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Nuclear-based emission mechanisms
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» Signal fall-off is closely correlated to
Bragg peak position due to lower
cross section thresholds than for PET
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Distributions with angular cuts (£ AB)
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E,= 214 MeV (range=28.5 cm)
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GEANT 3.21 with hadronic model of Fluka

Secondary y : photons from n-capture and
inelastic scattering
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F. Stichelbaut, Y. Jongen, Verification of the
Proton Beam Position in the Patient by the
Detection of Prompt y-Rays Emission,
PTCOG-39, San Francisco, October, 2003
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Target eleents  Reaction channel  E, (MeV)  Transition Mean life (s)
e PC(px)ter 2.00 17200 = 27 g5 LOx107H
BC(p.pHtCr 4.44 2t 5 444 0t gs. 6.1x107H
160) 150)(pp’) O 2.74 27 8.87 — 37 6.13  1.8x10713
6.13 37613 = 0t gs. 2.7x1071
6.92 26 6.92 — 0t gs.  6G8x 107
7.12 17712 = 0F gs. 1.2x1071
150(px)'2C* 4.44 26 5 4.44 0F gs. 6.1x1071
160 (px) *N* 5.27 27527 - 1T gs 26x1071
uN BN (pp’) N 1.64 1*3.95 = 0% 231 6.9x10°15
2.31 0+ 231 — 1+ gs.  6.9x10715
5.11 27511 — 1t gs. 6.3x10712

Table 2.1: Reaction channels of relevant PG emissions in proton therapy (g.s. ground
state) (Kozlovsky et al. 2002, Verburg et al. 2012).
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LUDWIG-
MAXIMILIANS

— High PG energies 2 - 15 MeV (well above conventional gamma ray detectors)
— Limited counting statistics of emitted PGs during patient treatment
— Inadequateness of collimators used for low-energy medical imaging

LUDWIG-
MAXIMILIANS -
UNIVERSITAT
MONCHEN

Prompt y for proton range

Experimental challenges of prompt gamma imaging:
- Preserve reasonable counting statistics with good spatial collimation
- Massive background (neutrons!)

Pioneering investigations of 90° angled prompt gammas in Korea:
- 100, 150, 200 MeV protons
- Csl detector with collimator and neutron shielding

0 0 100 150 20 20
Depth (mm)
C. Min, C. Kirm, M. Youn, J. Kim, App. Phys. Letls. 89 (2006)




Prompt y for C ion range

Same production mechanism as for protons, but more exp. challenges
- Tradeoff between counting statistics and spatial collimation

73 MeV/u carbon ions

- More massive background (neutrons!) Pb collimator  beam
. . . . o z
First investigations of 90° angled PG ,,e,emq\ - |£
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Range Verification and Tissue Composition Analysis

Simulation studies in homogeneous
phantoms showed strong correlation of
PG production and depth dose, with
PG emission ~2—4 mm before BP

How does correlation change in
realistic clinical-like scenarios?
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o PG profile 250 MeV
—fit 250 MeV
---PDD 100 MeV
o PG profile 100 MeV
—fit 100 MeV
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Parodi, Verhaegen, PMB 2014
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PG vs PET: Ideal 100% detection efficiency,
volumetric imaging, no background
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Prompt y
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. and Tissue Composition Analysis

Energy deposition PG production
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Detector development for

LUDWIG-
MAXIMILIANS -

— High PG energies 2 - 15 MeV (well above conventional gamma ray detectors)

— Limited counting statistics of emitted PGs during patient treatment
— Inadequateness of collimators used for low-energy medical imaging

Detector development for

LUDWIG-
MAXIMILIANS -
UNIVERSITAT
MONCHEN

Detector Design Studies: Knife-edge shaped slit

Gamma camera

777777 TSl shape

Support
MC study to optimize E deposition
»,(]—m« thresholds to trigger a measurement in
1 the detector, to discriminate PG emission
from secondary n and scattered p and y
interacting with the detector
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Detector developmen

Detector Design Studies: Knife-edge shaped slit
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Figure 5. Z-coordinate of simulated detector measurements with various energy cuts. Position is
with respect to the isocenter. Vertical lines give the position of the BP position projected onto the
detector through the slit.

