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2

Questions are welcome at any time
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How to Treat Cancer ....
With minimal side-effects
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Some Biology…
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Some Biology…
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Some Biology…
How is cancer diagnosed?
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Patient Diagnostic Evaluation
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Let‘s start with Biology …
What is a biopsy?

Patient’s tissue 
sample or blood sample Genomic profile

Proteomic profile

Pathology
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What does a pathologist look for in biopsy tissue?
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Some more Biology…
How does Cancer look like under the microscope?

Mild
dysplasia

Carcinoma in 
situ (severe 
dysplasia) Cancer

(invasive)

Normal Hyperplasia
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• is uncontrolled cell proliferation and cell rampant growth

• cancer may spread to other parts of the body 

• over 100 different types, individual

What is Cancer ?

healthy cells vs. cancer cells

Theory of cancer formation: 
(random) mutation levers out i.a. 
programmed cell death 
à cells need to be removed / killed 
“manually” for treatment

[1] Garak76, Suhadi Jorhaa'ir (https://commons.wikimedia.org/wiki/File:Zellteilung_normal_im_Gegensatz_zu_Krebs.svg), „Zellteilung normal im Gegensatz zu Krebs“
[2] fineartamerica - Lung Cancer Cell Division. - Accessed from https://fineartamerica.com/featured/lung-cancer-cell-division-sem-steve-gschmeissner.html?product=metal-print on 12.02.2021. Lettering was adapted. 

[1]

Cancer cell of a lung tumor 
during cell proliferation

[2]
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What is the relationship between 
tumor grade and patient survival?

General Relationship Between 
Tumor Grade and Prognosis

Patient
Survival

Rate

Years

High grade
III or IV

Low grade
I or II

100%

1 2 3 4 5 Years
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2017 New Cancer Sites

Copyright © 2010 Pearson Education, Inc.
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Copyright © 2010 Pearson Education, Inc.

2017 Cancer Deaths
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Cancer - incidence

[1] Stewart, B. W. K. P., and Christopher P. Wild. "World cancer report 2014." (2014).
[2] Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries

[3] RKI, Report on cancer in Germany for 2013/2014, cancer registry data 
[4] RKI, Report on cancer in Germany for 2015/2016, cancer registry data 
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Hallmark of Cancer
“Warburg Effect”
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Glycolysis with O2 present
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Treatment options

cancer cells are 
removed

administration
of drugs

ionizing 
radiation

Chances of survival:

Goal: 
1. CURE leads survival
2. PALLIATIVE leads better quality of life

[1] A joint publication of the Robert Koch Institute and the German Cancer Associations (Gesellschaft der epidemiologischen Krebsregister in Deutschland e. V.), 11th issue, 2017, accessed on 20.11.2018

60% of all cancer patients survive more 
than 5 years [1]
• 10-year prognosis <1% pancreatic cancer
• 10-year prognosis ~84% prostate cancer

External radiotherapy Internal radiotherapy

electromagnetic radiation particle radiation brachytherapy

surgery                 chemotherapy               radiotherapy 
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Radiotherapy - Biology

> 50% of all cancer patients receive radiotherapy [1]

[1] Atun R. Jaffray et. al, Expanding global access to radiotherapy. Lancet Oncol., 2015
[2] Sponk, Tryphon, Magnus Manske, User:Dietzel65, LadyofHats (Mariana Ruiz), Radio89 (https://commons.wikimedia.org/wiki/File:Eukaryote_DNA-en.svg), „Eukaryote DNA-en“,   

https://creativecommons.org/licenses/by-sa/3.0/legalcode

Physical phase: 10-18 to 10-14 s
Elementary physical interactions between ionizing 
radiation and atom

Chemical phase: 1ms to ~ min
Reactive radicals react with molecules of the cell and 
change their chemical composition

Biological phase: after 1s to years
Cell death, loss of function of the organism

Serial organs: e.g. spinal cord
Parallel organs: e.g. lung

[2]
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History of particle therapy

1989 1990 1991

Proposed by R.R. Wilson

1st patient at Berkeley by Lawrence et al. 

