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* Advanced theoretical physics (9 ECTS)
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Medical Physics applications (3 ECTS)
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A few organisational information

« 3ECTS

« Examination at the end (oral or written depending on
number of participants)

LUDWIG-

% Oncology is a branch of medicine dealing with cancer
% For healthy cells the number of cell divisions is limited
« Cancer cells divide and grow uncontrollably

% The uncontrolled growth develops into a tumour

Cancer is after heart-diseases the
second most frequent cause of death

9.6 million deaths, or one in six deaths, in 2018
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Incidence

13.5% (332771) 13.6% (333330)

11.7% (288118)
13.8% (338732)

Every year ca. 3,200,000 people
diagnosed in EU with cancer

In Germany ca. 350,000 new
patients / year

3.4% (82670) —
1.5% (110529)

39.5% (971460)

_ Ca. 2/3 diagnosed at the
Mortality stage of localised tumour

12.1% (148788)
7.3% (89797)

5.8% (70821) ™~

5.0% (61494)

20.5% (252495)

Lung

Colon and rectum
Breast

Prostate

3.1% (38278)

Stomach
Bladder
Other

EEEEOOO

46,3% (569547)

Absolute cancer incidence and mortality at the 27-EU, year 20080
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The three “columns” of cancer therapy are
- Surgery
- Radiation Therapy
- Chemotherap

All other
treatment modalities

Not curable
because

a Of local failure

Statistics from ~15 years ago
(cancer cured in ca. 50% of cases, and RT nowadays used in ca. 50% of cases)

Schlegel, Bille, Medizinische Physik 2. Medizinische Strahlenphysik, 2002
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LMU @2 || radiation induces damages
Stochastic effects Deterministic effetts
« Single cell effects « Multi-cell effects
* No threshold dose * Threshold dose D¢
+ Probability is function of dose « Severity of damage function of dose

« Induction of tumours * Pathological changes
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The biological action of ionizing radiation

DNA is the sensitive target

Cell Nucleus Containmg

" 23 Pairs ofChron‘ within the cell

helical structure

double-stranded
of DNA

O AT



The biological action of ionizing radiation

Inadequate DNA repair
leads either to cell
death/inactivation or
carcinogenesis

-( e \-
¥

low fidelity
repair

. mallgnant
cell survival P A pr— cell death

ionizing radiation

Adapted from P. Peschke, Heidelberg

The dose effect curve

Tumor control . o
Complication

Probability
=

- Toleranz
uberschrdfien

opt= y
! mer- .
gl vermightung Therapeutic

Aieilung window

[ . 7500 mooe -
Dose

H. Holthusen, Strahlentherapie 57: 254-268, 1936
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The dilemma

How to deliver a dose...

...as high

. tumour
as possible

...as low as  QOrgan at risk/
possible Normal tissue

* Enhance probability of tumour cell killing )
* Reduce normal tissue damage J
to widen therapeutic window and enhance therapeutic gain

f Normal Tissue Complica%\
% .

’jﬂ_ Tumor control Iherapeutic -,
3 7’
Z &l 7/
5 m-  Therapeutic /
S . - window /
o
o S
s
- N
- N <
Eil ; o i s ) , N
6 0 oo T

Dose o 20
H. Holthusen, Strahlentherapie 57: 254-268, 1936




STRAHLEN,

the University in Wiirzburg

LA AU

1896 First treatments of tissue with X-rays by
Leopold Freund at University in Vienna

1899 First X-ray treatment of carcinoma in Sweden..

Radiation therapy: An historical perspective

1895 Wilhelm Conrad Rontgen (1845 — 1923) EINE NEUE ART !/’
by Stenbeck and Sjogren TEEETL

1930 First linear accelerator principle invented by Rolf Wideroe

discovers the X-rays on 8th November at
1949 Newberry developed first linear accelerator for therapy in England

The first patient to
receive radiation
therapy from the
medical linear
accelerator at
Stanford in 1957
was a 2-year-old
boy suffering from
cancer in his eye

Removal of a dorsal hairy nevus

wwe || LINAC-based photon thera
LMU| Gsae

Electrons E, <20 MeV <, >~ 100 nA -
Photons E, < 15 MeV D ~ 1 Gy/min

©
<

Irradiation from different
directions

Precise 3D treatment planning based on precise anatomical
positioning information derived from CT images

Courtesy W Enghardt

18.04.2020
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In the nineties the photon
treatment modalities
made major progess: A o
IMRT M | [N,
(Intensity Modulated =
RadioTherapy) was
introduced

A new reference was
established

Source A Brahme

LUDWIG-
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Advancements of photon therapy (IMRT, VMAT, IGRT, ...)

Al

:
Linac

10
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“The recorded ionization curves brought
to light a fact, which we believe to have
been hitherto unobserved. It is, that the a
particle is a more efficient ionizer towards
the extreme end of its course.”

