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Cancer, what does it look like ?
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Let’s burn the tumor !

TCP vs total dose in the tumor
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Create direct and indirect damages in DNA

External beam will deliver energy via particles to alter the DNA of target cells

Slow down ... as radiation also affects normal tissue
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Normal tissue
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Tumor control without
normal tissue complications

100
Absence of normal
tissue complication
80
=
= 60 1 Tumer control
=
®
=]
© 40 -
o
20
0

Overdosage > 5%
Cancer cells migl

Dose fractionation

Rx (3) Rx

Normal tissue

Number of cells

2 dlays 2 dlays 2 dlays
— Y Y —

-
-
-

time

Each arrow is a delivery
session (e.g. 2 Gray per
session)

 /

3/10/2021



3/10/2021

A compact Linear Accelerator to deliver the dose : Linac

e electron beams from 4 to 20 MeV

¢ photon beams from 4 to 20 MV

Deliver the prescribed dose in the tumor, with an extreme accuracy, all along the

delivery sessions




Anatomic model of patient from CT scan : tumor and other organs are localized.

Computer simulation to match the dose prescription from the radiotherapist

Multiple entry points : correct total dose in the target + protect the organs at risk
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Dual Sealed lon Chamber

Linac head will rotate
Multiple entry points to deliver the correct dose

Set a dose delivery of 2 Gray per session =~ -

(as set by the radiotherapist) L

Btw : what is one Gray ?




What about the dose ? " \

D=E/m and E =Cp Xm X AT (Cp specific heat at cst pressure)

AT=Dxm/Cp><m

Water as an example : Cp is 4180 J per kg per °C (or °K)
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Median lethal dose LDs is 5 Gy (50% probability of dying) whole body irradiation

In radiotherapy, tumor (localized target) is to receive 2 Gray per session, 35 sessions

for a total of 70 Gy

Target volume will not burn

but tumor cells will decrease due to strong biological response

The beam properties have to be under close control

Dosimetry : measurement of the amount of radiation absorbed by a target

Farmer® Chamber
Type 30010

Classical therapy chamber for absolute
dosimetry in high-energy photon,
electron and proton beams

%

Features Materials and measures:

» Wall of sensitive volume ~ 0.335 mm PMMA,
T 1.19 g/em3

» Sensitive volume 0.6 cm?, vented to air 0.09 mm graphi'(e,

» Acrylic wall, graphited 1.85 g/em

» Aluminum central electrode Total wall area density 56.5 mg/cm?

radius 3.05 mm
length 23.0 mm

Al 99.98, diameter 1.15 mm
PMMA, thickness 4.55 mm

» Radioactive check device (option) Dimension of sensitive
volume

The 30010 Farmer chamber is a wide spread ionization

chamber for absolute dose measurements in radiation

therapy. Correction factors needed to determine

absorbed dose to water or air kerma are published in the [

Central electrode
Build-up cap

pertinent dosimetry protocols. The acrylic chamber wall
ensures the ruggedness of the chamber. The chamber is
designed for the use in solid state phantoms and there-

lon collection efficiency at nominal voltage:
lon collection time 140 ps

Max. dose rate for

2 99.5 % saturation 5 Gy/s
fore not waterproof. > 99.0 % saturation 10 Gyrs
. Max. dose per pulse for
'?y':):c;?;ra::::t vented cylindrical ionization =20 & siation Ry
: !

Chamber acc. [EC 60731 = 99.0 % saturation 0.91 mGy B

Application abé_oh.ge dosimetry in Useful ranges:
it
Eclot ey beatns Chamber voltage +(100 ... 400) V

absorbed dose to water,
air kerma, exposure

®Co ]

Measuring quantities 30 kV ... 50 MV photons

(10 ... 45) MeV electrons
(50 ... 270) MeV protons

(5x5)cm? (40 x 40) cm?

