Prof. Dr. Katia Parodi
Chair of Experimental Physics — Medical Physics

Imaging in
Medical Physics

SS 2020

7

1
!
R

Contact data (in normal times...):

Lehrstuhl fur Experimentalphysik - Medizinische Physik
Am Coulombwall 1, 85748 Garching b. Munchen

Telefon:+49(0)89 289-14085
Fax:+49(0)89 289 14072
E-Mail: katia.parodi@physik.uni-muenchen.de

Consultation upon appointment
and for time being only email contact!

30.06.2020


mailto:katia.parodi@physik.uni-muenchen.de

LUDWIG-
MAXIMILIANS-

Today: Unconventional applications of
PET & single gamma imaging in ion beam therapy

LUDWIG-
MAXIMILIANS-

Physical selectivity Flexible beam delivry

— Depth-dose profile (Bragg-Peak) - Pencil beam scanning

Relative dose (%)
- B 5 3 8 B 8 &

e— Tumor-

4 L] L] 1 1-2
Depth in water (cm)

Better dose distributions

- Optimal conformation of
dose to tumour

- Sparing of organs at risk
and healthy tissue
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Increased sensitivity to uncertainties in beam delivery
- Anatomical changes (inter- and intra-fractions)

Tissue stopping power (relative to water, SPR)

Increased

density
160 Beam Direction
e

M. Engelsman et al,
Seminars Rad. Onc. 2013

Dose (%)
3

Protons: Spread-out Bragg Peak

Protons: Pristine Bragg Peak
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Depth (cm) Bauer et al, HIT

In-vivo range verification?
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Nuclear-based emission mechanisms
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CO n Cer Positron-annihilation gammas Prompt gammas
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Nuclear-based in-vivo

* Primary ions are stopped somewhere within the patient, with dose and
range mainly dependent on Coulomb interaction

* Nuclear reactions induce measurable emerging radiation

p or 12C Projectile fragment (Z>1)

- (ve~v,)
O . O—
a4
‘ . ',,Prompt”p, dtn, ..
» 4 ,Delayed” radioactive decay

Target (e.g., 1°0) Target fragment (v, ~0)

Despite intrinsic difference there is usable correlation between
nuclear-induced processes and deposited dose

LUDWIG-
MAXIMILIANS -
UNIVERSITAT

MONCHEN

7Z> 5| Projectile fragments | Target fragments | Z <6 | Target fragments
120 ‘ 12 ' '
r —— Activi - —— Activit 1
1.0 o Dos“gty 1.0 e Dose Y . 5
2 og S Zosh . ]
S 2C:E=212AMeV 5. .
5 04 | Eo4r Target: PMMA 1
= e — | = ¢
o2 _/ lllll 1511 13 ‘s. 1 : 02} 150 1uc, BN
00, — [FOHC BN ... [ | ] e S
20 0 20 40 60 80 100 20 0 20 40 60 80 100
Penetration depth / mm Penetration depth / mm
Therapy beam H | 3He | 7Li | *2C | 180 | Nuclear medicine

Activity density / Bq cm=2Gy? | 6600 | 5300 | 3060 | 1600 | 1030 | 104-10°Bqcm

30.06.2020



30.06.2020

Typically produced isotopes Example of activity decay after p
(target or projectile fragments) irradiation of gelatine

10—
B*-emitting Half-life 1 Measurement
o =~ Fit 11C
isotopes 8l — F:t 13N
1c 20.39 min o= Fit 150
10C 19.3s = +— Fit all isotopes
3N 9.97 min =
2N 11.0 ms H
150 2.03 min <

140 1.17 min
30p 2.50 min
38K 7.36 min

1500 2000
Time Delay [ s ]

FHYS. MED. BIOL,, 1080, vOL. 14, ¥0. 2, 213-204

Tissue Activation Studies with Alpha-Particle Beams
H. D. MACCABEE, a.s., rit.n.t Visualization and Transport of Positron Emission from Proton Activation in

U. MADHVANATH, 5.
and
M. R RAJT, sta, wsc, psc.t G. W. Bennet: J. O, Archambeau: B. E. Archambeau; 1. 1 Melizer; C. L. Wingate

M

Poanes Labamtorr, r[.”'b.,,,’“’w"wf"n[.hﬂ,","' Califorsia Science, New Series, Vol. 200, No, 4346 (Jun. 9, 1978), 1151-1153

Brass collimator, Residual Lucite phantom
12:5mm diam. aperture beam energy 7 5 2%
510 MeV ',/

