erapy monitoring using

Proton as a projectile

311 kev Fragmentation of the target:
charged

particle 10 (p,n) 0 12C (p,n) ""C
S
T5.0=121.8s  7,,.=1222.8 s

[15-20 MeV threshold for p-induced
nuclear reactions]

Particle

Beam‘

511 keV,

eutron

911 keV photon

_Electron
! ‘,p"

Radionuclide
" Positron
511 keV photon

Measuring the B* activated volume we monitor the treatment



Dose and activity

*Most consolidated way to verify the delivered dose is by means
of PET

Hadron beams induce 3+ activity in patient

*Relation between activity and dose is indirect

| ------ Activity t=[0, 20 min]

Activity or dose [a.u.]




- Advantages of beam-on data: no biological washout, less patient/organ
movement, faster patient throughput



.....

Detecting module 5cm x 5cm

»LYSO matrices, each 23 x 23 crystals, 2mm pitch)
"PS-PMT 8500 Hamamatsu

»Dedicated front-end electronics

*»  Modularized acquisition electronics
s FPGA based acquisition and coincidence
processing
s Coincidence time window ~5 ns

»3D-activity distribution is reconstructed with
Maximum  Likelihood Estimation Maximization
(MLEM) Iterative algorithm

The reconstruction is performed in less than 1

minute (8 core Intel Xeon 5620 @2.4 GHz)

S. Vecchio et al., IEEE Trans. Nucl. Science 56 (2009) 51-56
G. Sportelli et al., IEEE Trans. Nucl. Science 58 (2011) 695-702
N. Camarlinghi et al., JINST 9 (2014) C04005 1-12



A. Kraan et al., Physica Medica 30 (2014) 559-569
V. Rosso et al., JINST, 11, C12029 (2016), 1-9

G. Sportelli et al., JINST, 10, C12029 (2015) 1-11

V. Rosso et al., Nucl Instr Meth, A824, (2016), 228-232

Center Particle | Energy | Accelerator | Collima-
type tion
CATANA Protons 62 MeV Cyclotron passive

CNAO Protons Up to Synchrotron active
(Pavia) /C-ions  230MeV

Trento Protons Up to Cyclotron active
230Mev




Comparison between measurements taken in the 3
Italian centers

z (em) m  Trento
= ¥ CNAO | |
S 100] ¢ CATANA [ e T —
A FLUKA : :
Bortfeld Fit

[=2]
(=]
|

AW,, =—515+0.02E,"" =

| | | | | | | | | | | | | |
60 80 100 120 140

The data acquired in the 3 Italian proton therapy
centers fit well together



The DoPET system @CATANA




Capability to detect variation in delivered energy

SOBP 2cm, & 30mm, 15 Gy
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Arbitrary Units

15—

CATANA: response to different dose rates

58MeV protons, & 30mm, D=15Gy, PMMA

in-treatment activity profiles
At-acq: see table below

— 5.7 Gy/min
—11.8Gy/min
— 16.8Gy/min
— 20.7Gy/min

Arbitrary Units
n w =
(L oW (&) N

—h

0.5+

J

after-treatment activity profiles
At-acq: 300 s — 600 s

||||||||||||||||

—11.8Gy/min H
—16.9Gy/min
—20.7Gy/min [

0 . 1 1 1 . .
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 951001051 10115120

Z (mm) Z (mm)
Dose rate [Gy/min] |5.7 11.8 |16.9 [20.7
At-in treatment [S] 157.9 | 76.5 53.1 (43.4




SOBP 2cm, @ 30mm, ~12Gy/min

Response to different doses

after-treatment [300s-600s]

In-treatment; different At see table below

] 25 —15Gy
s 2 "oy
g 18F- :g?y
5 16
14
122—
10F-
8
6
a-
% 0 = BT —
z (mm)
Dose-deliver Dose/rate
DOSE time [s] [Gy/min]
3 Gy 16.3 11.04
6 Gy 30 12
9 Gy a8 11.25
12 Gy 56.4 12.77
15 Gy 72.9 12.35

# events

— 150Gy
— 12 Gy
—9Gy
—6Gy
— 3Gy

¢ AFTER-treatment
-+ ® [N-treatment




Imaging capabilities using range shither and an

antropomorphic phantom

SOBP, collimator:@ 3 cm, D= 15Gy At in-treatment= 70s

0.25

In-and-after
Treatment data:
At-acg= 0-190 s

Phantom eyelid 3 mm range shifter



he DoPET system @ CNAO

power supplies

i

.
Fn



CNAO:PMMA phantom with 2 air cavities

TPS: Syngo PT Planning VC12,
Siemens
e protons

* 2Gy on PTV: 4x4x6 cm? (z: 3-9 cm)
*62.3 MeV - 116 MeV (35 EL)

@ 1.6 cm
> PMMA

phantom:

2cm
— Y4 X
8x8x14 cm3
» 2 cavities:
z=1cm
J=1.6cm
yY o y

1cm



CNAO: 2 cavities profiles

D= 2Gy

Acquisition time [0, 600 s]
TP delivered in 230 s
Activity: z profile

— P on PMMA uniform

—— P on PMMA cavity

Mean Grey
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V. Rosso et al.,
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# of entries

