A VAVEVEAVEN k (rad mm™")

N TN TN TN TN U, = 0.01 mm-1

Biolog. Gewebe

. P 1.8 mm-1 (circle).
!

Intensitat: [ = 1(z)-cos(2af - x + ¢) z

gloog —
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Goniometric scattering by SiO,-spheres (n = 1.42)

" d black anodized beam trap
Setup constructed based ™ <MY aluminium housing - fijjeq with

45° mirror suspension
on Monte Carlo \
simulations , 8

incident beam " \\\. ncutral}lltcr oD25

\

\
opening to beam trap

‘/
cuevette window -~

7

particle suspension

iris
lens —

optical fibre to detector ~

——PS2.75£0.02um - standard / parallel

— Mie 2.75 £ 0.02 um 2 | - - ~standard / perpendicular
——Si0,4.4+0.25um 107 ¢ © | —— standard / unpolarized g=0.956 |-
——Mie 4.4 +0.25 um S S S S CLU T optimized / parallel 1

Measurements on
spheres (left) 0
and on yeast cells _ |

b . = = —optimized / perpendicular i
-\ . . | —optimzed/unpolarized g=0.960

(right) (wave length £ "
= 635 nm) g :w
I TS B YOO TS O\ A (D 1 i

10'32 o

-4[ 5 i i . . 10 i i i i i i
I 10 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 180
l scattering angle [°] scattering angle [] UUUUU
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Light scattering microscope

Setup: Coverslip
Sample

Motorized stagexm“ amObject plane / O

Fiber +/

LD Objective

- Back focal plane / F

RGB
Tube lens Camera

e Flip mifror | Image plane
| N
i 1
L e ———==== SeTwaae - - .
Field stop Aperture stop . .
_ o =2 ¥ Fourier lens
AOTF driver Ocular 1
1
j
Fourier plane i
o __ _
‘Supercontinuum laser CCD-Camera
(M.Schmitz, T.Rothe, A.Kienle, Biomed. Opt. Express (2011))
(T.Rothe, M.Schmitz, A.Kienle, J. Biomed. Opt., 2012)) 60000
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Angularly resolved scattering by SiO,-sphere

e Conparison of measurement with Mie-theory

Measurement 2=545nm, single bead Theory A=545nm, D=4.720um, NA 0.53
\ 0.03

0.025
0.02
0.015
0.01

I \ 0.005

i il
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Summary
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Light propagation in turbid

media (dependence
on microstructure)

diagnosis

microscopy

process
control
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