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The sound of protons

lonoacoustic range monitoring for proton therapy

W. Assmann

Faculty of Physics — Department for Medical Physics,
Ludwig-Maximilians-Universitat Minchen, Germany
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Radiation therapy with ions: special features

 Range uncertainty: problem and present solutions

 New (old) approach: lonoacoustics (thermoacoustics with ions)
* Experimental tests at 20 MeV

e Simulations with k-Wave

* First experiments around 200 MeV
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Dose distribution: photons vs. ions Advantages of particle therapy

- Finite range of ions
- Maximum dose deposition

at end of range (Bragg Peak, BP)
— highly conformal irradiation
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Wilson, R.R., “Radiological use of fast protons”, Radiology 47, 487-91 (1946)
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Dose delivery
photons protons

+ conformal dose distribution + maximal dose in tumor

(with advanced IMRT techniques) + minimal dose in healthy tissue
+ less sensitive to range uncertainty - expensive technology
- dose bath of healthy tissue - very sensitive to

- limitation of tumor dose range uncertainty
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Reasons: Calibration errors CT/HU to ion stopping power, CT artefacts,
patient and tumor movement, anatomical changes, positioning error, ...

Example: Prostate tumor - planning CT vs. situation on irradiation day-N

Patient 2 - Planning CT Patient 2 - day-N CT

— in-vivo range verification with =1 mm resolution
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Example: Prostate tumor

at present

(a) suboptimal lateral
dose delivery with larger
dose deposition in
healthy tissue (femoral
heads, hip replacements!)

in the fUture S. Tang et al., Int J Rad Oncol Biol Phys, 83(1), 408 (2012)

(b-c) optimal anterior dose delivery sparing best healthy tissue and organs-at-risk,
but needs in-vivo range verification with £ 1 mm resolution
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Presently under development: Nuclear Imaging Techniques
* online PET (Positron Emission Tomography) — GSI, HIT
* Prompt gamma imaging (Compton camera) — IBA

Example:
offline
PET imaging
measurement simulation
K. Parodi, PhD thesis, 2004
Problem:

both methods complex and indirect methods, costly and bulky
equipment, 1 millimeter resolution??
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Stopping of ions causes local heating and pressure wave:

K isothermal compression

aVv
v = —kdp + pdT B volume expansion coefficient

B . D depositedion dose
p = kpC D * in thermal and stress confinement
4
Localised
thermal confinement: ceNErey

deposition

Thermal
expansion

t <t therm diffusion (here >100 MS)

ion pulse

2 ) Acoustic wave

K 4

stress confinement:

t <t

stress propagation (Vs ~1.5 mm/ HS) -

ion pulse
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General thermoacoustic equation for acoustic wave propogation :

(VZ _ia_z)p(r" t) - _ ﬁ azT(f‘), t)

Kvg2  Ot?

in thermal confinement:
oT(F,t) g2 L2\ N BEHRD)
pCv ot - H(T, t) 2 0t2 @ B C‘pw

,Heating function” H(#,t) = Hy(7) - H,(t) space/time uncoupled

/

Bragg curve temporal pulse width

But: 1 Gy dose — 0.25 mK AT — 2 mbar Ap

very weak effect! usable?
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EXPERIMENTAL STUDIES OF THE ACOUSTIC SIGNATURE
OF PROTON BEAMS TRAVERSING FLUID MEDIA*

T - Im

T I sulak et al, NIM 161({1979)) 203-217
H F'n:H _::___‘E‘ — Hydrophone see also:

om By T ] - lsewnsrees G Askariyan et al, NIM 164 (1979), 267-278
\‘/;_* : E}F—' 4.5cm

o

! —) T e—im .

Tanh/ SIDE VIEW — 50 HS/dIV

Fig. 3. Detector arrangement for the linac experiment.

6. Conclusions

We have demonstrated that an observable
acoustic signal i1s produced in a single transducer
by charged particle depositions = 10™ eV in fluid
media. The source of the signal is dominantly
thermal expansion. Applications 10 beam monitor-
ing, heavy ion experiments, high energy physics HS SP

and cosmic ray physics are foreseeable.
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Acoustic Pulse Generated in a Patient During
Treatment by Pulsed Proton Radiation Beam

Y. Hayakawa et al, Rad. Onc. Invest., 3, 42-45

proton beam

LU Ll ititigg)
LARRNARNENSARSERANR S RARES dasas

Hydrophone

PRESSURE (0.1Pa/Div.)

