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® Introduction: a short historical review

® Applications in medical diagnhostics

® Applications in conventional cancer radiation therapy I

® Hadrontherapy, the new frontier of can diation therapy
— Proton-therapy

— Carbon ion therapy

® Conclusions and outlook
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HerstaliingiPoIil

 November 1895 : discovery of X rays

« December 1895 : first radiography
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The beginning of modern physicsiand;

1895

discovery of X rays

Wilhelm Conrad
Rontgen

1895 - starting date of four
magnificent years in , |
experimental physics TR o

<63
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The beginning of modern physicsiand;

sics

1896:
Discovery of natural

radioactivity

Thesis of N‘q e. Curie - 1904
| 1898

o B,y i ‘ agnetic field
lﬂr Discovery of radium

Hundred years ago O g o
urie Pierre Curie

=(1567 — 1934) (1859 — 1906) A °
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SUAPPIICAUCISHIINGCATICEIRNIEY Y

STOCKHOLM

Basic concept

Local control
of the tumour

1912

1908 : first attempt n.cancer
radiation therapy in

(“Curietherapy’)

HST 2006 - 1/2 - CERN - 04.07.06 - SB

L1 7



...In physics and in

 Medical diagnostics

« Cancer radiation therapy

due to the development of three R
fu ndamental tools M. S. iingstdn and E. La\)vréricél

with the 25 inches cyclotron

* Particle accelerators
* Particle detectors

« Computers
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1930: the beginning of
four other magnificent
years

Spiral tajectory of an
accelerated nucleus

Ernest Lawrence

(1901 — 1958)
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&

therapeutic application of an artificial

radionuclide when he used phosphorus-
32 to treat leukemia. (1936)
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John H. Lawrec made the first clinical

I'ne Lawrence prothers

John Lawrence, brother of
Ernest, was a medical doctor

They were both working in
Berkley

First use ofi artificially preduced
ISetopes for medical diagnestics

Inning of nuclear medicine

Anunterdisciplinary

innovation!
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James Chadwick
(1891 — 1974)

Student of

>
\ ' I Ernest Rutherford
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Discovery of the neutron

1932

atoms have
electrons ...

- orbiting
a nucleus ...

. ... and
neutrons
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1932 — discovery of antimatter: the positron

lown-down

particle

Lead layer

Positive fast particle
coming from below

Carl D.\Anderson - Caltech
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Dlscovery of the effectiveness: o1isIoWEuirors;

RADIOATTIVITA « BETA» PROVOCATA
DA BOMBARDAMENTO DI NEUTRONI. — IIL

E. AMaLpi, Q. D’AGoSTING, E. FERMI, F. RASETTI, E. SEGRE
+ Ric. Scientificas, 5 (1}, 452453 (1934}

Sono state proseguite ed estese le espenenze di cui alle Note preoedenn o
coi risultati che ricordiamo appresso.

Idrogeno — Carbonto — Aagto ~ Ossigens. — Non dinno effetto apprez-
zabile. Sono stati esaminati peraffina irradiata al solito modo per 15 ore
con una sorgente di 220 mC, acqua irradiata per 14 ore con 870 mC e car-
bonato ¢i guanidina irradiato per 14 ore con 300 mC.

Fluere, — 11 periodo del Fluoro & sensibilmente minore di guanto indi-
cato precedentemente e ciod di pochi secondi.

Magnesio. - 11 Magnesio ha due periodi, uno di circa 40 secondi ¢ uno
pid lungo. '

Ablluminio. — Oltre al periodo di 12 minuti segnalate precedentemente
ve ne & anche un altro dell’ordine di grandezza di un giorno. L'attivith
corrispondente a questo secondo periodo segue le reazioni chimiche caratte-
rigtiche " del Sodio. Si tratta probabilmente di un Na*,

Zolfo. - 11 periodo dello 5 & assai lungo, certamente di molti giorni.
Llattivith si separa con le reazioni caratteristiche del Fosforo,

Cipro. — 5i comporta analogamente allo S. Anche qui si pud separare

corrispondente a questo secondc periodo segue le reazioni chimiche caratte-
risticheldel Sodio. Si tratta probabilmente di un Na™.

