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Cancer

• Definition of cancer by the world health organization (WHO):

• Cancer is a generic term for a large group of diseases

characterized by the growth of abnormal cells beyond

their usual boundaries that can then invade adjoining 

parts of the body and/or spread to organs



Cancer

• What is cancer? (in very simple terms):

• Healthy cells undergo a limited number of divisions

• In tumor cells the regulatory processed are inhibited

• This leads to and uncontrolled cellular growth/division
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Cancer

• Definition of oncology by the National Cancer Institute (NCI):

• A branch of medicine that specializes in the diagnosis and treatment

of cancer. It includes medical oncology (the use of chemotherapy, 

hormone therapy and other drugs to treat cancer), radiation oncology 

(the use of radiation therapy to treat cancer), and surgical oncology 

(the use of surgery and other procedures to treat cancer)



Cancer

• Cancer is according to WHO the second leading cause of death

• In 2018: 9.6 million deaths related to cancer

• 1 out of 6 deaths globally

• 1 out of 3 deaths due to cancer, are related to behavioral or dietary habits



Cancer

• Major classes of cancer:

• Carcinomas: begin in the skin or tissues covering glands or major organs 

(80-90% of all cancers)

• Sarcomas: begin in the connective tissue such as muscle or bone

• Lymphomas: begin in the lymphatic system, a network of glands and vessels 

that carries lymph and white blood cells

• Leukemias: are cancers of the blood-forming tissues including the bone marrow



Cancer



Cancer

• Avoidable risk factors for cancer in Germany:



Cell cycle

• Cell’s life cycle: 6 different phases

• Mitotic phase: cell division

• Rest is growth and checking



Cancer at the cell level



Metastasis

• Tumor metastasis paths:

• Venous system (blue): from most organs 

directly to heart, and to the lungs

• Arterial system (red): from lungs to heart 

and to organs

• From visceral organs (intestines) to 

the liver (pink) and then the venous system

• Extravascular fluid (yellow): 

lymphatic vessels and lymph nodes to the

venous system



Treatment

• Types of treatment (according to the expected result):

• Surgery: invasive/surgical removal of the tumor

• Radiation therapy: irradiation of the tumor

• Chemotherapy: drugs that inhibit mitosis, 

targeted therapies blocking cell growth and signal transduction, etc

• Immunotherapy: activation/enhancement of the immune system



Treatment

• Types of treatment (according to the expected result):

• Curative treatment: 

cure the disease by removing or complete shrinking of the tumor

• Palliative treatment:

reduce the symptoms and relieve suffering



History of Radiotherapy

• A brief history of radiotherapy:

1895 Wilhelm Conrad Röntgen (1845 – 1923) discovers 

the X-rays on 8th November at the University in

Würzburg

1896 First treatments of tissue (removal of a hairy 

birthmark) with X-rays by 

Leopold Freund at University in Vienna

1899 First X-ray treatment of carcinoma (skin tumour

from a patient’s nose) in Sweden by Stenbeck and 

Sjögren

1915 The discovery of the Bragg peak by William Henry 

Bragg and Richard Kleeman in Australia

1920s Industrially manufactured X-ray apparatus; 

example from Reiniger-Gebbert & Schall AG (later: 

Siemens), Erlangen, with a high-voltage of 150 kV 

1929 Invention of cyclotron by Ernest Lawrence

1930 First linear accelerator principle invented by Rolf 

Wideroe

1930s Experimental neutron therapy



History of Radiotherapy

• A brief history of radiotherapy:

1944 Vladimir Veksler (Soviet Union) and Edwin Mattison
McMillan at University of California invented 
independently the synchrotron principle

1946 Robert Wilson proposed proton & ion therapy

1951 World’s first cancer treatment with Cobalt-60 

radiation at the London Health Sciences Centre 

(LHSC) – then Victoria Hospital in Canada

1953 Treatment of the first patient in 1953 in London at 

Hammersmith Hospital, with an 8 MV linac machine

1955 6 MV linac therapy being used in the US

1950s Proton therapy, LBL Berkeley (184” cyclotron)

1975 Begin of heavy ion therapy (Ar, Si, Ne) in Bevalac

synchrotron (Berkeley) up to 1992



Treatment window

• How do we kill malignant cells?