Radiation quality

Reference radiation
quality

Field size
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Roos® Chamber
Type 34001

Waterproof plane parallel chamber for
absolute dosimetry in high-energy
electron and proton beams

Features Materials and measures:
» Perturbation-free, minimized polarity effect Entrance window 1.01 mm PMMA, 1.19 g/em?
) 0.02 mm graphne,
» Waterproof, wide guard ring design 0.82 g/cm
- » 0.1 mm varnish
I 3 l i
» Sensitive volume 0.35 cm3, vented to air 1.19 glem?
adioactive check device (option 132 mg/em?

Total window area density

he 34001 Roos chamber is the golden standard for Water-equivalent window 13 mm

absolute dose measurements in high-energy electron thickness

beams. Modern dosimetry protocols refer to the cham- Sensitive volume radius 7.8 mm
ber's design and provide dosimetric correction factors. Its depth 2 mm
waterproof design allows the chamber to be used in Guard ring width 4mm

water or in solid state phantoms. The Roos chamber is
also well suited for the measurement of high-energy

lon collection efficiency at nominal voltage:
hoton depth dose curves. The chamber can be used for,

lon collection time 125 ps
dose measurements of proton beams.
Max. dose rate for
T 2 99.5 % saturation 5.2 Gy/s
Specification = 99.0 % saturation 10.4 Gy/s
Type of product vented plane parallel =
ionization chamber Max. dose per pulse for
acc. IEC 60731 2995 % saturation 0.46 mGy
299.0 % saturation 0.93 mGy
Application absolute dosimetry in
high-energy electron and .
proton beams Useful ranges:
Measuring quantity absorbed dose to water Chamber voltage (50 .. 300) V
Ref diati 0 Radiation quality (2 ... 45) MeV electrons
eference radiation Co $0Co ... 25 MV photons
quality (50 ... 270) MeV proton

A water phantom

R e

b e

Human body is often considered as water.

A phantom will respond in a similar manner to irrad
L
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A solid state phantom

RW3 or PMMA
known as

“solid water”

how dothe
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You've seen that some weeks ago...
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The ionization chamber

{
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l_;_ Electron attachment Recombination &y -

| Photons interacts with air molecules :

cathode T:“:T » photoelectric effect,

* Compton scattering,
+ ¥  Hv +v +w + v

R T AT YT *  pair creation
photon beam ; >
3 = = SRS »
e [T A L e . . . )
positive ion “Ta CFa T A Fast primary electrons (positrons) : air ionization
P | e .
negative ion ?tz? | - positive ions and slow electrons
anode ‘
+ Tonization proportional to the energy deposited by

HV  electrometer | the bea

e—0O O e—® O
e- e-
Slow electrons are captured by electronegative molecules (N,, 0,, H,0, ...) or by ion™

Mainly ion~ and ion* in the sensitive volume

Ions drift towards the electrodes along the electrical field lines : signal is collected with a charge

collector device (=electrometer)

clectrometer
= charge
collector
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What physical process is responsible for the
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Electric Field Lines

Mo. of Charges
& 1 Charge
" 2 Charges
¢ 3 Charges
4 Charges

Mo. of Field Lines

Calculating Field Lines ...

bt

@ Exit |

I Thiz interactive example calculates and displays the electricfield lines of up to four charges. You may move the charges by
dragging them with the mouse. Double clicking a charge changes its polarity. f vou click between the charges a test charge will be
dropped atthis point. The test charge moves along the electric field lines drawing a trace ofits mowvement. Clicking the left mouse
button creates a positive test charge, the right mouse buttan creates a negative ane

Electric Field Lines

No. of Charges
1 Charge
= 2 Charges
" 3 Charges
4 Charges

Mo, of Field Lines

Calculating Field Lines .