Mean Grey

CNAQO: Last Energy Layer
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2 Gy on PTV: 5x5x6
cm3 (z: 1-7 cm)

At in-treatment= 287s

Acquisition time
[0, 600 s]

coronal view



Coincidences [Hz)

CNAO: proton and carbon irradiations

2 Gy on PTV: 4x4x6

cm?3 (z: 3-6 cm)
Carbon TP

o
o
o
o
T

3
s

0 100 200 300 400 S00 600
Acquisition time [s]

Different statistic...

idences

Proton TP

16000

14000}

12000}

A A I ' A
0 100 200 300 400 500 600
Acquisition time [s])



CNAO: carbon and proton monoenergetic

260 MeV/u

Carbon
5.7 mm

211 MeV/u
Carbon

26.3mm

178 MeV/u
Carbon
6.8 mm

98.3 MeV/u
Proton
215 mm

iIrradiations

.‘.

snedd -
2 o

\J
il L i | 1 2 L» s ' | 3 4 | —_— s s IS 2 1
L] L] L] L] ] T ’ L] T | L] L | L] L] L] L L} L ] »

5 10 5 10
Axial range (beam-off) [cm] Axial range (intra-spill) [cm]

L 1
L

2 1
L] L] L]

G. Sportelli et al., JINST, 10, C12029 (2015) 1-11

Arbitrary units
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the DoPET system @ Trento

The fly-rack: a compact
housing for the DAQ
and the power supplies

Emg———

_ ke N

19



the DoPET system @ Trento

Ready for data taking in 30’ !



Capability to detect variations in composition

Densita’ | H | C(%)|[0(%)| N | Ca
(%) (%) | (%)
PMMA 1.18 8 60 32
Solid H20 1.046 | 8.02 | 67.23 | 19.91 | 2.41 | 2.31
brain 1.049 {10.83| 72.54 | 14.86 | 1.69
polyethylene 14 86

3 “zebra” phantoms were realized:

) PMMA-PE-PMMA-PE-PMMA —to-end

1) PMMA-BRAIN-PMMA-BRAIN-PMMA —to-end
1) PMMA-H20-PMMA-PMMA —to-end

Slabs thickness: 2cm
Phantom thickness:14cm [_protons >




Capability to detect variations in composition

Zebra-phantoms profiles

Pencil beam: energy 130MeV , 10210 protons

Different acq. time to enhance the contribution of the 150 and 11C isotopes (120 and
900s)

PMMA-PE-PMMA-PEPMMA PMMA-BRAIN-PMMA-BRAIN-PMMA PMMA-H20-PMMA-H20-PMMA
10710 protoni 1010 protoni 10710 protoni
= - 3 - ';.0.014
0016 : — 900 sec s [ et ﬂ
e L [ 20.012 ; L,
§0.014: i § C f’ by, . §0.01z_
z E‘ﬁ#: R R 120 sec g f '3\:: fl"b g : 4 4
o012 # pudl 6 0% 7P L ! v \f“\ P’th
H A - ':!_lf i j'-' \\
- " e "'.
001" ! 0,008~ i 0.008 - i E\\N. ]
0.008F : I B ATV -
r : N\ 0.008]- i 0.008]
0,006 o T o0} s ' 5 — 900 sec
C W 0.004 i 0.004f
nE - \ v 190 g % S R 120 sec
0.002F 0,002 { 0.002
r \ . [ ‘-1 Py ot
0- e e _"I.":Igllll TN B B B A l‘f&"ﬂbﬁ'-v‘s‘\ e e e
;so 80 100 120 140 160
pro tons Al 0 20 40 50 80 100 120 1402("1:1?0 0 20 40 60 80 100 120 1402(mr:1?0
e — r —

e The different slabs are well visible



Capability to detect variations in composition:

a time

approach

Evaluate the different contributions
knowing the isotopes: 11-C, 15-O, 10-C,
8-B and 13-N

2]
[=]
o

0 100 200 300 400 500

Time [s]

The contributions of the different
isotopes was calculated, modeling the
frequency signal as:

f(t)= Zn:aie_tm%i

AT-acqg= 550s

£
2
[+
@
10° \\m
¥2/ndf 258.9 /288
10 Prob 0.8902
all components
N 110
1 == Zomzmmzmizmidmemiss: 150
i 1OC
il —°"B
0 100 200 300 400
Time (s)




Capability to detect variations in composition:
a time approach

11-C(%) |15-0(%) |10-C(%) |8-B(%)

PMMA 39.7+£0.3 52.2+0.4 7.8%0.1 0.24+0.02
H20 solid 51.4%£0.3 37.4+x0.4 10.0%0.2 1.15+0.03
BRAIN 58.6%£0.4 29.3x0.4 11.8%0.2 0.34+0.03
PE 81.9+0.3 0 17.1+0.1 0.98+0.04
PMMA-H20 44.8+0.3 46.720.4 8.2+0.2 0.28+0.14
PMMA-BRAIN  46.9+0.3 43.620.4 8.8+0.2 0.68+0.24
PMMA-PE 52.0+£0.3 37.1x0.4 10.5%0.1 0.38+0.03

The percentage of the different contributions
highlights the different composition

Only 4 cm in thickness are different from one

phantom to the other



As the relation between activity and dose is indirect

u.]