Conclusions
We have shown that prompt photon detection using a slit-collimated setup may be a
promising method to monitor the dose distribution during proton therapy in situ and on a spot-
step time basis. Advantages of the presented setup include simplicity and one-sided access to
the patient. Our results indicate that a slit-based camera could make fast monitoring possible
on a time scale of a spot step, opening the possibility to real-time dose delivery adjustment
during treatment.

. Scintillator +
photodetector

o Slit collimator
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Realistic geometry Optimized with MC Detection profile in the scintillator for 10°
protons (~1 Gy) & for 3-6 MeV window.

A 2500
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=» The 3-6 MeV window gives the best correlation with the Bragg Peak.
> Neutrons give ~constant background signal
=> Count rate is not very high =» detector sensitivity needs to be carefully studied!

Detection profile in the scintillator for 10°
protons (~1 Gy) & for 3-6 MeV window.

A 2500
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(wd) sixe 1030339Q
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40 mm
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=> 5 mm shifts in proton range generate corresponding shifts in detection profile
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Concept behind first

Detection profile in the scintillator for 10°
protons (~1 Gy) & for 3-6 MeV window.
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=» 5 mm shifts in proton range generate corresponding shifts in detection profile

Prompt gamma range verification:

e

First clinical evaluation with passively
scattered proton delivery at UPTD Dredsen

Scintillator +
photodetector

=]
PG signal variations consistent with dose 3§ 0L ]
calculations on in-room control CT 10[ smoothed with Gaussian ]

0 20 20 80 80 100

Rt ot et Oncel 2018 Position mm
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LUDWIG-
MAXIMILIANS

First patient PG imaging with pencil beam scanning at UPenn
* Brain patient treated using scanned pencil beam
* Single field optimization plan with local boost

— Three equally weighted fields: lateral, superior oblique, and vertex fields
* Imaged for 6 fractions during the treatment course

Tungsten

o
-
&
£
e
>

LUDWIG-
MAXIMILIANS -

Analysis of shift in proton range

* 1D emission profile is simulated with Monte Carlo

* Spot-by-spot and layer-by-layer analysis are performed

» Shift in 1D signal profile is correlated to the shift in proton Bragg peak depth

Expected

1 D prompt gamma signal measured

Range shift

Proton depth-dose

01.07.2020
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» Example of spot-by-spot analysis Layer #4  pg shift (meas. vs prediction)
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* Brain patient treated with PBS
* Single field optimization plan with local boost
— Three equally weighted fields: lateral, superior oblique, and vertex fields
* Imaged 8 fractions during the treatment course
— More heterogeneity in PTV
— Last 4 fractions were replanned due to anatomical change observed during
evaluation CT scan
— 6 fractions with initial plan and 2 with new plan

Initial CT Eval CT
Initial Plan Replan

Shifts averaged over inside (upper) and outside (lower) anatomical change region

4!5"' Plan, Ini CT, LSO1, Layer 5, fraction 22 4'3' Plan, Eval CT, LSO1, Layer 5, fraction 22

3 . 24
S| e A4

5

=19 mm

Anatomical .% 4 > '

change regio & pt oy .
‘ ’ng y \ E-AKV ‘9%‘: °2) Range shift from
N 2 ;
L L anatomic change

T % o m w e w» o = «  detectedin Layer5

4Igeplan. Eval CT, LSO1, Layer 5, fraction 28

T .1 mm
| A -3 mm
, NS L Ugig 4 & \
% t«\L 1 s 2

-40
-20 0 20 40
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Issues related to considered

