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Proton Beam Therapy – History 

A	
  Man	
  -­‐	
  A	
  Vision	
  
	
  
In	
  1946	
  Harvard	
  physicist	
  	
  
Robert	
  Wilson	
  (1914-­‐2000)	
  suggested*:	
  

	
  
–  Protons	
  can	
  be	
  used	
  clinically	
  
–  Accelerators	
  are	
  available	
  
– Maximum	
  radia6on	
  dose	
  can	
  be	
  placed	
  into	
  the	
  tumor	
  
–  Proton	
  therapy	
  provides	
  sparing	
  of	
  normal	
  6ssues	
  
– Modulator	
  wheels	
  can	
  spread	
  narrow	
  Bragg	
  peak	
  

*Wilson,	
  R.R.	
  (1946),	
  “Radiological	
  use	
  of	
  fast	
  protons,”	
  Radiology	
  47,	
  487.	
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Proton Beam Therapy – History 

1946 	
  R.	
  Wilson	
  suggests	
  use	
  of	
  protons	
  
1954 	
  First	
  treatment	
  of	
  pituitary	
  tumors	
  
1958	
   	
  First	
  use	
  of	
  protons	
  as	
  a	
  neurosurgical	
  tool	
  
1967 	
  First	
  large-­‐field	
  proton	
  treatments	
  in	
  Sweden	
  
1974 	
  Large-­‐field	
  fracRonated	
  proton	
  treatments 	
   	
  

	
  program	
  begins	
  at	
  HCL,	
  Cambridge,	
  MA	
  
1990 	
  First	
  hospital-­‐based	
  proton	
  treatment	
  center	
  
	
   	
  opens	
  at	
  Loma	
  Linda	
  University	
  Medical	
  Center	
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Proton Beam Therapy – Today 

	
  
X-­‐ray	
  and	
  Proton	
  therapy	
  are	
  well	
  established	
  

Protons:	
  
–  5,000	
  –	
  10,000	
  potenRal	
  paRents	
  p.a.	
  in	
  Germany	
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Proton Beam Therapy – Today 

World	
  wide:	
  39	
  therapy	
  centers	
  /	
  55.000	
  treatments	
  p.a.	
  

LLUMC	
  (1990)	
  
6174	
  

HCL	
  (1961)	
  
6174	
  

Uppsala	
  (1957): 	
  309	
  	
  
PSI	
  (1984):	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  3935	
  
Cla$erbridge(1989):	
  1033	
  
Nice	
  (1991):	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1590	
  
Orsay	
  (1991):	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1894	
  
Berlin	
  (1998): 	
  166	
  

Chiba	
  (1979)	
   	
  133	
  
Tsukuba	
  (1983)	
   	
  700	
  
Kashiwa	
  (1998)	
   	
  	
  	
  75	
  

NAC	
  (1993)	
  
398	
  

Dubna	
  (1967)	
   	
  172	
  
Moscow	
  (1969)	
  	
  	
  	
  	
  	
  	
  	
  	
  3414	
  
St.	
  Petersburg	
  (1969)	
  1029	
  

Next	
  generaRon:	
  Carbon	
  ions	
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Proton Beam Therapy – Today 
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Proton Beam Therapy – Cancer 

~486,000	
  incidences	
  per	
  year	
  in	
  Germany	
  
Every	
  3rd	
  human	
  gets	
  a	
  malignancy	
  during	
  her/his	
  lifeRme	
  	
  

Every	
  5th	
  person	
  dies	
  of	
  cancer	
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Proton Beam Therapy – Cancer 

Treatments	
  

not cured 
50% 

surgery 
22% 

radiation therapy 
12% 

radiation- and 
chemotherapy 

8% 

radiation therapy 
and surgery 

6% 
chemotherapy 

2% 

taken from: Cancer Statistics Review, NIH 1992 
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Proton Beam Therapy – Radiation 
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Proton Beam Therapy – Radiation 

X	
  rays:	
  discovery	
  1895	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
X	
  rays	
  interact	
  with	
  human	
  Rssue!	
  