• One way is to irradiate them. How much?

• Less than a certain amount of radiation is not sufficient to control the tumor

• More than some dose is creating complications to healthy tissues

• The dose which is a compromise between the two trends lays in a therapeutic 

window in between (depends on location, tissues, type of radiation etc)

H. Holthusen, 

Strahlentherapie 57: 

254-268, 1936
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Radiation types

• Different radiation types:

• Photons (most used)

• Protons

• Heavier ions

• Electrons

• Neutrons



Dose: A detour

• Talking about dose: Definition and some examples

• To warm that cup of tea:
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Definition:

dE the Energy deposited in a medium with mass dM

Dose unit: 1 Gy (Gray) = 1 J/kg radiation absorbed dose

T1 = 20°C; T2 = 40°C; ΔT = 20 K; m = 0.15 kg

cw = 4.186 kJ/(kg·K)

mhuman = 75 kg

𝐸 = 𝑐𝑤 ∙ 𝑚 ∙ ∆𝑇 = 4186 ∙ 0.15 ∙ 20 = 12558 𝐽 𝐷 =
𝐸

𝑚ℎ𝑢𝑚𝑎𝑛
=
12558 𝐽

75 𝑘𝑔
= 167.44 𝐺𝑦



Cell structure

• Taking a look into the cell to understand a bit better our microscopic “target”

• Some important dimensions

• Cell size: 10-100μm

• Cell nucleus size: 3-10μm



Cell structure

• Taking a look into the cell to understand a bit better our microscopic “target”



Radiation on cells

• It turns out that not the whole cell is our “target”

• Experiments in the 70s probed the effect of localized radiation on the cell life cycle 

• It is now well understood that the critical volume of the cell is the nucleus

• Why?

Irradiation of cytoplasm

Cell survives

Irradiation of nucleus

Cell dies
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DNA

• A brief overview of the DNA structure (what do we actually destroy):

Pray, L. (2008) Discovery of DNA structure 

and function: Watson and Crick. Nature

RNA



DNA damage

• Ionizing radiation causes damage to the DNA in two ways:

• Direct: The charged particle passes very close to 

the DNA helix and due to ionization it destroys 

some of the chemical bonds of the chain

• Indirect: The charged particles cause radiolysis

of the water and the resulting free radical (OH-)

can attack an nearby part of the DNA chain
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DNA damage

• The DNA damage can be simple or complex

• The higher the complexity, the higher the probability that the cell dies

Besides:
Denaturation, break of hydrogen bonds

Simple lesions Complex lesions

Damage of basis Complex single strand breaks SSB

Single strand break (SSB) Complex double strand break DSB

Double strand break (DSB Very complex DSB



Track structure

• Large differences in the

ionization density for different 

particles

• Not only between photons 

(conventional radiotherapy)

and protons (particle therapy)

• But also between protons and

heavier ions (such as carbons 

- also used nowadays in 

particle therapy)



Cell damage

• Some “statistics” on the microscopic effects:

1 Gy

3000 damaged bases

1000 single strand breaks

40 double strand breaks

Complete regular repair Incomplete or incorrect repair

Retained  

capability to 

replicate

(~80%)

}4000-5000 damages

per cell and Gy

Cell 

death

Imparted by X-rays



Survival curves

• The effect or radiation in a large number of cells is probed experimentally

• Dose survival curves: dependent on cell type, dose and radiation type



Survival curves

• Hypothetical exponential survival

• In reality repair mechanisms result in a shoulder at lower doses

• Linear-quadratic model



Survival curves

• The ratio α/β characterizes tissue response to radiation

• When (α/β)T >> (α/β)NT: use fractionation (usual situation)

• When (α/β)T ≈ (α/β)NT: use hypofractionation



Fractionation

• Rather than applying the prescribed dose in one therapy session

• We split the total dose in smaller parts (fractions), in a scheme called “fractionation”