LUDWIG-
MAXIMILIANS

* Spot profiles have range-mixing effect from the
heterogeneous tissue along the beam path
— Profile shift not well-defined in range shift retrieval
— Current shift retrieval method inadequate

«1078 shift 6.880000 mm
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Going behind first clinical

LUDWIG-
MAXIMILIANS -
UNIVERSITAT
MONCHEN

. Scintillator +
photodetector

o Slit collimator

i v ) \s A .
Proton pencil beam (scan the | Prompt gamma L l
tumor, spot by spot, in X, Y, Z) . 1,0 \T ]
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B — v M. Biol 7.2012) 337140
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Range verification with

Tungsten
collimator
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Verbourg et al, PMB 2013

of individual gamma lines

New human-scale prototype combining mechanical collimation with detectors
of excellent energy/time resolution (LaBr;) for PG spectroscopic information

Proton treatment head

Readout

h .
electronics E — Collimator

= . 4
r l Proton treatment head

Clinical evaluation just started

01.07.2020
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Dedicated calculation model based on prior measurements to

* Substract neutron/proton-induced continuum to retrieve PG lines in measured data

Measured
spectrum
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Dedicated calculation model based on prior measurements to

* Calculate the expected PG signal detected counts in the detector gf;lm'“
320mm Material com- Geometry and com-
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detection model
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Dedicated calculation model based on prior measurements to

* Calculate the expected PG signal detected counts in the detector f;kda

* Determine the absolute proton range of a pencil-beam spot s by minimizing the
least square residuals between the experimentally measured gamma-ray counts
and the modeled ones, leaving the range error scenario and actual target

concentrations as free parameters:
Target concentration correction factor

v
argmin Z we Xsa Z k5tq$5;'tra . Cf}l,m
lLd t

5 150 15l .53
e,k kst x \ 5

2

Absorption process Detector Measured gamma-ray counts for
Gamma line spot s, line /, detector row r and
Target nucleus absorption process a *

Model prediction of detected counts with range error scenario
*

Absorption process: (0) full, (1) single and (2) double escape, (3): any energy
deposit between 1.4 MeV and 3.0 MeV, or (4): higher than 3.0 MeV. M

Range verification with

Absolute range determination with 1 mm precision (2c) at clinical doses has shown

possible in phantom (for pencil beams of sufficient statistics)
Targetyolume | g5iq water g 207 i O Left 0
. Z L [ Right Xygen
B
) p W B ) -8 —4 0 4 8
Water Range errore / mm £ -5
' £
0% "

0] 0383 =
I o,
i o
£ o

Collimator E o4 Carbon
= ‘
1 ] oetectors
=504 . ~
. ) ogigutotute
(b) Solid water insert . - . -50 -
=50 0 50
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01.07.2020
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Prospects of PG spectroscopy for assessing changes of
elemental concentrations related to treatment reponse
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((IPN Lyon)

perfect detector

Collimated camera
- Multislat collimator
(several parameters to

lon beam

optimize)
- Time-of-Flight for ]
neutron suppression el f B
Axial Axial beam axis
Multi—slat F
Enorgy 3 eV ¢ u—-p::dl )

Yor (em)

a 0.0 -+ 3 . o
=100 10a 100 50 o 50 100
Pnsirafian depih, Xy (mm)

-0 -5 0 5 10 —10
Xeq (em)

Promising simulation studies and first prototypes under development

=50 4] 50
Penatration depth, Xcp (mm)
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perfect detector
H H H

Readout
electronics - = Collimator

p - "’\
'\ > : ! ;
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Prompt gamma timing: new range Tiriog

- . 3 De! of ’\f ¢
monitoring concept without need of . o
directional collimation . o