! Info

@ Exit |

This interactive example calculates and displays the electric field lines of up to four charges. You may move the charges by
dragging them with the mouse. Double clicking a charge changes its paolarity. If vou click between the charges atest charge will be
dropped atthis point The test charge moves along the electric field lines drawing a trace of its mowvement. Clicking the [eft mouse
button creates a positive test charge, the right mouse button creates a negative one

W\i'
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Electromagnetism : Field lines from a single charge above a conductive plane ...
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.. are the same as the field lines from a pair of opposite charges
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Ionization chamber calibration : from Coulomb to Gray

Calibration with calorimetry

Graphite calorimeter : all the energy from the

beam interaction is converted into heat

24



Calibration with calorimetry

Energy in the graphite calorimeter :

E=CpxmxXAT

vAg
~Jitaxxxa <l
p v Q

temperature /

E
5]
5
“ £
=y
E
£
L 100 S0 0 50 100 150 200 250
Timetins
Calibration with calorimetry
E = CpxmxAT
E

vAg
= [ a(®) x 2 x x dt <©>
AYA

Dosey = Cp(graphite) x AT

3/10/2021
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Calibration with calorimetry

Dosey = Cy(graphite) x AT

Time to get x Gray in the calorimeter

Calibration with calorimetry

vAg
30
Ve v Q
Dosey = Cp(graphite) x AT

Time to get x Gray in the calorimeter

3/10/2021
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Calibration with calorimetry

15 seconds to get x Gy ‘

Calibration with calorimetry

15 seconds to get x Gy ‘

Read the accumulated charge i H -"ill'! ,,:! :

Apply correction factors and Compute the calibration coefficient to Gray from Coulomb

3/10/2021
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Ionization chamber calibration : from Coulomb to Gray

lonization chamber calibration : from Coulomb to Gray

28
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Zooming out : are the pulses constant over time ?

1st acquisition : pulses quickly 2nd acquisition : beam starts, intensity 2 but \
reaches a stable intensity — quikly. L
After some time, intensity increases to recover
from lost pu‘Llsgs, before reaching a stable

plateau

- ‘,.%' - c.."i_:'_ - _;:— . )
Linac : treatment delivery needs constant beam propérti;@Woring‘ig real time ?
P O

4 ™

A % v " 4
i L
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monitor chamber duplicated |

(a.k.a. ion chamber)

Calibration of the ion

chamber during the

Linac comissioning

31



200 Monitor Units in the ion chambers : 200 cGy < 2 Gy delivered in the target
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Very High Energy Electron Radiotherapy Workshop (VHEE'2020)

5-7 October 2020
CERN

Europe/Zufich timezone

Jifilms

- l Charge

Alaan monito e
Quadrupole: b | Cdmera

Search...

UHPDR = ultra-high pulse dose rates

Why are we interested in UHPDR RT?

= First UDR studies — 1960s

NPL

National Physical Laboratory

# of weeks after exposure

Med 2014; 6

=
= D) > i
Bl coimicurie o e eimin g
@
2 y-rays o
5° 0
2 (2}
= . i
g 4.5 MeV e-beam i)
g " 3600 Gy/min Favaudon, et 2
5 al. Sci Trans! 8
@

Vozenin et al., Clin Cancer Res 25 (2019) 35

Conv. (5 Gy/min)

necrotic lesions

FLASH (300 Gyls)

normal appearance
of skin

= subcutaneous
lymphoma

= delivery: 10 pulses (1
us) in 90 ms with
1.5 Gy/pulse

Bourhis et al.,
Radiother. Oncol.
(2019)

Probability of response

Slide from a talk given by Anna Subiel (Medical Radiation Science, National Physical Laboratory, UK)
- -

T A

BT
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4.5 MeV e-beam
3600 Gy/min 4 Favaudon, et

al. Sci Transl
Med 2014; 6

Pulmonary fibrosis[%]
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What Is Pulmonary Fibrosis?

Pulmonary fibrosis is one of a group of lung disorders that cause scar tissue to form in
the lungs.

Over time, the scarred tissue in the lungs makes it hard to breathe. People with pulmonary
fibrosis often feel out of breath and may find it a challenge to do simple physical activities,
such as climbing stairs or running errands.