Distance in CMS from the Source
s
T

2 4 6 8 10 12 14 16 18
Ionization

Bragg WH, Kleeman R. On the ionization curves of radium. Phil. Mag. 1904; S.6:726-38.
Nobelprize in 1915 together with his son William Lawrence Bragg
Courtesy O Jakel

The production of energetic protons

= Cyclotron accelerator (1929)
= E. O. Lawrence, Nobel Prize in 1939

TIM

The Weekly Newsmagaz

BLHEIETE

R ]

RNEST ORLANDO LAWRINGE
Petpina

22
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Radiation therapy: An historical perspective

1929 Invention of cyclotron by Ernest
Lawrence

1930°s Experimental neutron therapy

1946 R. R. Wilson proposed proton &
ion therapy

1950's Proton therapy, LBL Berkeley
(184” cyclotron)
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Radiological Use of Fast Protons
ROBERT R WILSON

Research Laboratory of Physics, Harvard University Cambridge, Massachusetts
Accepted for publication in July 194
Radiol. 47 (1946) 487-91
... Thus the biological effects near the end of the range
will be considerably enhanced due to greater specific
ionization, the degree of enhancement depending
critically upon the type of cell irradiated.

...The machines now under construction should have
little difficulty in producing such currents. ... It will be
simple to collimate proton beams to less than 1.0 mm.
diameter or to expand them to cover any area
uniformly.

...Heavier nuclei, such as very energetic carbon atoms,
may eventually become therapeutically practical.

12



18.04.2020

The production of energetic heavy ions

= Synchrotron accelerator (1945)

* Independently invented by Edwin M. McMillan in USA and
Vladimir I. Veksler in Soviet Union

\ alamy stock photo
Edwin Mattison McMillan
Nobel Prize in Chemistry (1951)

"-l‘\ -i!;

Shared Atoms for
Peace Award in 1963

Vladimir losifovich Veksler

Radiation therapy: An historical perspective

1945  Edwin Mattison McMillan at
University of California and
Vladimir losifovich Veksler (Soviet
Union) invented the synchrotron
principle

1975  Begin of heavy ion therapy (Ar, Si,
Ne) in Bevalac synchrotron
(Berkeley) up to 1992

13



lon therapy proposal for deep seeted tumors

Lawrence Berkeley Laboratory, USA
starts proton therapy

Uppsala starts proton treatment
Lawrence Berkeley Laboratory, USA
starts using heavy charged particle
Opening of the Proton Therapy Center
in Loma Linda (USA)

Start of Carbon lon Therapy in Chiba
(Japan)

Proton therapy with 1D scanning starts
In Villingen/Schweiz

Carbon ion Radiotherapy with 2D scanning
Starts at GSI Darmstadt, Germany

yoseasay
[eluswepun

yoleasay
sl

Various clinical centers for particle
therapy

LUDWIG-
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From fixed beamlines
and passive beam il
delivery ... -

... to rotating gantries and ... to intensity modulated
active beam delivery... particle therapy (IMPT)

Passive defivery

3 fields l
Active delizery

18.04.2020
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End of the nineties the technical
possibility of IMIT (Intensity
Modulated lon Therapy) was
demonstrated

Entering clinical routine nowadays

= TOM: Teilchenzahl/Ort einer IES

IES 48: Teilchenzahl ueber Ort 41117.8

40

Fluence distribution of
a single slice through the
target volume

3] ] ] o] s ess) e | o] it

The growing spread of ion therapy worldwide
* > 90 proton therapy facilities (35 in USA)

* 13 carbon ion therapy facilities, 6 combined with protons
(Germany, Italy, Austria, Japan, China)

- %Y
2 ‘?T’ mTt'r?z

? Protons

@ Carbonions

Nature Reviews | Clinical Oncology

Worldwide more than 200,000
~ patients treated with ions

18.04.2020
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Which ions?
E Protons

E Heavier ions (He, ..., C, ..., O0)

16



LUDWIG-
LMu tanensies”| | The radiation modalities in radiotherapy

MONCHEN

Biological
effectivity

Dose conformation —
33
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E
E
Potential advantage of ion beams:
E Improved dose conformality
F Reduced integral dose

B Enhanced biological effectiveness in Bragg-Peak

18.04.2020
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Probability

Therapeutic
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Tumor control

Normal tissue

complication |

5008

window

Dose, Radiation effect

Penetration depth

W
Dose (i.e., energy / mass)

H. Holthusen, Strahlentherapie 57: 254-268, 1936

The quest for an external radiation able to {

Kill tumour cells
Spare healthy tissue

LMU
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The finite range with the characteristic “Bragg-peak”

Relative Depth Dose [%]

15MV Photons
us
Photons SOBP Protons

180]
160
140 —|

ideal dose distribution

d
~
o

|
=
s
0
-
0
3
w

100 —|

s w2 25 5 35

40
Courtesy of T. Bortfeld, MGH
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Photons IMRT: 9 Fields
100
80 //
60
Photons
® (15 MeV Brems-
L 2w g strahlung)
3 y
g =7 3 8 1 D
[a)
[}
2
T 100
g
X g
60
Electrons
40 /
(E = 20 MeV)
20
=7 1 & & » o»
20 40 60 80 100

Depth in water / cm

Relative Dosis / %
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Dose distributions of ions

lon beams

(H...12C ..