Counts

toacetre / NS
PMMA RIg)
L] [ I I I —
I I =1 ]
cm 0 5 8 1112 13 14 15

C. Golnik et al, PMB 2014 Werner...Pausch, PMB 2019

Custom-made prototype under development for future clinical

Compton camera ’
- Electronic collimation exploiting Compton kinematics E.,
- For full absorption in second layer, E,=E,+E, can be used .\g
to fully characterize scattering angle &
mecE,
costl =1 — 751 (Eo—E))
Challenges
- Absorption at high PG energies not guaranteed
- Incoming photon energy not known a priori
(different from tracer imaging)
- If a third interaction of the incident photon is

detected, its initial energy can be determined as

5 4E>mec?
B+ 1 —costh )

and scattering angle @ can be again determined, constraining
origin of incident photon to a cone surface

I, "o Med. Biol. 62 (2017) 73217754

1
E(]=E[+§ (E3+

Detector 3  (x3, Eg)
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Range verification with

LUDWIG-
MAXIMILIANS -

Compton camera ( (1PN Lyon) e )
— Several configurations scatterers / x 4
absorbers and underlying detector :
technologies (scintillators, solid state) é"

1% scatterer (Ex.y)

2" scatterer (E.x.y)

— Electron tracking (ET) adds

avbsorber (Ex.y.t)

possibility to resolve Compton -
kinematics from total Compton P

H H sonc g 1oy arc y-ray
scattering angle ¢, reducing ) origin "= o
uncertainty in the origin of 5} 0
o ! #N o
incident photon to an arc 0

Eyxuy12, Ey,x1, 5124

EZ'XZ'YZvZZ Eyx3,¥2,2

LUDWIG-
MAXIMILIANS -
UNIVERSITAT
MONCHEN

Range verification with

- Multiple stages and electron tracking possibilities relax condition of
photon absorption in the last stage, but require multiple hits to happen
and be correctly reconstructed

(b (e)
Multiple stages Electron tracking (ET)

01.07.2020
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efficiency

Characteristic

Compton camera High purity Ge detectors

Prompt
gamma

1st scatter 2nd Scatter Srdeaiie

Geant4 MC simulations to optimize width, thickness and relative spacing

of each stage of the camera with respect to the detection of characteristic
signal from 160 (6.13 MeV), 12C (4.44 MeV) and N (2.31 MeV) PGs

Phys. Med. Biol. 55 (2010) 6841-6856

0.8 0.06
(a) | (b)
0.05
0.6
0.04
z
g
0.4 § 0.03
£
“ om
0.2 I
./'_.,,..ﬁ “M 0.01
0.0 T T T { 0.00 T T T
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Figure 3. (a) The interaction efficiencies (solid symbols) and transport efficiencies (empty symbols)
for all three detector stages, D1 (circles), D2 (triangles) and D3 (squares) as a function of their
respective thicknesses at initial gamma energy of 6.13 MeV. (b) The product of e} - el () and
e..2 - e23 (V) as a function of detector thickness at initial gamma energy of 6.13 MeV. The detector

- width for each stage was set to a “practical” value of 10 cm. -

01.07.2020
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Example of first detector design studies on three-stage
Compton camera for proton range monitoring

Phys. Med. Biol. 55 (2010) 6841-6856

We conclude that the dimensions for the optimized and “practical’
Compton camera are a 10 cm width for all three germanium detector stages with thicknesses
of 3. 3 and 10 cm, for stages I, 2 and 3. respectively. This optimized configuration was used
to evaluate its overall efficiency for measuring prompt gamma rays produced from proton
beam irradiations of a tissue phantom with therapeutic proton beam energies. We estimated
measurement efficiency values of 2-11 x 10~° detected ‘triple-scatter’ events per proton
entering the tissue phantom. Based on an approximate number of protons entering a patient
during a typical proton therapy treatment and the efficiency values calculated in this work,
we believe that imaging the prompt gamma rays emitted during proton radiotherapy with a

three-stage Compton camera 1s theoretically feasible.
However, this study only aims to count and optimize the number of triple-scatter events
within the camera, thus giving a theoretical estimation of maximum detector efficiency

Advantage of Compton cameras is 3D Image reconstruction of point source
imaging with proper image reconstruction Without ET With ET