Zolfo. — 11 periodo dello S ¢ assai lungo, certamente di molti giorni.
L'attivitd si separa con le reazioni caratteristiche del Fosforo.

Clore. — Si comporta analogamente allo S. Anche qui si pud separare
un principio attivo; probabilmente si tratta di un P* identico a quello che
si ricava dallo S.

Manganese. — Ha un effetto debole con un periodo di circa 15 minuti.

Cobalts. — Ha un effetto di 2 ore. Il principio attivo si corporta come
Mn. Data l'identitd di periodo e di comportamento chimico si tratta quasi

J H 2 = = - g -n .
J. D A £ OStlno E‘ se gre E‘ Amald' = R = | E‘ Ferm' certo di un Mn% identico a quello che si forma irradiando il Fe.

Zinco. — Ha due periodi, uno di 6 minuti e uno assai pit lungo.

1 934 Gallio. — Periodo 30 minuti
Bromo. — Ha due periodi, uno di 30 minuti e 'altro di 6 ore. L’attivitd
corrispondente al periodo lungo e probabilmente anche l'altra, seguono chi-

First radioisotope of lodine sl S,

> Jodio. — Periodo 30 minuti. L'attivitd segue chimicamente lo Jodioc.
o ngn = = Praseodimio. — Ha due periodi. Uno di § minuti e l'altro pidt lungo.
among fifty new artificial species Neodimio. - Peciodo 55 minuti
Samario. — Ha due periodi uno di 40 minuti ¢ uno pill lungo.
Oro. — Periodo dell'ordine di grandezza di 1 o 2 giorni.
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rs: the synchrotron

1944
principle of phase stability

Vertical magné
figld”

“" Gircular trajectory of the
particles accelerated in a
“synchrotron”

1 GeV electron synchrotron
Frascati - INFN - 1959

‘ﬂ] r{ﬂ' {;4-
NV YV
t ‘ 1

Veksler visits McMillan
1959 - Berkeley
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Linacs for protons and ions

[ET T T D bl Dl T T T e T el R

T T ER T Db b T g T T}

HST 2006 - 1/2 - CERN - 04.07.06 - SB

L. Alvarez
1946 — Drift Tube Linac
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Sigurd Varian

Russell Varian

1939

Invention of the klystron
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William W. Hansen
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The be
R

Isidor Rabi 1952: Pierre
UNESCO talk in 1950

Edoardo Amaldi
cretary General
1952-54
rovisional CERN

at the meeting that creat
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At CERN we have linacs and strong-focusing Synchrotrons

Large
Hadron

Collider
(7+7) TeV

ey,

oGS

Wers
Girand Sazea

LIMAC P

¥ e . it o o =

BOOSTER i 4'_‘D i i

’ﬁ*‘m L ) Bl [antiproton) AD Antipraton Deceleratar LHC Large Hadron Collider
> == protonsantiproton comvggfion PS5 Proton Symchrotron n-TaF Meutrons Time of Flight
Pk neutrinos SPS5 Super Proton Synchrotron CNGS Carn Meutrinos Gramd Sasso

"

l

5_@ e £ In 1952 the¥¥strong-focusing” method
' | invented at BNL (USA)
was choseniforithe CERN PS
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Acceleratac

CATEGORY OF ACCELERATORS

NUMBER IN USE (*)

TOTAL

High Energy acc. (E >1GeV) ~120
Synchrotron radiation sources >100
Medical radioisotope production ~200 )
Radiotherapy accelerators > 7500 9000
Research acc. included biomedic\al research ~1000
Acc. for industrial processing and earch ~1500
lon implanters, surface modification >7000