Dosimetric challenges at FLASH
Example: FLASH irradiation of pig skin

Conventional |
(5 Gy/min)

FLASH
(300 Gy/s)

3 Gy/pulse

normal appearance of skin

Conventional and FLASH Irradiation
(with same total dose)

Vozenin et al., Clin Cancer Res 25 (2019) 35
p://dx.doi.org/10.1158/1078-0432.CCR-17-3375

Andreas Schller )
Department 6.2 “Dosimetry for Radiation Therapy and Diagnostic Radiology” 1 zz;;ﬁ:fag;:ﬂogﬁ:s;ﬂ"e
= —
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Dosimetric challenges at FLASH

Example: Treatment of the first human patient with FLASH-RT

Centre hospitalier
universitaire vaudois

Disease:
lymphoma on skin

conventional RT:
20 Gy in 6 - 10 fractions
high grade acute skin reactions
takes >3 months to heal

FLASH-RT:
10 pulses (of 1 ps duration) in 90 ms
with 1.5 Gy/pulse

after 3 weeks

(max. of skin reactions)

Bourhis et al., Radiother. Oncol. (2019)

DOI: 10.1016/j.radonc.2019.06.019

Andreas Schiiller P'I_B ial i
= e " : " ” Braunschweig and Berlin
Department 6.2 “Dosimetry for Radiation Therapy and Diagnostic Radiology National Metrology Institute
—

FLASH does look promising !
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FLASH effect takes with D>06G6

AT !

With very hig' ‘dose ;\\:' he deliv
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High dose-per-pulse electron beam dosimetry: Usability and dose-rate
independence of EBT3 Gafchromic films
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Institute of Radiation Physics (IRA), Lausanne University Hospital, Lausanne, Switzerland
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Department of Radiation Oncology, Lausanne University Hospital, Lausanne, Switzerland
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Institute of Radiation Physics (IRA), Lausanne University Hospital, Lausanne, Switzerland

(Received 24 June 2016; revised 2 December 2016; accepted for publication 7 December 2016;

published 13 February 2017)

1. INTRODUCTION

Preclinical studies have shown that irradiations using a high
dose-per-pulse electron beam with a high dose rate can
increase the differential response between normal and wmor
tissue compared to radiotherapy delivered with conventional
dose rates (of a few Gy/min)." Extremely fast irradiations
may also improve motion management issues, since the treat-
ment could be delivered to the patient more rapidly than the
timeframe of physiological motions.”” These investigations

725  Med. Phys. 44 (2), February 2017  0094-2405/2017/44(2)/725/11

raised the challenge of performing reliable dosimetry in unu-
sual irradiation conditions, such as those produced by a pro-
totype high dose-per-pulse linac recently installed in our
department. lonization chambers, which are in general the
instruments of choice for reference dosimetry, cannot be used
direetly because of strong saturation effects induced by the
intense beam of the prototype linac, which cannot be cor-
rected in a satisfactory way by existing saturation models.*®
In this work, we examined the usability of Gafchromic EBT3
films for reference dosimetry in high dose rates/dose-per-

© 2016 American Association of Physicists in Medicine 725

3 . 3 @)
Recombination processes in the gas ©
o®
+  Columnar recombination (e~,ion") in column along initial ionizing particle : @ .

electrons recombine with their parent ion. Mainly depends on the LET of the @

ionising particle. Independent on the dose rate a®

* Volume recombination when charges are drifting towards the electrodes.

