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Incident light

Reflection

Air
(n=1.0003)

Reflection

Refraction

Tissue/Water
(n=1.33)

Two media with different refraction indeces

Plane of Incidence
qg=q

smooth surface
Specular Reflection

|

Surface irregularities

» |
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rough surface
Diffuse Reflection
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Reflectivity:

Reflectance:

Reflectivity and Reflectance

Measure of the amount of reflected radiation

E/\

E. _sin(g-q")

sin(g+q")

Intensity ratio

R

S

2

n=1.0003
Incident light

Reflection

E, _tan(g- ¢")
E, tan(g+g")

n=1.33

Refraction
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Angular Distribution

Brewster Angle: R, =0 (water: 53)

Normal Incidence: R, R, 2%

Incident ight
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Wavelength Index of refraction Reflectanc . i
A (um) n B Water: Absorption bands
02 1.396 0.027

0.3 1.349 0.022

0.4 1330 0021 2.9 um

0.5 1.335 0.021

0.6 1.332 0.020 6 O um

0.7 1.331 0.020

0.8 1.329 0.020

0.9 1.328 2 i i i
o 1328 o020 Vibrational and rotational
16 1317 i i

18 L aain oscillation bands of the
2.6 1.242 0.012

26 1242 0012 water molecule

2.8 1.142 0.004

[Z38 1.201 0.008 ]

3.0 1.371 0.024

3.1 1.467 0.036

3.2 1.478 0.037

3.3 1.450 0.034

34 1.420 0.030

3.5 1.400 0.028

4.0 1.351 0.022

5.0 1.325 0.020

[FT 1508 X |

T 1.307 0.019

8.0 1.291 0.016

9.0 1.262 0.013

10.0 1.218 0.010
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Absorption:  Intensity of incident electromagnetic wave is attenuated
in passing through a medium

Lambert-Beer Law: I(z) =1,e7%*

Absorption coefficient a

) I(L)=EO

Absorption length L = 1/a
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Biological Tissues: water molecules, proteins, pigments

Y v
IR Visible, UV
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£ r . ] & - ]
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o E e, E (5] E E
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g N ' ]
2  10F - ~=> a 10k E>
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%] B 0n - =
ey - 3 0 ]
< L —_—— < L

gl Lo v L 1Ly T T gl b e by 1Y
300 400 500 600 700 300 400 500 600 700

Wavelength (nm) Wavelength (nm)

“Therapeutic Window”  low absorption
(near IR: 600 — 1200 nm) « higher penetration depth of radiation

RUPRECHT-KARLS-
UNIVERSITY HEIDELBERG

Computer Assisted Clinical Medicine

Dr. Melanie Heilmann S Catte ri n g

11/12/2009 | Page 10

Electromagnetic waves |::> Elastically bound charged patrticle

Natural frequency of

: : g Scattering
free vibrations of particle

* Resonance

< Absorption
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Media (Tissue) showing ABSORPTION and SCATTERING

Total Attenuation: a,=atas

. 1 1
Free Optical Path: L, =—=——
a a-ta,
a a a=0  Absorption
Optical Albedo: a=—= +—S P
a.  atrag a=1 Scattering
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Electromagnetic waves |::> Elastically bound charged patrticle

7N

Natural frequency of Scattering
free vibrations of particle

* Resonance / \

« Absorption Elastic Scattering Inelastic Scattering
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Incident Photon Energy = Scattered Photon Energy
I incident — I scattered
Rayleigh Scattering: I(z) = |Oe‘asz
e
1 ’
Rayleigh,s Law: Is ~ _4 Incident light
(wavelength-dependence of n neglected!) /
1+ cos? .
Angle dependence: |s(q) ~ /—4(0) (g=0 Forward Scattering )
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The higher the wavelength
the lower the scattering

Wavelength ~ scattering particle size

&
[=}
(=}

(e.g. Red Blood Cells, 6-8 um)

}

Mie Scattering

[
(=]
=]

M AR |

|

(=]
o

Scattered intensity (arb. units)
3
(=]

R RS

* Preferably forward scattering
|

|
300 300 500 800 700 800 1

Wavelength (nm) * IS - /_x (04 EXE 05)
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Rayleigh Scattering Mie Scattering
1+ cos?
|S~C/°—f(q) |S~/—1X (0.4 £ x £0.5)

In Biological Tissues:
« Preferably forward scattering

« Slightly stronger | -dependence than predicted by Mie

——>  Probability function p( q)

(Fit to experimental data)
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Probability function, Phase function