Image reconstruction of PG from proton beam

y [em]

Initial guess | (a) 1,000 iterations (b)
P! | o

ylem]

- g;-eam/'
10,000 iterations

ylam]

| Polf et al n
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i 4
Detector properties (esp. energy resolution) and physical processes (e.g.,
Doppler broadening of energy spectra from Compton interaction between y-
rays and moving electrons bound to atoms) crucial to achievable resolution

The ARM (angular resolution measurement) is defined as the width of
the Compton cone (arc) reconstructed from each photon event

(Ez,r2)

Sketch explaining the ARM. A photon source

in position ry emitting an energy E,is realistically ~ source (E,ro) q
depositing an energy E,, at r,,, from the scattering e

and the rest energy E,, atr,.. S of2m)

The ARM is define as 0, - 0, where 0, is calculated
from measured interaction positions and the real
direction of the source and 6, is calculated from the
measured energy deposits.

The position uncertainty carries the error of 0, and
the energy resolution carries the error of 0,.

Compton camera
Towards 3D imaging
@Maryland Proton
Therapy center

3D reconstructed
prompt gammas
(@ 2 Gy)

TPS Dose

25



01.07.2020

elgetionics

Compton .
camera

Water — total
E,=225 MeV—— E (prompt)
— E (delayed

# events: 1

# events: 2 # events: 3

2000 3000 4000 5000 6000 7000
Energy [keV]

imaaina?

Positron-annihilation gammas Prompt gammas

PET PG

Requires dedicated instrumentation
Not all implementations provide 3D

- Proven imaging technologies, with many
ongoing developments for nuclear medicine

applications (eg ultra-fast TOF) imaging capabilities
- Intrisically 3D, possibility also of - Online, real-time (no washout issue)
combination with tracer imaging - Possibility to provide spectroscopic
- Issues of washout and ,,slow” response information
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Compton cone:
prompt y

Scatterer: DSSSD Courtesy T. Nishio, A. Miyatake, NCC Kashiwa

QST International Research Initiative (IR1)

Whole gamma imaging (WGI) research
Lang, ..., Parodi, Thirolf, JINST 2014

Parodi, NIMA 2015
V. Anagnostatou...K. Parodi H & 9
"M: EU Project HIPPOCRATE Yim

-~ o= Katia Parodi Taiga Yamaya
marecorie M, Safari, Humboldt Fellowship g

Alexander von Humboldt @
Stiftung/ Foundation m Q-ST

ACTIONS

Proposed whole gamma imaging (WGlI)

Whole gamma imaging (WGI)

Scatterer

Absorber

NIRS EUTRERAA EFAPRATRERMS RRESS AT ($HOST

01.07.2020
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Proposed whole gamma imaging (WGI)

Whole gamma imaging (WGI) Expected advantages in nuclear medicine

* Add SPECT function to PET (2-in-1)
* Collimator-less SPECT

* Wide energy range of imaging

* Multi tracer imaging

* Higher sensitivity in PET

NIRS MUMREREA BFNCRAARERENE MNEESR AT QST

66Ccm

WGI prototyping

w7 Absorber

GSO (2.8x2.8x7.5mm3)
4-layer DOI OXIDE

Scatterer
GAGG (0.9x0.9x6.0mm3) —
-4 non-DOI gf__.)..l

NIRS EURRBRAA BFNPEATRBRMG NEREFBATRAR ($HOST

01.07.2020
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WGI prototyping

T Yamaya, et al, SNMMI2017, No.152

Absorber

GSO (2.8x2.8x7.5mm?3)
4-layer DOl OXIDE

£
(8]
(]
©
Scatterer
GAGG (0.9x0.9x6.0mm3)
non-DOI
NIRS HUHEBREA BINFERHEARE RRE R AT QST
Com pton IMmaging Of mice
Kyoto U JAXA Riken Waseda U
S. Kabuki et al S. Takeda et al O e 013 A. Kishimoto et al
NIMA p606, 2010  'EEE TNS p70, 2012 e NIMA p656, 2017