Activity or dose [a.

58 MeV protons on PMMA

1.4
[|------ Activity t=[0, 20 min]

g
o
N
o
R AR RN R AR R LA R

95 MeV protons on PMMA

...by comparing predicted with
planned activity, the treatment
quality can be monitored

Monte Carlo:

FLUKA (development), new
user interface developed to
record the B*-activity and
annihilation products in space
and time



CATANA: expected activity profiles (FLUKA MC)

1.4

Y

58 MeV protons on PMMA
(ocular melanoma)

collimator: & 30mm

D= 15 Gy

in-treatment: 0-158s (5.7 Gy/min) _
after-treatment: 158s-300s oafi

+* Simulations with FLUKA
http://www.fluka.org i

12F Dose

Activity or dose [a.u.]

0.8F

o

6"

YV VYV

3000
2500

2000F

Nr annihilations

1500F
1000}

500F
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O0 100 20 30 40 50 600

Time [s]

Annihilation Time profile



CATANA: comparison between simulated and

experimental data

» 58 MeV protons on PMMA
» collimator: & 30mm — PMMA ’

» D=15 Gy (5.7 Gy/min)

z-profile z-profile
In-treatment: t< 158 s After treatment: 158s-280 s
2 1000 =
.c% C Data: during irradiation 1800:_ —— Data: After irradiation
% o MC: during irradiation 1 400;_ —— MC: After irradiation
* 600:— 1200;—
- 1000
400— 800
- 600
200— 4, 400F-
f— h R :
- st a At st 200:—
I L I —

z[cm]

iz Aw50% in-treatment [cm] after-treatment [cm]

1.96 1.96
data 1.95+0.03 1.93 £0.03




CATANA: expected activity profile (FLUKA MC)

» 58 MeV protons on PMMA
» collimator: & 30mm
» D= 15 Gy (5.7 Gy/min)
> in-treatment: 0-158s
> after-treatment: 158-300s
During irradiation contribution: t =[0, 158 s] After beam contribution: t =[158, 300 s] Z rcm]
6000~ — Total C — Total )
; iy 1150: 49% oot 2 1'°0: 57%
s000)- "'C: 20% ’ "'C: 37%
: Il Others: 11% 5000~ Il Others: 3%
E B °B: 7% e B °B: 0%
40008 B '°c: 7% 4000~ B '°c: 2%
F Bl °N: 3% : B °N: 0%
3000~ O 1% 20001~ o 1%
- BN: 1% e BN: 1%
10003 1000:—
O- 0 1 2 3 4 5 O- 0 1 2 3 4 S

in-treatment activity profile  Z [cm] after-treatment activity profile Z [cm)]



# primary protons

16000

12000}

12000}

Coincidences [Hz)
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FLUKA for CNAO data
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several information are
available



CNAO: an example of expected profiles and

Protons on PMMA

2 Gy on PTV: 3x3x3 cm3 (z: 3-6 cm)

T-irradiation: 146 s

<30

Isotopes contribution

# annihilations

# annihilations

5000 E
4000 F
3000 F

# annihilations

2000
1000 E

# annihilations

1800
1600
1400
1200
1000
800
600
400
200

8000
7000
6000
5000
4000
3000
2000
1000

t<60

z [cm]

<150

# annihilations

# annihilations

10000

-gu T

.gu

<90
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CNAO: an example of camparison between

expected and experimental profiles

1400

100 1200
HE ; § o0
P w g
20 200

0 0

# annihilations
# annihilations
# annihilations

z[cm) z[em]

AC Kraan et al. / Nuclear Instruments and Methods in Physics Research A 786 (2015) 120-126



FLUKA for Trento data

Comparison for proton irradiation
Data: 70 MeV, 90 MeV, 100 MeV, 120 MeV and 130 MeV

FLUKA: 70 MeV, 100 MeV and 120 MeV

« "C-exper| » "'C-sim
15 15 :
— v “O-exper| « “O-sim
L |
[ i
e
m"s: P P SR S SRt R LT ]
46— 4L
44: ........ T,
B ‘\K ------- {
L it
42
4ol
70 80 I9()I 100 110 ' '120| = I130I
Energy (MeV)

Work in progress!
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Con 1079 protoni:
- -Non tutti i file con 1079 sono stati ancora analizzati.
- Passando a 1079 protoni I'errore aumenta

contributi |11-C(%) |15-0(%) |10-C(%) |8-B (%)

PMMA-BRAIN  46.9+0.3  43.6£0.4  8.8%0.2  0.68+0.24
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PMMA-  47.5%1.6  42.1#1.8  9.6t0.6  0.74£0.10
BRAIN 1079
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