Depends on irradiation rate but can be reduced by increasing electrical field

between electrodes

© %89 ® @ Recombinations in an ion chamber 1o

® Y@ %& © ® ®

©0BORRE . © o 9 aE
St (@%@ ® Definition of a recombination collision rate R (m3s!) and of a o ® ©
@© 9(9(?@@@@ o recombination coefficient o (m3st) such as: ) ® ®0e
% °8588g 2 6, . ®0 ©

@ dn dn - o) ® 0O

0 5% a0 © ) T A LI ® A

® 9%%@%? e d d @ ©
< CXoxcH . o )

with n* and n, the volume densities of charge
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Recombination is a problem in FLASH therapy :
* Some ions are vanishing : fracti%n of original cha
¢ Non linear contrlbuﬁon to final signal L z .
* Tricky to compensa@ﬁn‘ t e’ loss of lln’ /arity

‘“h"'ég ‘-. ,J

it .,
Charge transfer

- D@

Electron attachment

-0 O

Recombination
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Dosimetric challenges at FLASH
Typical performance of an ionization chamber
1.00 e Losses due to ion
z 0.90 - : recombination increase
S 0.80 1 with increasing dose per
S 070 ) ! pulse
% 060/ conventional :
S 0'50 (< 0.3 mGy/pulse) i
B 7] 1 Advanced Markus
2 0401 FFF 1 chamber
S 0.30 1
o Y (<2 mGy/pulse),
S 020 i FLASH
0.10 1 (>0.6 Gy/pulse)
—
0.00 'y ! : - . .
1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E+02
Dose-per-pulse (Gy) Petersson et al., Med Phys 44 (2017) 1157
https://doi.org/10.1002/mp.12111
1l
Andreas Schller )
Department 6.2 “Dosimetry for Radiation Therapy and Diagnostic Radiology” 1 zz;z:fat;:ﬂ(gﬁiﬁﬂ:‘e
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Radiochromic films

Scan strips with a flatbed scanner. Decompose white to RGB
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Calibration : increasing dose (or Monitor Units) g 20000 }
on each film strip = F
e 18000 — 3
Wait for at least 6 hours for the change of color to stabilize WA 1 il L | L | '
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Dosimetric challenges at VHEE

Verification of energy independence of passive dosimeters at VHEE
> i requested dose: 20 Gy 15 Gy 10 Gy 1Gy
Strathclyd 151 MeV

dose range limits

EBT3:
<40 Gy

irradiated EBT3 film ffont side

,pr' -»‘&: \ 3
I . P I B Braunschweig and Berlin
=2 National Melro(ogy Institute

Andreas Schiller

Department 6.2 “Dosimetry for Radiation Therapy and Diagnostic Radiology”
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Dosimetric challenges at VHEE

Verification of energy independence of passive dosimeters at VHEE

"mmw@ requested dose: 20 Gy 15 Gy 10 Gy 1Gy
Strathclyde 151 MeV

dose range limits
y EBT3:

7 : irradiated EBT3 film front side
<40 Gy I .

PTB Alanine
dosimetry system:
<25Gy

4 stacks of 4 alanine pellets on the rear face of
the EBT3 films

Andreas Schiiller EP'I_B
) : o : : ; ” Braunschweig and Berlin
Department 6.2 “Dosimetry for Radiation Therapy and Diagnostic Radiology National Metrology Ihstitute

Dosimetric challenges at FLASH and VHEE

Crucial point dosimetry

If an error is made in dosimetry, the Tools and methods established in A
difference in tissue response between dosimetry for conventional RT are not
conventional irradiation and ultra-high suitable for FLASH-RT or VHEE-RT

dose rate irradiation at apparently the

same total dose may be due to this error noactive dosimeters for real time

and not due to the FLASH effect. dosimetry

no formalism (Codes of Practice) for
reference dosimetry

| no corresponding primary standard )

Andreas Schiller /¥
Department 6.2 “Dosimetry for Radiation Therapy and Diagnostic Radiology” . ‘ z;i'(‘;:m“e’:goz’;dl;ﬁﬂ:‘e
= —

3/10/2021

41



3/10/2021

Ultra High Pulse Dose Rates might be the next step in radiotherapy

Clear reduction of the complications on the normal tissue side

Many things have to be done :
* Define a reference procedure to get a “universal Gray” from UHPDR
* Develop new detectors (dosimeters and ion chambers) to avoid saturation and charge collection loss

Define procedures to commission UHPDR machines to come

42