	
  
First	
  successful	
  treatment:	
  1899	
  (skin	
  cancer)	
  
	
  

First	
  x-­‐ray	
  picture:	
  
Mrs.	
  Röntgen‘s	
  hand	
  

Wilhelm	
  Conrad	
  Röntgen	
  1845	
  –	
  1923	
  
Nobel	
  price	
  for	
  physics	
  1901	
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Proton Beam Therapy – Radiation 
X	
  rays:	
  interacRon	
  with	
  mafer	
  	
  
	
  Photo	
  effect	
  

Compton	
  scafering	
  

Pair	
  creaRon	
  

Scattered  
photon 

Photo 
electron x-­‐ray	
  photon	
  is	
  absorbed,	
  resulRng	
  in	
  the	
  

ejecRon	
  of	
  electrons	
  from	
  the	
  outer	
  shell	
  

x-­‐ray	
  photon	
  is	
  deflected	
  by	
  an	
  interacRon	
  
with	
  an	
  electron.	
  	
  The	
  electron	
  gains	
  energy	
  
and	
  is	
  ejected	
  from	
  its	
  orbital	
  posiRon	
  

electron	
  and	
  positron	
  pair	
  is	
  created	
  with	
  the	
  
annihilaRon	
  of	
  the	
  x-­‐ray	
  photon	
  

èFull	
  energy	
  deposit	
  close	
  to	
  the	
  point	
  of	
  absorpRon	
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Proton Beam Therapy – Radiation 

Charged	
  parRcles:	
  conRnuous	
  energy	
  loss	
  /	
  tracks	
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Proton Beam Therapy – Radiation 

Charged	
  parRcles:	
  conRnuous	
  energy	
  loss	
  

−
dE
dx

=
4πe4NaZzeff

2

mev
2 ln 2mv

2

I
+ relativistic terms

Bethe-Bloch formula dE
dx

[MeV/mm]	
  

Energy	
  loss	
  through	
  
producRon	
  of	
  	
  

δ	
  elektrons	
  (ionizaRon)	
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Proton Beam Therapy – Radiation 

	
  
Photons	
  

	
  It	
  cannot	
  be	
  predicted	
  where	
  a	
  certain	
  
	
  photon	
  is	
  absorbed	
  	
  
	
  Energy	
  is	
  deposited	
  close	
  to	
  the	
  point	
  of	
  	
  
	
  the	
  first	
  interacRon	
  

	
  
	
  
Charged	
  parRcles	
  	
  

	
  ConRnuous	
  energy	
  loss	
  
	
  Well	
  defined	
  range	
  

PenetraRon	
  depth	
  x 

→Which	
  one	
  is	
  befer	
  for	
  radiaRon	
  therapy?	
  
	
  (energy	
  deposit	
  as	
  funcRon	
  of	
  penetraRon	
  depth?)	
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Proton Beam Therapy – Energy deposit 

The	
  essenRals	
  of	
  radiaRon	
  therapy:	
  
	
  
Biological	
  effect	
  of	
  radiaRon	
  mediated	
  by	
  ionizaRon	
  

Higher	
  ionizaRon	
  density	
  (→dN/dx,	
  dE/dx)	
  means	
  that	
  more	
  tumor	
  
cells	
  are	
  killed	
  

Tumors	
  can	
  tolerate	
  (at	
  least)	
  as	
  much	
  radiaRon	
  as	
  healthy	
  Rssue.	
  
Dose	
  must	
  be	
  to	
  localized	
  to	
  the	
  tumor!	
  