HIT (carbon), Heidelberg (Germany)
1st patient  in Europe at Uppsala

2009 2011 2016

CNAO, Pavia (Italy)

MedAustron (Austria)

Eye tumors, Clatterbridge,  UK 

GSI carbon ion pilot, Germany

1992 1993 1994

CPO (Orsay), CAI (Nice), France

Loma Linda (clinical setting) USA Boston (commercial centre) USA

NIRS, Chiba (carbon ion) Japan

1946 1954 1957

PIMMS

1996-2000

ENLIGHT

20021984

PSI,  Switzerland

ITEP, Moscow, Russia

1969
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Joao Seco: j.seco@dkfz.de Biomedical Physics in Radiation Oncology

• In 1946 Harvard physicist Robert Wilson suggested:
• Protons can be used clinically
• Accelerators are available
• Maximum radiation dose can be placed within the tumor
• Proton therapy provides sparing of normal tissues
• Modulator wheels can spread narrow Bragg peak

“The Visionary”

mailto:j.seco@dkfz.de
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Joao Seco: j.seco@dkfz.de Biomedical Physics in Radiation Oncology

in Labs in Hospital

Patient Treatment 

mailto:j.seco@dkfz.de
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Joao Seco: j.seco@dkfz.de Biomedical Physics in Radiation Oncology

The Advantage 
of 

Protons Relative Photons

mailto:j.seco@dkfz.de
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Joao Seco: j.seco@dkfz.de Biomedical Physics in Radiation Oncology

Proton Depth Dose Properties

• Relatively low entrance dose
(plateau)

• Maximum dose at depth 
(Bragg peak)

• Rapid distal dose fall-off

• Energy modulation
(Spread-out Bragg peak)

• RBE 1.1 close to unity

mailto:j.seco@dkfz.de
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Quantifying the Advantage of Proton Therapy

Tumor

Healthy Organ
(Photons)

Healthy Organ
(Protons)

Tu
m

o
r 

C
o

n
tr

o
l

100%

20-30%

Radiation Dose (GyE)

To
xicityBenefit
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Increase of ion therapy facilites

Currently: 112 facilities in operation worldwide
37 facilities under construction 
29 facilities in planning stage

>200 000 patients were treated
<1% compared to radiotherapy   

with photons
[1] PTCOG – Facilities in Operation. Accessed from https://www.ptcog.ch/index.php/facilities-in-operation
[2] PTCOG – Patient statistics. Accessed from https://www.ptcog.ch/index.php/patient-statistics 

[2][1]
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Generation of 
Photons or Particle Beams
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Generation of high-energy photons
• photons are massless, have no electric charge and 

travel always at the speed of light
• No “acceleration, but frequency dependent energy”

• But: We can accelerate electrons!

tungsten target
à bremsstrahlung

à electrons loose energy due to bremsstrahlung à high-energy photons

keV
MeV

[1] Physikunterricht-Online.de – Elektronen im elektrischen Feld. Accessed from https://physikunterricht-online.de/jahrgang-11/elektronen-im-elektrischen-feld/ on 12.02.2021, lettering was adapted
[2] Mouzi (https://commons.wikimedia.org/wiki/File:Linac.jpg), „Linac“, https://creativecommons.org/licenses/by-sa/3.0/legalcode
[3] ResearchGate – Figure – The linac (a), the magnets that deflect the electron beam by 270°. 

Accessed from https://www.researchgate.net/figure/The-linac-a-the-magnets-that-deflect-the-electron-beam-by-270-the-target-and-the_fig3_335972529 on 12.02.2021

[1]

[2]

[3]
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Particle accelerator

How do we generate high energy protons or ions?

• acceleration due to electric fields
• linear or circular accelerator 

(depending on the required energy)
• e.g. Large Hadron Collider LHC (CERN)

[1] Maximilien Brice (https://commons.wikimedia.org/wiki/File:CERN_LHC.jpg), https://creativecommons.org/licenses/by-sa/4.0/legalcode
[2 No machine-readable author provided. Florian DO assumed (based on copyright claims). (https://commons.wikimedia.org/wiki/File:Storage_ring_de.svg), „Storage ring de“, lettering was adapted, 

https://creativecommons.org/licenses/by-sa/3.0/legalcode

[1]
[2]
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Large accelerators are necessary

•Heidelberg Ion-Beam Therapy Center (HIT)

Ion source

LIN
AC

Synchrotron

Treatment rooms 
Siemens Medical

Beam transport line

Gantry

• First carbon facility 
with a gantry

• First patient treatment 
in 2009

[1] Universitätsklinikum Heidelberg – HIT Broschüre - HIT Ionentherapieanlage. Accessed from https://www.klinikum.uni-heidelberg.de/fileadmin/hit/dokumente/HIT_Broschuere.pdf on 12.02.2021

[1]
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Particle dose (protons/ions)
(a) Coulomb scattering: proton 

kicks electron à energy loss

(b) deflection in the electrical field

(a) proton hits nucleus and is 
absorbed à secondary particles 
are created

• loss of energy mainly due to (a)
• described by Bethe-Bloch formula

[1] Newhauser, D. W., & Zhang, R. (2015, April 21). The physics of proton therapy. 60(8). Physics in Medicine & Biology, p. 158.