Gas + GSO

NIRS

Si + CdTe Ge + Ge GAGG-GAGG

91364 keV) #5r(514 keV)

Wcred | @k g
P ] L T e

. oo Bl K’

-FD&, 2" rsrcl,-saline

131 jon 18F

131 NaOH
#SrCl,-HCL

ETHARBEFEA BFRPRETRMARME REEFGAHER @Q_ST

01.07.2020
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HL
EC

77%
8my(15.7 s)

89y (stable)

*  89Zr-oxalate (9.8 MBq)
* 22 hours past injection
* 1 hour measurement

NIRS

HL
@ (3.27 d)
EC

77%
89my(15.7 s)

89y (stable)

*  89Zr-oxalate (9.8 MBq)
* 22 hours past injection
* 1 hour measurement

NIRS

B+
(23%) ”
909keV

(100%) \

pr -

(23%)
909keV

(100%) N\

| Hideaki Tashima SNMMI2019

511keV

‘ 897Zr ’

Compton mode

909keV

EUARAREA BEFRFRMMATHRERE REREFESHIRT

Jan 08 2019

&QST

| Hideaki Tashima SNMMI2019

511keV

‘ 89Zr ’

Compton mode

ETHRRREA BFRIPRIGATRANRE REREFESHTRT

Jun 01 2019

@QstT

01.07.2020
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| Hideaki Tashima SNMMI2019

Jun 01 2019
. :
_NIRS HUHEBREA BINFERHEARE RRE R AT QST

HL
@y

% 23%
8mY(15.7 5) L (23%)

909keV
Compton mode
Y (stable) (200%) Ny

897r-oxalate (9.8 MBq)
22 hours past injection
1 hour measurement

909keV

* Prototype small animal Compton (a), PET (b) and hybrid Compton (y)-PET (c)

Compton cone:
Ty

for proton range verification

Scatterer/Tracker:

a)

¢ |dentification,
reconstruction and
exploitation of different
emissions | compton | SN Compton-PET | §

m. "S”afari...Parodi, to be presented at PTCOG
+  Optimization of WGI for range monitoring of radioactive ion beams
B A R-B4
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- |LuowiG-
MAXIMILIANS:
UNIVERSITAT
MONCHEN

Comparison meas. vs. prediction so far based on engines (mostly MC) external to TP
Analytical PET calculation & ongoing integration of prompt gamma

o . . “u ian” RaySearch
in a research version of TPS “RayStation Lab\[,ratories

v
IS

w
o

Number PG (x10°)

(data courtesyy
J. Bauer,
J. Debus)

Number PE (x10°)
-
]

o
=

Pinto...Parodi, PMB 2020

Pinto, Kréniger, ...E. Traneus, K. Parodi, ICCR 2016 Demo @ ASTRO 2018

PET and PG production Tissue elemental composition (e.g., from
yields or cross sections DECT or MRI)

g

. ) cppzmyc | —

" w m w0 w0 W (R
Uretic s v E eV

w0
9

Horst et al, PMB 2019

£ Tissue  MR-DECTje  MR-SECTyy
g CSF 066 066

3 GM 0.67 0.41

H WM 0.61 0.54

£

Bauer ... Parodi,
Radiother Oncol, 2018

Berndt, Landry,
...Parodi, PMB 2017
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LUDWIG-
MAXIMILIANS-
UNIVERSITAT

MONCHEN

* Many years after initial propositions, in-beam PET and PG imaging
are becoming mature technologies for clinical translation

* Additional prospects of WGI also for nuclear medicine imaging

* Several ongoing efforts to utilize all information enclosed in the nuclear
emissions, possibly complemented by other imaging information ...

...yet still a lot to do to fully
exploit Bragg Peak clinically

Thank yow
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