910-MeV | 2

*2 e beam P Copper absorber,

1.34" thick

101:1%2:0mm
Measured length of
activation track

Positron scintillation camera picture
of resulting activation pattern

Immediately after p irradiation
with on-line positron camera

20 min after “He irradiation at remote positron camera



Irradiati  of positron emitters
Irﬂdl:ﬂo!i;]ﬁéy of positron emitters
I - i
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1"field =] E
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B 2004
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Time/s
— —
Imaging workflow L o

Beam o +— 10 min

) PET/CT

Measured activity

Shakirin et al,

Correlation between initial positron emission production (related to dose)
and activity signal is degraded by biological washout, depending on tissue
type and ion species a) Live condition - C irradiation

b) Dead condition

m,

) i -
- v <
D e n S, »

Top View c) Live condition 150 irradiation d) Dead condition

€0, absorber «

Mouthpiece Anesthesia machir

HC / 0 beam

Range shifter
Rabbit

™ Acrylic Box
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In-beam/On-board:

NCC (Japan): p, passive, cycl., planar
camera (Os after irradiation)

GSI (Germany): 12C, scanned, synchr.
(pauses of irradiation)

v

Miyatake et al, MedPhys 2010

In room: Enghardt et al, NIMA 2004
MGH (USA): p, passive, cycl.,
(~ 2 min after irradiation)

Y o

Min et al, JROBP 2013 MGH website 2014

Offline:

MGH (USA): p, passive, cycl. (~10-20 min after)

NCC (Japan): p, passive, cyc. (~7 min after)

HIT (Germany): p, 12C, scanned, synchr. (~5-15 min after)

T
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/ PatiIent
Treatment Planning MC Simulation (FLUKA) || PET-Measurements
. T TP-CT or PET-CT
!
PLAN
STRUCTURES [—pr Dose
DOSE B* Isotopes

per projectile

X Fractions:
PET and CT
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Parodi et al, JROBP 68, 2007

-150 -100 -50 o 50 160 150
Reliable (~1-2 mm)
range verification
in bony structures
Challenges from
knowledge of
biological washout
, and elemental

— E—— W tissue composition
'n" 50 100 150|200 250 0 20 40 60 80 100120140160 .

D 02 04 06 08 1.[12 14 16 1.8 Bg/miM Bg/ml PET
Gy TPS2W

- Suspected mispositioning supported
by new simulation on CT from PET/CT

- New treatment plan was performed to
improve robustness against variations

a0l 0
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Experience from full-ring in-room PET at MGH (p)
+ 5 min measurement started 2 min after irradiation end
similar to 20 min scan

+ Range agreement mostly within £3 mm (4 - 11 mm rms)
- ~ 2 mm co-registration errors despite robotic coucg“o“

and radioactive markers e\la
- Limited bore of scanner (only head aéqd,\fsféalatrlc cases)
12 o Case, ase, =
" STE I\ - A
« Case 6 Case_7 .\ 4 Case 4 v Case
E 8 + Case 8 o Case 0 e%‘ 5 16 « Case 6 » Case_7
g ) '\‘\‘. "a! ii - + Case 8 o Case 9
g 61 Vv v v - «\‘A -E by s a
£ 4 a-artaas . ve ® .:.. . . : .
o a0 § B ffege— .
-3 Q(O" 2o 5 t F o8 twaere 4 o . .
§ S ys 8 . 1 & R BRI *
S’“ ’“? § ; . f it : : g j oo m = S .
< _“1 * . z 2
. 2 o
0

Scan time (min)

Scan time (min)
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Assessment of systematic range deviations
1998 Since 1999

Prediction

Experimental
refinement of
R(HU) calibration
in tissue samples

Eliminate or
reduce
systematic
error

30 June 2020 K. Parodi
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Hypothesis on the reason for the
deviation from the treatment plan

| Interactive CT manipulation |

Original-CT Modified CT

Offline (PET/CT)
+ full ring scanner, state-of-the-art imaging
+ CT: co-registration PET<=> anatomy
+ comparably low costs (com. product)
- time delay between irradiation and
PET scan = washout, low signal
- re-positioning of patient
- very long acquisition time

In-room (PET/CT)

+ patient in treatment position

+ full ring scanner, state-of-the-art imaging
+ CT: co-registration PET¢>anatomy

- so far limited to cranial indications

- prototypes

- required radiation hardness

Registered events/s™

w

-3

3
L

8

CT after
PET findings

g
¢
Irradiation Decay of positron emitters

Shakirin et al, PMB 56, 2011

In-

&
|~30min .
N
n ™ ra—_——
400 600 800 1000 1200
Time/s
beam (only PET)

+ patient in treatment position

+ reduced washout

+ highest count rate

- limited detection area (dual head)
- high integration costs, prototypes
- high background signal