1- ¢° — T
q :( 312 1
a2 ) .
1+g°- 29 003(57) g Aortic wall (g = 0.945)
¥ , E ]
— ; i
plg)= (2+1)g P(cosg) .
i=0 —_— & 1
Legendre polynomials
. 31) 60 90
Scattering angle © (°)

Coefficient of Anisotropy Rayleigh Biological Tissue

d
:A% 9=0.7-0.99

4” *‘*“*““‘**** (q=28-459
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Beamsplitter Sample

Laser \\ —D I | Detector

Detector
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j Sample

Beamsplitter

Integrating sphere

Laser \\

Detector Detector

Seite 9



RUPRECHT-KARLS-
UNIVERSITY HEIDELBERG

Computer Assisted Clinical Medicine

eameremen |- Angular Dependence of Scattering

11/12/2009 | Page 19

Beamsplitter
P \\ Rotary stage
N . Aortic wall (g = 0.945)
Detector
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Infegrating spheres

| Detector T_

Incident beam

Detector R Detector T u

T: transmittance, R: reflectance c: coherent, d: diffuse

Seite 10

10



RUPRECHT-KARLS-
UNIVERSITY HEIDELBERG

Computer Assisted Clinical Medicine
Dr. Melanie Heilmann

11/12/2009 | Page 21

500

Experimental Data

Thermal effects during LASER exposure

Modification of absorption and scattering

T

>
=
S

300 |-

»
Q
IS}

Scattering coefficient (cm™")

=)
3
T

— T ——— 100
® Scattering (coagulated)
A Scattering (native) 80
® Absorption (native/coagulated)

60

40

20

Absorption coefficient (cm™")

IR BRI

90 |
600 800 1000

Wavelength (nm)

Table 2.3. Optical properties of human tissues in vitro

Tissue A e a 9 Reference

(om) {em™') (em™') (cm™')

AT
540
B0

K

Aorta media
Aorea media
Aorta media.
Aorta media
Bladder

Bladder

Keljzer et al. {1956)°
Keljear et al. (1956)°
Keijoar o al. {1980)"

JL—
Roggan et
Splimter et al. (19

Muscle F
Myoessdinm 1064
Prostate 850
Prostate

Skin
Uterus
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Part Il: Light Acting On Matter

» Photochemical Interaction
e Thermal Interaction

» Photoablation

» Plasma-Induced Ablation

Photodisruption
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< « Continuous wave (CW)
§ 10°
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5 10°
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T T T T T T T
. N N
107 \\ Photodisruption I
. . <
* Photochemical Interaction | !
’Gg \\ Pho/toub!otlon
. RS .l‘lusmcf N 000 B
* Thermal Interaction 5 induces 5,
‘% 10° 7 \\ p _l
» Photoablation B f N |
% Thermal interaction
- o
* Plasma-Induced Ablation o 1
Photochemical interaction
- - 107}4 N
* Photodisruption L
10 107 100 10 10 10° 10°
Exposure time (s)
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Induction by light of chemical effects and reactions
within macromolecules or tissues

Properties
» Low power densities: 1 W/cm?2

» Long exposure times: CW - sec

* Visible range: efficiency, high optical penetration depth
(e.g- Rhodamine dye LASER @ 630nm)

* Scattering: main process determining radiation distribution
inside tissue
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Photodynamic Therapy (PDT)

« Injection of spectrally adapted chromophores HoD @

* Monochromatic irradiation triggers selective O

photochemical reaction

Tumor Injection Clearance

¢ Intramolecular transfer reactions by decays of

photosensitizer E: ." X ) ‘

X

* Release of hlghly toxic reactands Iradiation Transfer reactions Necrosis

@ irreversible oxidation of essential cell structures

Biostimulation

« Red / Infra-red low intensity light as stimulus for cell proliferation (e.g. wound healing, hair growth)