Relative effective dose %
8¢ 180

2 49 4

2C:2.0

HH 90 [

. °Ne)

12C jons: 2 fields

LA 27N

120\deV

2 4 6 & 10 12
Depth in water / cm

60 80
Relative Dose / %
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Photon IMRT Carbon ions: 2 Fields

0 20 40 60 80 100
T. Bortfeld, S. Nill, U. Oelfke, O. Jakel, DKFZ Heidelberg
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The reduced lateral scattering (for Z > 1)

£
£
Photons (6 MeV)
0 50 100 150 200 250
mm
£
£
Protons (160 MeV)
0 50 100 150 200 250
mm
£
£ q
Carbon lons (3600 MeV)
0 50 100 150 200 250
mm

18.04.2020
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wwe || 12C jons vs. Protons
LMU| |z
Carbon ions (GSI) Protons (Data: Kapstadt/SA)

12C ions: Advantages from scanning and small lateral scattering

Lwowic: The radiobiological rationale
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The microscopic explanation of ionizing radiation damages

» DNA is critical target within cell nucleus ‘Indirect"

strand break
» Lethal DNA damages can be produced by -

1) direct ionization

glectro
2) through formation of highly reactive o " "
Direct
chemical species such as free radicals strand

in the water medium that constitutes break

the bulk of biological material

» Direct ionization is believed to be the

main mechanism for ion radiation

M. Hill, MRC, Harwell

21



Biological effectiveness depends on
- Linear Energy Transfer LET and resulting amount of complex DNA

lesions (double strand breaks) 2 . .
lonization tracks - Br \‘.-J ]
------- s B R~ e LET
5F g
VeV Protons - .
N ) TS s
x_[nm]

L | LET

Ve cions e Em;/ | High
I

Protons in H,0 Carbon lons in H,0

The differential effect: high LET
0.2 MeV/ H :
1 S 4 only required in tumour
£
Sl L .
~ T DNA w -
—Kohlenstoff, 276 Me¥/u
5| =+ --- Photenen, 20 MeV
= 3
20 — f & |7
1 MeV/u
_ 15 + B § ;
€ ;
St T H e
~N % =
1
20 t } )
10 MeV/u ‘ o™
2% pwir: gath—1 =
£ 50 oV < E < 200 oV el
S0k 200 o < E Cdes vt 1 1 a
N 1000 eV E g/
5 microscopic dose P 1
distributions
¢ o ) a1
5 0 65 1 -5 0 5 10 b pns 00 pres
. x [nml x [nm] - Eindringtiefe [mm Hy0] .
M Kréamer. GSI

18.04.2020
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How to relate microscopic and macroscopic quantities?
The linear-quadratic relationship of cell survival S(D)

I>@ear Dose . S(D)= g~(®D+/0%)

ot

€obD

A single electron
n—) generates a DSB

Effect - Effect ~ aD

2 electrons
nmm=)> generate DSB
- Effect ~ BD?

von Hall, 2002

LubwiG- Relative Biological Effectiveness
MAXIMILIANS-
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The Relative Biological Effectiveness

— Photons
— Carbon ions, high energy

Carbon ions, low energy

o
N

DT
RBE =——
4 D Ton
Dwi Dy

Survival
o

Tsoeffect

o
o
5

0.02

0.01

0 1 2 3 4 5 6 7 8 9 10
Dose [Gy]

Heavy ions are more efficient in cell killing:
» For high energies: slightly increased effect
» For low energies: pronounced increased effect

23
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1 T T T T T —
— Photons
= Heavy lons
g Lo B, \\ RBE=2.4 ] D,
= ) 1 RBE = D Tsoeffect
5 Ton
w
RBE=2.0
0,00 bormmmmmmm e 4
0 2 [ B 8 10 12 i
Dose [Gy]

Because of shoulder in photon survival curve
RBE depends on dose and biological endpoint!

LUDWIG- Relative Biological Effectiveness vs LET
MAXIMILIANS-
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RBE depends on LET (i.e., ionization density), but LET alone is not a
good indicator of cell radiosensitivity (cf. spread of data...)