TIME (20ps/Div. ) o T
Hepatlc cancer treatment

(weak) US signal detected, but no progress since then...
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ACOUSTIC DETECTION OF THERAPEUTICAL RADIATION FOR
MODERN CANCER THERAPY WITH HEAVY IONS
Alexander Peiffer’” and Bernd Kihler?,
Gﬂsellschaft fir Schwerionenforschung (GSI), Darmstadt, Germany
? Fraunhofer-Insitute for Non-Destructive Testing, Branch Lab Dresden (EAD)
E-mail: peiffer@eadq.izfp.fhg.de, koehler@eadq.izfp.fhg.de
0.4y 1 Conclusions
0.3 M At fon The possibllity of messuring the beam intensity and
. spatial distribution of the beam track is shown for
1 pulsed radiation. During the therapy at the GSI in
2z 0 Darmstadt the slow extraction mode of the SIS is
A used, with nearly continuous radiation intensity.
-1 Thus, the applicability of this method for on-line
.2 measurements during therapy depends on  the
L3 j possibility of beam  modulation. If  necessary
BT medifications of the accelerator facilities are
10 20 30 40 S0 G0 70 6O practicable, successful detection of acoustic signals
t/fus during therapy is possible, Further investigations shall
Figure 3: Simulation and measurement. deal with the design of low-noise amplifiers and

SENsOr array systems,
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Previous irradiation technique “passive scattering”

irradiation of whole tumor volume at once
— diffuse local dose deposition

— small ionoacoustic signal amplitude

— complex range information

Advanced irradiation technique “active scanning”

irradiation of tumor volume by single beam spots
— highly localized dose deposition

— enhanced ionoacoustic signal amplitude

— direct range information

Additionally: synchro-cyclotrons now available
with higher pulse intensity
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Range verification with sub-mm spatial resolution?

W. Assmann et al., Med.Phys. 42, 567 (2015)

MLL Tandem accelerator (Garching): MC- Simulation (Geant4)

— 68 MeV
— 20 MeV

protons, 20 MeV

1000

=4 mm range in water
— sharp BP (= 300 um FWHM) 800

dose [mGy]

—  Pulse rise time: 3 ns 500
Pulse width variation: 1 ns—1 ms
Pulse rate variation: 1 kHz - 2.5 MHz 400

— ideal conditions for 200
ionoacoustic test experiment

E"'M"I"'I"'I"%

11 1 11 11 1111 11 1 1 | 11 11 | 1
5 10 15 20 25 30 35 40 45
water-equivalent depth [mm]
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—=  pscilloscope = DAQ

Experimental setup:

* Water phantom
* PZT detector, 1 — 10 MHz
remotely controlled (scan) _~—:i52-5_’;35:

» US detector array (tomography) S
e
[pm]
V-303* spherical 1000
V-382* planar 35 300
V-311* spherical 10 100
array cylindrical 5 220

* immersion transducers (Videoscan) Olympus
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0.015 I

—unfiltered data
— Savitzky-Golay Filter

0.005 -

o

-0.005— ]

pulse height [V]

10 MHz Transducer,
oos- 16 averages 7

| \ | | \ | |
0 5 10 15 20 25 30 35 40
time [ps]

-0.02

20 MeV protons, 280 ns pulse width, 63 dB amplifier

2:10% p per pulse — 4-10*3 eV total energy deposition (ca 2 Gy)
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BP Entrance window BP-reflection

| | |

oscilloscope |—>{ DAQ

0.01 q ﬂ
1 2 3
0.005 b
s °’\/*v‘”\/\/\J M
§ 1 Bragg Peak (BP)
£ -0.0051 7 2 Entrance window (W)
3 Reflection (R)
-0.011
W
i‘ : R Speed of sound:
-0.015( i
1520 m/s (H,0, 35 °C)
| L | ‘ | | | | L or 1.52 mm/us
20 21 22 23 24 25 26 27 28 29 30

time [us]
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250

= Smoathed signal
—— Integrated signal
200+ ¥ Peaks in smoothed signal | -|
X Peaks in integrated signall

amplitude [a.u.]