• It mainly has to do with some characteristic of the cells and their combination with

radiation effects



• Apart from the favorable physical characteristics of the dose, particles have 

an increased biological effect with respect to the X-rays

• Examining again cell survival curves:

Particle therapy vs X-rays: 

Radiobiology
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• Apart from the favorable physical characteristics of the dose, particles have 

an increased biological effect with respect to the X-rays

• Examining again cell survival curves:

Particle therapy vs X-rays: 

Radiobiology

• The ratio of the photon dose to the proton/ion dose, required to produce the

same biological effect is called Relative Biological Effectiveness (RBE) 



• Apart from the favorable physical characteristics of the dose, particles have 

an increased biological effect with respect to the X-rays

• When prescribing a dose to the tumor, one refers to biological dose

• In case of ions, the physical dose to be delivered is  Dphys= Dbiol/RBE

Particle therapy vs X-rays: 

Radiobiology

Paganetti, MGH Boston



• Apart from the favorable physical characteristics of the dose, particles have 

an increased biological effect with respect to the X-rays

• When prescribing a dose to the tumor, one refers to biological dose

• In case of ions, the physical dose to be delivered is  Dphys= Dbiol/RBE

Particle therapy vs X-rays: 

Radiobiology

http://phits.jaea.go.jp/



Radiotherapy: EBRT

• Depending on how we deliver the dose to the patient, radiotherapy can be divided

into subcategories:

• External beam radiotherapy:

• Most common form of radiotherapy

• Patients sits or lies and the beam is pointed at the tumor area 

• Vast majority of external beam radiotherapy is done with X-rays

• Increasing facilities with proton beams, some with heavier ions



Radiotherapy: Brachytherapy

• Depending on how we deliver the dose to the patient, radiotherapy can be divided

into subcategories:

• Brachytherapy:

• Radioactive seeds or pellets are planted into the tumor

• Only feasible for accessible tumor sites

• Very localized dose



Radiotherapy: Targeted therapy

• Depending on how we deliver the dose to the patient, radiotherapy can be divided

into subcategories:

• Systemic radioisotope therapy:

• A radioisotope emitting electrons and or low energy gammas

• The radioisotope is bound on a carrier molecule

• Administered to the patient via injection or ingestion

• Carrier molecule tends to be concentrated on the tumor 

(example thyroid treatment with 131I) 



Photons: Co source

• Therapeutic X-ray beam can be produced with different methods:

• 60Co permanent source

• MeV photons

• Reliable and simple machinery



Photons: Linac

• Therapeutic X-ray beam can be produced with different methods:

• Medical linac

• Multi -MeV photons, possibility for 

electron beam as well
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Ions: Cyclotron

http://www.physics.rutgers.edu/

• Basic (simple) principle of cyclotron:



Ions: Synchrotron

• Basic (simple) principle of synchrotron:



• Summing up everything we have seen about the physical properties of a particle

beam plus the machinery/techniques to deliver it

• Excluding a detailed description of state of the art delivery systems and techniques

for X-rays

• How does the dose look like in case of ions and X-rays, for delivering the same

biological dose to the tumor?

Particle therapy vs X-rays: 

Dose conformation



• Summing up everything we have seen about the physical properties of a particle

beam plus the machinery/techniques to deliver it

• Excluding a detailed description of state of the art delivery systems and techniques

for X-rays

• How is the dose looking like in case of ions and X-rays, for delivering the same

biological dose to the tumor?

Particle therapy vs X-rays: 

Dose conformation

http://www.shi.co.jp/

Schematic view:



• Summing up everything we have seen about the physical properties of a particle

beam plus the machinery/techniques to deliver it

• Excluding a detailed description of state of the art delivery systems and techniques

for X-rays

• How is the dose looking like in case of ions and X-rays, for delivering the same

biological dose to the tumor

Particle therapy vs X-rays: 

Dose conformation

http://mhlclinics.com/



• Imaging plays an important role throughout the whole radiation therapy workflow

Imaging



• Different imaging modalities:

• X-ray CT

• Ultrasound (US)

• Positron emission tomography (PET)

• Magnetic resonance imaging (MRI)

Imaging



Thank you for your attention