[1]
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Delivery Methods
Passive versus Pencil Beam 

Scanning
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Passive Scattering and Pencil Beam Scanning (PBS) 
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Single Field 
Uniform Dose 

(SFUD)

Intensity 
Modulated Proton 

Therapy (IMPT)
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Potential of IMPT vs 3DCR, IMRT, PSPT

Courtesy of  Radhe Mohan

Photons

Protons
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Proton Therapy Derives its Potential to Improve Clinical Outcomes 
from the Physical Properties of Protons

à“Compact” dose distributions

IMRT

Lomax - PSI

IMPT
Nasopharynx Treatment Plans IMPT vs. ProtonsNasopharynx Treatment Plans
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Why bother with particle therapy?
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Why bother with particle therapy?
•We always risk damaging healthy tissue “on the way”...

photons protons carbon ions

.... but it looks quite good for a particle beam J
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Why bother with carbon ions?

photons protons carbon ions

• Energy release is localized to a varying extent. 12C is 12 times heavier than p+

• Heavy ions generate locally more severe damage à more difficult to repair
[1] Marx, V. (2014, April 4). Sharp shooters. 508. Nature, p. 137.

[1]
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Joao Seco: j.seco@dkfz.de Biomedical Physics in Radiation Oncology

FLASH Irradiation
Protects Organs
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FLASH Studies
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FLASH Studies
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FLASH Studies
Studies 1960s-70s 2010s-20s

In-Vitro
(2D Assay)

Town 1967 HeLa Cells
Berry 1969 HeLa and CHL Cells
Prempree 1969 Human Lymphocytes
Berry 1972 HeLa and Murine Leuk.
Weiss 1974 E.Coli B Cells
Purrott 1977 Human Lymphocytes

Adrian 2019 DU145 (Prostate)
Buonanno 2019 IMR90 (Normal Lung Fibroblasts)

In-Vivo
(Animal)

Hornsey 1966 Mice/Whole Body (LD50/4)
Hornsey 1971 Mice/Whole Body (LD50/4)

Favaudon 2014 Mice/Lung and HBCx-12A/Hep-2
Zlobinskaya 2014 Mice/FaDu Tumor Xenograft
Montay-Gruel 2017 Mice/Brain
Beyreuther 2018 Zebrafish Embryos
Vozenin 2018 Mini-Pig and Cat/Skin
Bourhis 2019 Human/Skin-Lymphoma
Montay-Gruel 2019 Mice/Brain
Pawelke 2021 Zebrafish Embryos

Models OR
Simulations

Town 1967 Experiment/Model
Berry 1969 Experiment/Model
Weiss 1972 Experiment/Model
Weiss 1974 Experiment/Model
Ling 1975 Model

Pratx 2019 Model
Spitz 2019 Model
Labarbe 2019 Model
Abolfath 2020 Model
Petersson 2020 Model (based on Adrian 2019)

mailto:j.seco@dkfz.de
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Joao Seco: j.seco@dkfz.de Biomedical Physics in Radiation Oncology

Models Proposed to Explain FLASH
FLASH MODEL 1960s-70s 2010s-20s

Oxygen Depletion Town 1967
Weiss 1974
Ling 1975
Purrott 1977

Favaudon 2014
Zlobinskaya 2014
Montay-Gruel 2017
Beyreuther 2018
Vozenin 2018
Adrian 2019
Buonanno 2019
Bourhis 2019
Montay-Gruel 2019
Petersson 2020
Pratx 2019
Pawelke 2021

Radical 
Recombination

Berry 1969
Berry 1972

Lipid 
Peroxidation and 
Others

Prempree 1969 DNA Repair Time Labarbe 2019 Lipid Peroxidation
Spitz 2019 Lipid Peroxidation/Fenton Reaction
Abolfath 2020 ROS/NROS

mailto:j.seco@dkfz.de
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FLASH Radiation 

In-Vitro Studies
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Joao Seco: j.seco@dkfz.de Biomedical Physics in Radiation Oncology

FLASH Irradiation of Cancer Cells 1960s-70s

McKeown, Br J Radiol 2014; 87: 20130676 Berry et al, Br J Radiol 1969; 42 102-104