-20069 7‘0 7‘] 7‘2 7‘3[ ; 7‘4 7‘5 7‘6 77
time [ps.
Repetition in 200 um steps Signal integration
w F LI B R — T = 14 K W _'
€ B N * x HM, o Mz = 14 um
2 r . . ] FWHM =15
8 w0l W (window-signal) ] bl | . qumif::= 21:: ]
T — R (reflection-signal) i 1 % %
L | - %
30 — — s * .
B ] Phad Space resolution in US:
20: i gos * * 1 MHz: 1.0 mm
C ] s 7 % 10 MHz: 0.10 mm
u 20 },I,m B 0.4 * /% *
10 — — » ]
B T 0.2
L _ x K ox *
L - * N ¥ ¥ oy X
oL M B . | P =l 0w wok o ——————— L g oo WK
4200 4220 4240 4260 4280 4300 40 a3 T 9 0., 200 B0 <40

. Deviation from mean range [;m]
water-equivalent depth [um]

Reproducibility of BP position (10 MHz) Frequency dependence
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T N N

Proton energy [MeV]
Geant4 simulation [um] 4040 +-30 4070+-30 4450 +- 30

Experiment [um]
Bragg peak — foil 3990 +-40 4090 +-40 4490 +- 40
Bragg peak — reflection 4020 +-20 4060 +- 20 4460 +- 20

Difference -50 +20 +40
simulation — exp [um] -20 -10 +10

Uncertainty of Geant4 simulation: beam path geometry
mean excitation energy
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Range shift with Al absorber:

R AGeant4: 1060 Mm
I At 1020 um

meas*
no absorber

Geant4 [um] 4060
Measurement [um] 4040 +- 30 & Fr T T T T .
E 3000;_ — no absorber _;
0.52 mm Al k<] 25002— — 0.52 mm Al é
Geant4 [um] 3000 2000 E
1500 — ;
Measurement [um] 3020 +- 30 - .
1000 |— =
500f —f
Duzuuluuu\uu 1 L 1 I‘I..I‘..:

el b b b b Lo w1y
05 1 15 2 25 3 35 4 45
water-equivalent depth [mm)|
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EBT2 film MC-simulation, Geant4

y [mm]

y [mm]
dose [Gy]

22 3

eanud ) &
12 125 13 135 14 145 15 155
x [mm]

21.5

B A x [mm]

3000 Measurement, 10 MHz Transducer

— no absorber

2500 — 0.52mm Al

dose [mGy]

2000

1500

EBT2

X-axis (mm)

1000

500

T IR TR T L YR PURRRI SR
05 1 15 2 25 3 35 4 45 22 23 24 25 26

. y-axis (mm) y-axis (mm)
water-equivalent depth [mm]
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Real-time tomography with

64-channel transducer-array

US detector setup

S. Kellnberger et al., to be published

3-dim reconstruction of US waves
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50 ns 200 ns

—

500 ns 1000 ns

Note: inverting preamp
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Point detector approximation

p:
3 (b)
500 o
i 4000
R —_ 2400 2000 i
§o 8
= c
j| Gggg 2000 4000
5 +
2 _Ecu
| g 200f *
-3k I . L f I . \ . . . ) ) o -+ +
224 326 38 33 “m::[afs] 334 336 338 2 25 3 35 4 45 5 ; + + I
depthimm] 8 of ~Simulation|
o
+10MHz
peak to peak distance (p2p) of Bragg peak . | | | *3,5MHz
0 100 200 300 400 500

signal saturates for short pulse durations
(i.e. in stress confinement)

Pulse width (ns)

— saturation value corresponds to Bragg peak width (steepest gradients)




el

LUDWIG- Munich-Centre
MAXIMILIANS-| |for
UNIVERSITAT ||advanced

MUNCHEN Photonics (MAP) ! ¢ 4]
500 T T ul
x Bragg peak signal
450 | % Entrance window signal ; ]
400 - .

passr jau|

] ] = = = ] W

350 1

300 ]

3 - as . T A =)
i critical dimension I.and
stress confinement time t,

Peak-to-peak distance [ns]
o
o

= N
Ul o
o o

T

—_—

- Bragg peak:

|. =230 um, t, =150 ns
- entrance window:
10MHz |_=50um, t,=30ns

=
o
o
T
——
!