« Not scientifically well defined, controverse discussion about effects
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Dihemtoporphyrin
Chromophore compound which HoCCHz), G GHy  (CHy)ZC0pH
is capable of causing light-
. . A HO2C(CH2)2 CH3 H3C. (CHy)2C02H
induced reactions in other non- oo
) H3C cl-.o-E ) CH3
absorbing molecules an
HOCH CH3 H3C HlI3°H
(I:Hs CH3
Hematoporphyrin Derivative (HpD) 2 porphyrin rings connected by C-O-C chain
(Brand names: Photofrin I, Photofrin 11)
2531074 [T B N R
T/E\ ——  Absorption
. . . 5 2. — —  Fluorescence 3
« Active substance: Dihematoporphyrin E e
£ n 10§
. . g 2 9. J\ %
» High thermal stability N B
i 1.0 Pl // Jos g
» Dark color (Greek: porfura = purple) Zos Ly s 3
2 i \
2 | ]
e Absorption band: 350 — 400 nm 00 Lt 53(0‘ ‘)ééo 55000
Wavelength (nm
RUPRECHT-KARLS-
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Kinetics of Photosensitizer |
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Tumor versus Healthy Tissue Concentration Dependence
—71 T 1 1 T T T —T T T T T T T T
N — Healthy cells r ——— B4E-6 mol/l |
£ L — —  Tumor celis p v o R 8.4E-5 mol/l
0 I3} mol/|
= 0.8 - (=}
o Sosl mol/I
S 0.6 |- Blowl- | N Tl T
204l 2 0.4 —
R | G
Q [0}
Eo2- o2t
PRI P P TN BN T |
0.0 o] (0 0 ZL!)O 400 600 800 1000
Time (ns) Time (ps)
Tumor selectivity Self absorption
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g == = == == = = [ Kineties of photosensitization (S: photosensitizer, RH: substrate
Spo ——— 1 With F-bond, CAR: carotenoid). Modified from Boulnois (1986)
1 Ezecitation
é‘r’ » Singlet state absorption 1§ 4 he = 'S*
‘Sv,z Decays
|S"I 3 « Radiative singlet decay 18* = 'S+ hv' (fluorescence)
10 .. Intersystem crossing » Nonradiative singlet decay 8t =18
M = - = =g o Intersystem crossing 1g% — 3g*
Pl — Su « Radiative triplet decay 85* — 15 4 hue" (phosphorescence)
33 £
g £ Slats o " "
&S g g.gf S s S0 » Nonradiative triplet decay it =18
S5 3 8ial 3 o
& Type I reactions
1 » Hydrogen transfer 8" + RH — SH" +R"*
So2 » Electron transfer 8* + RH = 8*~ + RH**
: ; - ce
ISii = 3 e « Formation of hydrogen dioxide SH* + %0, = 'S + HO}
s » Formation of superoxide anion §* 490, =15+ 08
0o
Type II reactions
. .  Intramolecular exchange 3% +20. = 'S+ '03
* Excitation o Cellular oxidation 103 + call = cell ox
Carotenoid protection
o Singlet oxygen extinction 104 + 'CAR = %0, + *CAR*
.
Deca‘ys ® Deactivation SCAR"™ = 'CAR + heat
1. Nonradiative .
Singlet
2. Radiative Ground State

_ ’S*+°0, 'S +'0,*
3. Intersystem Crossing
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Time (s)
! | 4 I ! | ! |
~ 100 . _:
58 2 3
€ i |
= 10 E
o F 3
o o m
= -
= _
- L
.E 1 ==
2 F m Only laser
z I a Only sensitizer
= r ® Sensitizer and loser ‘
0.1 L | I | | L L
"0 20 40 60 80 100
Time (s)

Effect of HpD and/or HeNe-LASER (7.3 mW) on viability
of streptococcus sanguis (common bacteria of dental plaques)

Seite 15



RUPRECHT-KARLS-
UNIVERSITY HEIDELBERG

Computer Assisted Clinical Medicine

Dr. Melanie Heilmann DraWbaCkS and Solution

11/12/2009 | Page 31

« After therapy: Long isolation from light exposure (sun and artificial light) ® dark room
« Poor absorption in the red / near IR spectrum ® applications limited to the surface

« HpD production from calf blood is expensive

2" generation Photosensitizer

DHE: Dihematoporphyrin ester R I I T ™

IS
T
>
3
=N
-
u
s}

® In dark rooms for at least 4 weeks

MTHPC: meso-tetra-hydroxyphenylchlorin

® chemically well defined
® only 1/5th of light energy needed

w
T

Degree of skin sensibility
nN
T

ALA: 5-aminolaevulinic acid

|

® no photosensitizer but precursor for '\.
endogeneous synthesis of prophyrins e E— R y
® oral administration possible Time after application of sensitizer (weeks)
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* Main idea using a photosensitizer acting as catalyst
(only in photodynamic therapy)

» Observations No macroscopic observations

* Typ. lasers red dye lasers, diode lasers

e Typ. pulse durations 1s ... CW
» Typ. power densities 0.01 ... 50 W/cm?

» Special applications  photodynamic therapy, biostimulation
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* Photochemical Interaction
 Thermal Interaction

* Photoablation

Power density (W/cm?)