Photons	
   Charged	
  parRcles	
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Proton Beam Therapy – Energy deposit 

x	
  (mm)	
  

dE
dx

(MeV/mm)

−
dN(x)
dx

∝N(x)⇒ dN(x)
dx

∝ e−x −
dE(x)
dx

∝
1

v(x)2

Photons:	
   Charged	
  parRcles:	
  

„Bragg	
  Peak“	
  

Maximum	
  at	
  end	
  of	
  track	
  (v	
  →	
  0)	
  

Photons 
(10 MeV) 

Carbon ions (270 MeV/u) 
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Proton Beam Therapy – Energy deposit 

Energy	
  dependence	
  of	
  the	
  Bragg	
  peak	
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Proton Beam Therapy – Energy deposit 

FragmentaRon:	
  Nuclear	
  reacRons	
  in	
  the	
  Rssue	
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Proton Beam Therapy – Energy deposit 

Photons	
   Charged	
  parRcles	
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Proton Beam Therapy – Energy deposit 

SimulaRon	
  for	
  irradiaRon	
  at	
  cervical	
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Proton Beam Therapy – Energy deposit 

SimulaRon	
  for	
  irradiaRon	
  of	
  brain	
  

Photons	
   Protons	
  
2	
  fields	
   5	
  fields	
   3	
  fields	
  

Befer	
  dose	
  distribuRons	
  with	
  Protons	
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Proton Beam Therapy – Units 

AcRvity	
  
	
  Number	
  of	
  Rmes	
  each	
  second	
  a	
  radioacRve	
  material	
  
	
  decays	
  and	
  releases	
  radiaRon	
  

	
  
Dose	
  (Absorbed)	
  
	
   	
  Amount	
  of	
  radiaRon	
  energy	
  absorbed	
  into	
  a	
  given	
  mass	
  

	
  of	
  	
  Rssue	
  
	
  
Dose	
  (Equivalent)	
  

	
  Energy	
  per	
  unit	
  mass	
  Rmes	
  adjustments	
  for	
  the	
  type	
  of	
  
	
   	
  radiaRon	
  involved	
  (quality	
  factor)	
  and	
  the	
  biological	
  

	
  response	
  in	
  the	
  Rssue	
  (a	
  weighRng	
  factor)	
  
	
  Equivalent	
  dose	
  converts	
  dose	
  into	
  a	
  measure	
  of	
  risk	
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Proton Beam Therapy – Units 

AcRvity	
  
	
  1	
  decay/second	
  =	
  1	
  Becquerel	
  (Bq)	
  

	
  
	
  
Dose	
  (Absorbed)	
  
	
   	
  1	
  Joule/kg	
  =	
  1	
  Gray	
  (Gy)	
  
	
  
	
  
Dose	
  (Equivalent)	
  

	
  1	
  Gray	
  x	
  quality	
  factors	
  =	
  1	
  Sievert	
  (Sv)	
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Proton Beam Therapy – Units 

Type and Energy Range Weighting 
Factor 

X and γ rays, electrons, positrons and muons 1 

Neutrons                     <10 keV 5 

Neutrons                     10 keV to 100 keV 10 

Neutrons                     100 keV  to 2 MeV 20 

Neutrons                     2 MeV to 20 MeV 10 

Neutrons                     >20 MeV 5 

Protons, other than recoil protons and energy >2 MeV 2 

Alpha particles, fission fragments, nonrelativistic heavy nuclei 20 
 

 

RadiaRon	
  WeighRng	
  Factors	
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Proton Beam Therapy – Units 

0.01 0.05 0.12 0.20 

Bone surface Bladder Bone Marrow Gonads 

Skin Breast Colon  

 Liver Lung  

 Esophagus Stomach  

 Thyroid   

 Remainder   

 

Tissue	
  WeighRng	
  Factors	
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Proton Beam Therapy – Units 
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Proton Beam Therapy – Units 

Typical	
  doses	
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Proton Beam Therapy – Units 

Lethal	
  dose:	
  4.5	
  Gy	
  (LD50)	
  for	
  a	
  man	
  of	
  70	
  kg	
  

Energy	
  absorbed	
  =	
  4.5	
  Gy	
  x	
  70	
  kg	
  ≈	
  300	
  J	
  

Thermal energy content of a sip of hot coffee if derived in 
the form of X-rays can be lethal 
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Proton Beam Therapy – Biological effects 
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Proton Beam Therapy – Biological effects 