(%))
o
T

o

0 100 200 300 400 500 — detector frequency
and size limited

Pulse duration [ns]
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k-Wave program Input
B.E. Treeby, B.T. Cox, J Biomed Opt 15 (2010)
kgrid medium source sensor
* Matlab toolbox for time-domain c/p °’
modelling of acoustic wave
propagation ~ —
Y
kspaceFirstOrderND
* Solving of the coupled first order
acoustic wave equation by k-space i
pseudospectral method —A~
ES

sensor data
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Source term:
e Geant4 dose distribution
* Proton pulse time profile

_ viom

Grid size:
* Space:30-60 um
* Time: 10 ns

. : Water
sa0 | lrwr“f"w“wuh.ﬁ - Air
400 | \ ] '
s v — :
Sl | | / /
100 | |I || ]
v ’{;ﬂ o - e Kapton foil Bragg curve US detector

time [ns]
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x-y plane x-z plane
5| = S simulation vs exp
— —
G G 10 | I —meagurement
e e —simulation
5 w 5 "H 5f
20 2 202 H
(All axes in mm) S o
n Sensor g
y-z plane On Senso g
m 5
2 o5 £ ° ’
B
0 0 = 0 [ ol | | , |
LA 32 34 36 38 40
2 -0.5 E 5 time [us]
£-
-1
= 0 2 0 5 10 15
Time in us
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signal amplitude [mV]

-1.5r-

Proof-of-Principle: Clinical Application:
submillimeter range accuracy 100
frequency independent < 8ol v
lowest detectable signal: 2 sol
10* p per pulse = 1012 eV B
(corresponding to 0.1 Gy) % o
beam modulation demonstrated € 20f
— |ock-in technique to improve SNR 0 - - - - - -
0 50 100 150 200 250 300 350
9 . . ‘ . ‘ . . ‘ . axial depth in mm
15 | 1 * Bragg peak width at clinical energies
OSJ of 120 -230 MeV: 5-20 mm
0 * jonoacoustic frequencies = 200 kHz
05 1 * soft tissue attenuation

i | | (50x water, but 200 kHz!)
* tissue inhomogeneity and patient noise

1 1 L 1 | 1 1 L 1
27 28 29 30 31 32 33 34 35 36 37

time [] * position resolution at 200 kHz??
1 psec pulse with 3.5 MHz modulation
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‘ 1024 averages
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Energy (range) variation

AE =1 MeV
5 I +
g4
€5 ] AE = 81 MeV
£ 2.3 mm
Vool 200
E . /I 173.25mm +
81 €150}
S 4. c
<100}
) : . 0
227 MeV 226 MeV 2 50
m
@
A 0 X —
—— Geant4 simulation i . . |
227 MeV 226 MeV 145 MeV

See also: K.C. Jones at al., Experimental observation of acoustic emissions generated by a pulsed proton
beam from a hospital-based clinical cyclotron, Med Phys 42 (2015) 7090.
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Corregistration of ultrasound imaging
with ionoacoustic Bragg peak signal!?

prostate ---- expected
- - - ionoacoustic
signal
tumor -~

Transrectal ultrasonography of prostate tumor tissue

Main problem: ionoacoustic signal to noise ratio
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IBMI, Helmholtz-Zentrum Miinchen
S. Kellnberger, M. Omar, V. Ntziachristos

Universitdt der Bundeswehr Miinchen
M. Moser, C. Greubel, G. Dollinger

LMU Miinchen, Department for Medical Physics

A. Edlich, S. Lehrack, A. Maal3, S. Reinhardt,
J. Schreiber, P. Thirolf, K. Parodi

IBA, lon Beam Applications SA, Belgium
F. Vander Stappen, D. Bertrand, D. Prieels

— Recent review: K. Parodi and W. Assmann, Mod Phys Lett A 30, 17 (2015) 1540025
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