* Plasma-Induced Ablation

* Photodisruption

10°

T T T T L T T

A N
~ \\ Photodisruption n
\
B N\ Photoablation “
N
| Plasma— /000
induced N 1
ablation Y
b .
L PN
LN
%o
Thermal interaction
Photochemical interaction
B N
1 [ ! | [
107 107 1070 107 107 10° 10°

Exposure time (s)
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Non-specific interaction with increase in local temperature

e CW or pulsed LASER irradiation

* Irradiation duration / Peak temperature in tissue

- Coagulation
- Vaporization
- Carbonization
- Melting

» Application: Laser-induced thermotherapy

Seite 17
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Temperature 3 60C

Coagulated tissue:
» becomes necrotic
« appears darker than other tissue

Detection by Hematoxylin and Eosin staining
of histologic section
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Thermomechanical effect

Vaporization of water
* increase in pressure
* expansion ® microexplosions

Tissue ablation: Thermal decomposition

Fig. 8.11. (n) Human tooth vaporized with 20 pulses from an Er:YAG Laser {pulse
duration: 90 s, pulse energy: 100mJ, repetition rate: 1 Ha). (b) Enlasgement show-
ing the edge of ablation
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Temperature > 100C Release of carbon
 blackening in color
« reduces visibility during surgery
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Temperature: several hundred degrees Celsius
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Bulk absorption at the microscopic level occurring in
molecular vibration-rotation bands followed by
nonradioactive decay

Two-step Process:

1. Absorption of a photon: A+hn® A*

2. Deactivation by inelastic collision: A *+ M(E,,,)® A+ M(E,, +DE,,)
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Water: Absorption spectrum

~

Er3* doped LASERs

e EnYAG at2.94um Ho:YAG at 2.12 pm
e ErrYLF at2.80 uym
e ErYSGG at 2.79 pm
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37T -42C

42T -50C

> 50C

60T

Heat Effects |

No measurable effects in tissue

Hyperthermia (for several minutes: necrosis)
® conformational changes of molecules

® bond destruction

® membrane alterations

Measurable reduction in enzyme activation

® reduced energy transfer within the cell and cell immobility
® certain cellular repair mechanisms disabled

® fraction of surviving cells reduced

Denaturation of proteins and collagen
® coagulation of tissue

® necrosis of cells

® paling of tissue
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> 80C

100C

>100C

>300C

Heat Effects Il

Cellular membrane permeability drastically in creases
® destruction of the chemical concentration equilibrium

Water vaporization

large vaporization heat of water (2253 kJ/kg)
Evacuation of excess heat by vapor

Phase transition with volume increase: gas bubbles
mechanical ruptures

thermal decomposition of tissue fragments

@060 6

Carbonization
® blackening of adjacent tissue and smoke generation

Melting
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Quantitative approximation of remaining active molecules and cells at a certain

temperature:
C(t t DE
In ()—-A exp - dt'c -w
0 0 RT(t')
C,, C(t): Concentration of molecules / cells
T(t"): Temperature at time t’
A: Arrhenius’ constant, f(k,,T,h,R,activation entropy DS)
R: Gas constant
DE, W specific tissue properties
C,- C(t
Damage degree D,(t) = OC() =1- exp(-W)

0
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_ _ _ _ Temperature evolution
Localized tissue coagulation by LASER applicator
(Nd-YAG at 1064 nm, diode LASERs at 800 — 900 nm)

Liver tissue

Tumor treatment (uterus, prostate, retina, brain, liver)
Minimally invasive surgery (MIS)
(Nd:YAG, 5.5 W, 10 min)
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Magnetic Resonance Imaging (MRI) LITT
! e Diode LASER (940 nm)
* 600 J, 2 min, P, =50W
« Bare fiber applicator
« Diffusor-tip:
- L=20 mm
before treatment after treatment - E11imm
Comparison of different MRl methods Temperature Map
UNIVERSITY HEIDELBERG
Computer Assisted CIir]icaI Medicine .
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e Main idea achieving a certain temperature which leads to the
desired thermal effect
« Observations either coagulation, vaporization, carbonization or melting
e Typ. lasers CO2, Nd:YAG, Er:YAG, Ho:YAG, argon ion and diode

lasers
e Typ. pulse durations 1 ps ... 1 min
« Typ. power densities 10 ... 108 W/cm?

» Special applications  coagulation, vaporization, melting, thermal decomposition,
treatment of retinal detachment, laser-induces interstitial
thermotherapy (LITT)
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6. LASER

Matter acting on Light

» Reflection
» Refraction
» Absorption
» Scattering

— Tissue Interactions Il

Light acting on Matter

» Photochemical Interaction
e Thermal Interaction

e Photoablation

e Plasma-Induced Ablation
Photodisruption
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