DNA	
  double-­‐strand	
  breaks	
  increase	
  biological	
  effecRveness	
  
	
  



M
itg

lie
d 

de
r H

el
m

ho
ltz

-G
em

ei
ns

ch
af

t 

21 October 2013                         Markus Büscher                                         31 

Proton Beam Therapy – Biological effects 

effect∝α ⋅D+β ⋅D2

10	
  0	
   dose	
  (Gray)	
  

Su
rv
iv
al
	
  p
ro
ba
bi
lit
y	
  

1	
  

0.1	
  

0.01	
  

0.001	
  

Linear	
  effect	
  ∝	
  D	
   QuadraRc	
  effect	
  ∝	
  D2	
  

e-­‐	
  

e-­‐	
  

e-­‐	
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Proton Beam Therapy – Biological effects 

RelaRve	
  biological	
  effecRveness	
  (RBE)	
  

RBE = Dose of reference radiation with effekt X
Dose of radiation of interest with effekt X
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Proton Beam Therapy – Protons vs. Ions 

Increased	
  biological	
  effecRveness	
  

10	
  nm	
  

Energy	
  loss	
  through	
  producRon	
  
of	
  δ	
  elektrons	
  (simulaRon)	
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Proton Beam Therapy – Protons vs. Ions 

Extremely	
  localized	
  energy	
  loss	
  

Longitudinally	
  
narrower	
  Bragg-­‐Peak	
  

Transversally	
  
sharper	
  beam	
  profile	
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Proton Beam Therapy – Protons vs. Ions 

Dose	
  distribuRons	
  

Ideal	
  

Protons	
  

Photons	
  

Carbon	
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Proton Beam Therapy – Protons vs. Ions 

PET	
  DiagnosRcs	
  
	
  
FragmentaRon	
  of	
  12C	
  	
  ⟶	
  Positron	
  emiung	
  isotopes	
  

11C	
  (T1/2	
  =	
  20	
  min),	
  10C	
  (T1/2	
  =	
  19	
  s),	
  …	
  

Lateral	
  resoluRon	
  
ca.	
  2.5	
  mm	
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Proton Beam Therapy – 3d treatment 

2d	
  scanning	
  &	
  energy	
  variaRon	
  =	
  3d	
  
	
  

parRcle	
  beam	
  
Tumor	
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Proton Beam Therapy – 3d treatment 

Gantries:	
  allow	
  for	
  irradiaRon	
  from	
  all	
  sides	
  

The	
  Israel	
  Proton	
  Therapy	
  IniRaRve	
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Proton Beam Therapy – 3d treatment 

Gantry	
  at	
  PSI	
  Villigen	
  (Switzerland)	
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Proton Beam Therapy – 3d treatment 

Gantry	
  at	
  PSI	
  Villigen	
  (Switzerland)	
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Proton Beam Therapy – Facilities 

HIT	
  (Heidelberg)	
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Proton Beam Therapy – Facilities 

HIT	
  (Heidelberg)	
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Proton Beam Therapy – Treatment 

Research	
  facility	
  at	
  GSI	
  Darmstadt	
  (1997	
  –	
  2008)	
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Proton Beam Therapy – Treatment 

Treatment	
  of	
  prostate	
  cancer	
  at	
  Loma	
  Linda	
  University	
  Medical	
  
Center	
  (USA)	
  

No	
  double	
  blind	
  studies	
  yet!	
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Proton Beam Therapy – The future 

IrradiaRon	
  with	
  AnRprotons???	
  

First	
  observaRon	
  of	
  a	
  Proton-­‐AnRproton	
  annihilaRon	
  (1955)	
  

p

In	
  principle,	
  AnRprotons	
  deliver	
  an	
  energy	
  of	
  E	
  =	
  2mpc2	
  ~	
  2000	
  MeV	
  
besides	
  their	
  kineRc	
  energy	
  (~100	
  MeV)	
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Proton Beam Therapy – The future 

Laser-­‐induced	
  parRcle	
  acceleraRon	
  