> 17500

(*) W. Maciszewski and W. Scharf: Int. J. of Radiation Oncology, 2004

 About half are used for bio-medical applications
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® [hey are the “eyes” of particle physicists

® A very Impressive development in the last 100 years

— Fromithe Geiger counter to ATLA

® Crucial inrmany medical applications
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Georges Charpak, CERN
physicist since 1959,

Nober prize 1992

HST 2006 - 1/2 - CERN - 04.07.06 - SB

. 22



HST 2006 - 1/2 - CERN - 04.07.06 - SB

ApplicaticnsiRNHeaICAINATdGIHOS|

23



=)

ential!

DIagnoSlic

Abdomen
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« Measurement of the electron'densi

* Information on the morpholegy.

Computer Tomography (CT)

L 1
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Nuclear Magnetic Resonance

1938-1945

Felix Bloch E Purcell
THE BASIS OF NMR elix Bloch' and Edward Purce

The case of the spin half nucleus nag : d iscover and Stu dy

NMR

Fuclel are cha

tat ch
tnakes them magnetic

NOFIELD

MAGHETIC FIELT» APFLIED

In 1954 Felix Bloch became
the first CERN Director General
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MRI = Magnetic Resonance limaging

 Measurement of the density of the protons (water)
in tissues

 Information on the morphology

HST 2006 - 1/2 - CERN - 04.07.06 - SB ® 26



A WMIRI scanner
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SPECT = Single Photon Emission’ Computer licmographiy

In reactors slow neutrons produce

9BMo + n=%Mo +y

Mo (66 h) =99MTc (6 h)+e” +V

l

gamma of 0.14 MeV
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Emilio Segre
1936: Discovery of technetium

1938: discovery of %°MTc
with E. McMillan




The Rad Lab is officially established within the UC Physics
Department with Lawrence as director; in Italy, Segre examines an

'invaluable gift" of material irradiated by the 27-inch cyclotron and
discovers the first artificial element, later named technetium.
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85% of all nuclear medicine
examinations use technetium
produced by slow neutrons

in reactors

. liver

lungs

SPEC T scanner

 Measurement of the
density the molecules
which contain
technetium

* Information on
morphology and/or
metabolism

Lead collimators to channel

the gammas of 0.14 MeV

014 MeV

gammas




Positron EmissiornionmograpliyiEET)

* FDG with 18F is the most used drug
(half life 1.6 h)

* Measurement of the density of 18F
through back-to-back gamma detection

e Information on the metabolism

Gamma ray detectors
(Ex. BGO crystals)
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The BGO calorimeter of the L3 experniment at LbER
(CERN 1939-2000)

BGO crystals have been developed for detectors in particle physics
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® 11000 BGO crystals

® Precise measurement of the energy deposited DYARENPEIICIES
® Almost 4 © coverage
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morphology metabolism

CT Coronal Pet Coronal Fused Coronal

CT Sagittal

T'he new diagnostics:"CilyPIEl

Pet Sagittal

Fused Sagittal
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David Townsend
CERN: 1970-78
Uni Ginevra
UPSM Pittsburgh
and
Ronald Nutt
(CTS — CTI)
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Applications in' conventonalCanCeradaiauyCIINIIETPY)
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® Brachitherapy
— Insertion of radiation sources in the body.

® Teletherapy

— Bombardment of the tumour tissues
the body of the patient

® Radio Immunoetherapy.