» RBE generally increases

with LET o ok
Theec
> For too high LET, RBE s LRt

decreases because of
saturation and overkilling &

3 ®e
¢ o )
» Atthe same LET slower 2 .k g
. . s 8 S . B
particles show increased R30S R AL :
WS P
RBE due to smaller track .
structure and more 0T ' ' ' ' ' !
. 0 10 20 50 100 200 500 1,000
localised damage LET (keV/pm)

from the Particle Radiation Data Ensemble database (www.gsi.de/bio-pide)

24
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Relative Biological Effectiveness vs dept

The motivation for carbon ions

» Pioneering radiobiological and clinical (H, He, Ne, Ar, Si) investigations
suggested carbon ions to offer the optimum increase of efficiency from
entrance channel to tumor (for radioresistant tumours)

8

~n
T

Hypoxic RBE,,
'S

)]
T

=T

T T T

RBE for C, Ne, Si and Ar ions as function of the
penetration depth [redrawn from Blakely 1980]

1 T 1 T

Range from Peak (cm)
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tissue sensitivity

Relative Biological Effectiveness vs

100%

Tissue dependence

dose

10%

survival

1% -

Fig.: 16a: Schematic cell survival for X-rays and particle:

P

X

repair

1o repair

for repair proficient and repair deficient cells.

(G. Kraft, GSI Darmstadt)

RBE is a complex
guantity depending on
- particle type and energy
- dose

- biological endpoint

- cell type and cycle

no repair

LET

18.04.2020
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..Carbon ions are not always the better choice...

25 Resistant Tumor Sensmve Turnor
’ — protons
E}z.o resistent normal tissue — carbon ions ]
e
® 15 :
1]
<]
0O 49 :
w
Y
W o5 4
2.6 + + + + t +
o sensitive normal tissue ]
>~
2
° ]
7]
o
o ]
w
Y—
L J

Calculqtion: M. Spholz, G$I

) 5 10 ® 0 5 10 15
Penetration Depth [cm] Penetration Depth [cml]

Radiation Interactions — Oxygen Effect
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Indirect radiation damage

Dominant radiation action
for low LET radiation

r’ \  Indirect Action
L /,‘ Dominant for X-Rays
A
Direct radiation damage
. nlo“
fj\/\r Dominant radiation action
e for high LET radiation
f/ \‘
i Y
1
{ | Direct Action
\\\H-—’/’/

26
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Oxygen-Enhancement-Ratio:
OER = R Ratio of dose D and D, required to produce
D, given biological effectin absence and

Tumour tissue can be scarsely vascularised

»  Less oxygen content

presence of oxygen, respectively

> Increase dose to the tumour to achieve desired effect

LMU
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OER for different radiation qualities

Oxygen enhancement ratio OER = Dynout 0,/Dwin o, | Isoeffect

Percent survival

100 s
N N_hypoxic (A) (B) ©)
N
\\
\\‘ \‘\
well N \
oxygenated \ b
10 Y \ —
\ \
\ \
\ \
. \
\
\\
Xrays Neutrons o particles
OER =25 OER=1.5 OER = 1
1 | 1 1
0 5 5 5
Dose (Gy)

100

10
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RBE- and OER Dependence vs LET

The motivation for high LET radiation

Clinical RBE:

-
6 RBW
LD 50%
57 -3
= 4 o Crranrsy
o OER Ol RBW
= 34 LD 1%
-,"‘ ,_2
27 Q  LD=Lethal dose
" ;)
0 1 1 1 1 11 III L 1 | ||I D 1 1 L1 111 1
1 10 100 1000
T LET in keV/jpm T
Protons 2C-lons
RBE = 1.1 RBE = 2-4
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RBE- and OER Dependence vs depth

The motivation for carbon (and even heavier) ions

4.0

35

3.0
o
Li25b
o

2.0

15

1.0

A

0 A A o
SR ae . o
A " g |

O “h‘- A i
B ‘D-D ey 4
‘h\g \‘ -
" O NEON hE “&@ 7
A CARBON D\\\ ‘-‘ ]
- © HELILM LSRR
LS

1 A 1 1 1 e 1 1 1 L }l

25 20 15 10 5 0

residual range in water [mm]

A Mairani, compilation of literature data
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Physical selectivity Biological effectiveness

— Depth-dose profile (Bragg-Peak) || - Elevated local ionization density
- 1 lateral scattering (2>1) - 1 Biological effectiveness

- 1 Influence of tumour oxygenation

— 17 ~ Photons Carbon lons in HZO

— 12 Profons ‘l"‘. I : .

g 5 L ML Optimal
P peak- . & | differential
E 60 region effeth= 6
£ o i 1 120 i

i (*2Cions)

¢ 10 10

] 2 4 6 8 10 12 14

Depth in water (cm)

Physical advantages are related to macroscopic features and biological
advantages to microscopic features of the energy deposition pattern

18.04.2020
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