Oxygen Enhancement Ratio (OER) Radiation Clonogenic Assay: Survival Fraction vs Dose

Town et al, Nature 215 1967 847-848
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FLASH Irradiation of Cancer Cells 2010s-20s

Adrian, Br J Radiol 2019; 93: 20190702

Radiation Clonogenic Assay: Survival Fraction vs Dose

Town et al, Nature 215 1967 847-848

2019 Prostate DU145 1967 Cervical HeLa

mailto:j.seco@dkfz.de
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Joao Seco: j.seco@dkfz.de Biomedical Physics in Radiation Oncology
Wilson et al 2012, BJR, 85, e933-39

Minimum Dose
5-12 Gy

FLASH Rate
10  Gy/s7

FLASH Irradiation of Cancer Cells 1960s-70s
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FLASH: Reduces Normal Tissue Toxicity (2014)

60 Gy/s
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Building Evidence for FLASH
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Joao Seco: j.seco@dkfz.de Biomedical Physics in Radiation Oncology

University Medical 
Center Groningen,
The Netherlands
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FLASH Irradiation
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Measure Oxygen Consumption
• sealed water phantom
• optical sensor
• allows for non-invasive measurement
• suitable for all beam geometries
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Page 5606/03/2021

|

j.seco@dkfz.de

Jo
ao S

eco
 –

DKFZ - HITRIplus

Jo
ao S

eco
 –

DKFZ - HITRIplus

Jo
ao S

eco
 –

DKFZ - HITRIplus

Jo
ao S

eco
 –

DKFZ - HITRIplus

HITRIplus

Jo
ao S

eco
 –

DKFZ - HITRIplus

Jo
ao S

eco
 –

DKFZ 

Joao Seco: j.seco@dkfz.de Biomedical Physics in Radiation Oncology

Oxygen Measurement: Oximeter
• sealed water phantom
• optical sensor
• allows for non-invasive measurement
• suitable for all beam geometries

Ion Beam X-ray Source

F
lu
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 d
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re
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 1
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²

Phantom
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Oxygen Concentration for 
220kV Photons
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Oxygen Concentration for 
400MeV/u Carbon Ions
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Oxygen Consumption vs Dose Rate
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Oxygen Consumption vs Dose

NO Oxygen Depletion @ 10 Gy
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Physics Challenges in Proton Therapy
FLASH Irradiation: 
• Why does FLASH protect organs and not affect tumor control?
• All clinical applications of FLASH have used 1 beam (e- or p+). 

How do we clinically implement FLASH with multiple beams?
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Micro- and Mini-Beam
Irradiation Protects Organs
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Micro- and Mini-Beam Irradiation
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1mm

140 Gy

25µm

4000 Gy

Dose Volume Effect 
Mouse Brain

(visual cortex)

Zeman et al 1961 
Radiat Res 15, 496
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Possible Clinical Implementation
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Proton Mini-beam in High-Grade Glioma

C-T-C = 3.2 µµ or 3200 µicro µeter
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Chemical Model for Micro and Mini-Beams

H2O2 Tumor Coverage
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Chemical Model for Micro and Mini-Beams
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Time to Achieve tumor Coverage with H2O2

Prezado (2018)     3200 µicro meter
Dombrowsky (2020) 350 micro meter
Regnard 200* (2008) 200 micro meter
Regnard 100* (2008) 100 micro meter

C-T-C distance
Model

Minimum Time to H2O2 Coverage Irradiation time 
2100 s 
300 s

1 s
1 s
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Physics Challenges in Proton Therapy

Micro- or Mini-beam Irradiation: 
• Micro-beams presently not possible with presently available 

commercial proton therapy machines.
• Mini-beams possible with new Pencil Beam Scanning systems, 

but new animal studies are needed to validate new model. A 
better understanding is needed of mechanism.
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Physics Challenges in Proton Therapy
FLASH Irradiation: 
• Why does FLASH protect organs and not affect tumor control?
• All clinical applications of FLASH have used 1 beam (e- or p+). 

How do we clinically implement FLASH with multiple beams?

Micro- or Mini-beam Irradiation: 
• Micro-beams presently not possible with presently available 

commercial proton therapy machines.
• Mini-beams possible with new Pencil Beam Scanning systems, 

but new animal studies are needed to validate new model. A 
better understanding is needed of mechanism.
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Questions??

DKFZ 
Group

mailto:j.seco@dkfz.de