Mlethods

Meedle, delivering
»  seeds inte prostate

Catheter in urethra

!
Template to aid accurate
placemaeant of the needles
daelivering the seads

Ultrasound 'prl:rl:re in ractum
for needle guidance

radiation, coming frem outside

— The radiationi Is brought by a radicisotope attachesNererspeCiically

selective vector
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-4 -4

Radlioactivi

WG ANIGEISIETAY;

targeted radioimmunotherapy o N
a particles from Bismuth-213 for leukaemia Y
[~ - decay ¥
B particles from Yttrium-90 for glioblastoma 8 2
0.' ¥ v\
teletherapy
Y - decay
gammas from Cobalt-60 for deep tumours = & T
COBALT “BOMB” - PICKER (1960 e ...:‘
Cobalt-60

eV gammas)
uced in reactors

slow neutrons

Cobalt source

2000 .
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NieIEHIETPYAVIHISIAYS

Electron Linac
3 GHz

6-20 MeV
[1000 x Rontgen]

 Electron linacs to produce gamma rays (called X-raysiby medical doctors)
« 20'000 patients/year every 10 million inhabitants
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Production of X “quanta’

’.

ionization

*

3 MeV
quantum

electron accelerated \
to 10 MeV TN .
nucleus
electrontagnetic \

field drawn scattered electron
by the electron 7 MeV
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Computerized Tireatmentt=lanningESySIEINII=S;

« TC scan data are
used to

..... | szt » design the
- AN volume to be
Liphidd irradiated

| . .: "'F".‘, , | » choose the
e il S radiation fields

lﬂ T Lh.lﬂd‘u-ﬂﬂ!w:rﬂ“
'—-Mn-—“hmr-ﬂﬂhm

Choice of DVH for Targetand © ™' o calculate the
nimawd Organs at Risk - or fluence | e e
| ................... . meeedp o matrix fﬂr selected mam doses to the

S A [p—— target and to
i 1 , | (B | a- Ijj £ L[] "::-_.r._. .__ .
428 17| o o o ealthy tissues
el |F :am ] Iz
> |1|‘H i Bt
41 w1 N e A
TIENNT TS 1

e se is given in
0-40 fractions
t 2 Gray

'l' 39
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IIeNPIGII EIINCIANAVANIEY Y

Solution:
* Use of many crossed beams

e Intensity Modulation
Radiation Therapy (IMRT)

ifferent photon beams

The limit is due to the d
given to the healthy tissu

Especially near organs at
risk (OAR)
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Multi leaf collimators and IVIR']

3-fields IMRT

Prescription Dose

Multi leaf coellimatoer whnich
moves during Irradiation

* It IS possible to obtain concave dose volumes

U1

* [ime consuming (used for selected cases)

TERA



IOTHOWIEAY:

Tomotherapy unit Spiral scan

Temporally modulated Siit defining

multi-leaf collimator Il}-lin : secondary
{MLC) linac collimator

Ring

target
CT X-ray
source

CT image
detectors

Image reconstruction Accelerator control

Treatment planning Temporally modulated

Treatment verification multi-leaf collimator
Computer Computer

* The tumor is irradiated from as the
accelerator rotates and the patient is moved
(spiral pattern)

e The intensity is modulated through the use
of a multi-leaf collimator

* CT imaging integrated within the device itself
HST 2006 - 1/2 - CERN - 04.07.06 - SB ® 43



RO gzl e flcllzitlorn) Trisrzioy
1OKRT)

Irradiation with an electron beam
during surgery.

glienergies: 3 — 9 MeV
Mean dosen@tent,— 30 Gy/min

Irradiation WMENZ21EGY)R0.7 — 3.5 min
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Volume

Time
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Liver CT
images

Slice no. 64 Slice no. 65 Slict; no. 66
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Top View

Left Laser View

Long. Angle +000.05°

.:1.

Lat. Angle +000.05°

| Verhcal [+000 . 05]

& Longltud _+000 41

Angle _+UUU.21
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2 X ray beams

A question for a particle physicist

Are there better radiations to attack the tumour and spare at best the healthy
tissues?

Answer : BEAMS OF CHARGED HADRONS
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Let’s go back te physics...

Fundamental physics

Particle identification

Negative

dEfdx {Arbitrary Units)

Medical applications

Cancer hadrontherapy
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