30.06.2020
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DOI detector Dol

Keep resolution in the gap

Dose
= Profile of actvity count (10°9 pps) 11

1k Simuiation f 7.6 mm

109 12C/s

o

Spill off + beam off
(23min)

MAP-EM

1.5 mm?3 voxel

Relative dose (a.u.)
2

)

100 150
Degth in target (mm)

Proton treatment plan

Measured activity over time, fr. 1
A M M

ey e l

Measured activity over time, fr. 2

SIENTIFIC REPg,}RTS

PEN Online proton therapy
monitoring: clinical test of a Silicon-

hotodetector-based in-b: PET “. . - ..- - " "
s itanricdal Clinical evaluation for p and
TR e, 12C jons at CNAO started

11



Further future developments:

LUDWIG-
MAXIMILIANS-

[

T/

For an annihilation located at x from the
middle of LOR between two detector, the
arrival path will be:

B 2¢ ¢

Hence, the spatial resolution with TOF is half
the coincidence time resolution of the detectors
times the speed of light

For state-of-the-art detectors (At = 200 ps) a resolution of 3 cm is achieved

What are the prospects and consequences of ongoing detector advances?

Further future developments:

LUDWIG-
MAXIMILIANS-

Prospects

Recently launched coordinated effort
to harness emerging technologies in
order to cross the 10 ps frontier for
ultra-fast TOF PET

Non-TOF back-projection TOF back-projection with 10ps FWHM CTR

Hoffman brain phantom simutated analytically without nolse (courtesy: Johan Nuyts, University of Leuven).
Consequences
The photon time of arrival difference ATOF could be used to directly compute
on an event-by-event basis the location of the positron annihilation r,,,

Famn = (rb ;ra) + % - ATOF - ‘:"‘ - :bl being r, and r, the coordinates of hit crystals
a— Ip

with an uncertainty only related to the timing resolution of the detectors,
which would reduce to 1.5 mm @10ps TOF coincidence time resolution

Direct image reconstruction without backprojection!!!

30.06.2020
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https://the10ps-challenge.org/
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Physics in Medicine & Biology Q/é% IPEM i essn.

ACCEPTED MANUSCRIPT
Roadmap toward the 10 ps time-of-flight PET challenge

To cite this article before publication: Paul Lecoq et al 2020 Phys. Med. Biol. in press https://doi.org/10.1088/1361-6560/ab9500

Roadmap toward the 10 ps time-of-flight PET challenge

Paul Lecog®*', Christian Morel>*'), John O Prior* ", Dimitris Visvikis* ', Stefan
Gundacker ", Etiennette Auffray’"’, Peter Krizan®"!, Rosana Martinez Turtos'*i,
Dominique Thers’, Edoardo Charbon® ™, Joao Varela® ", Christophe de La Taille'"."",
Angelo Rivettil¥"’ Dominique Breton!2, Jean-Francois Pratte!3 " Johan Nuyts!#®,
Suleman Surti'® ", Stefaan Vandenberghe'®"’, Paul Marsden!”""’, Katia Parodi*®."’, Jose
Maria Benlloch'®, Mathieu Benoit?0':

12C jon treatment at GSI: planned dose

Frontal Transverse

200 ps

Dose (Gy)
Ad

500 ps

Table 5. Comparison of reconstruction times: dTOF versus MLEM applied to a dual-head

p
tomograph with large solid angle (¢ = 46°, figure 2). Computations executed on an Iniel®
Xeon™ CPU 3.20 GHz dual-processor.

B Run time
Image size Number |~
Treatment em?®) of events dTOF*  3D-MLEM (50 iterations)
Head-and-neck 22 x20x20 13x10° |3s 2040 s
Pelvic 0x25%x25 53x106 |10s =12 hours pmograph wih a |
d al views indicate the ficld of view of the
* The image is ready after a single iteration through the data. 2 o
— Reduced reconstruction time — Reduced limited angle artifacts
towards ,,real-time“ imaging for dual-head designs

13
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Towards direct dose

Dose reconstruction is long sought problem in context of PET range verification

Recent proposal of different strategies for direct dose reconstruction
! Parodi and Bortfeld PMB 2006

Filter
== Simu

Exploits analytical relationship between dose
and activity depth profiles for different *-
emitters initially proposed for protons

P(z) = (f * D)(2)

P(z): laterally integrated PE
f(z): the filter function

E3

---- Dose

@

@

Planar Integral of ''C Density (mm ')
o .
Planar Integral Dose (mGy mm’)

= . MC PED
D(z): laterally integrated physical dose = A pred. PED
215
z
. . 120 ; g : 18O 4+ 11C
And ist recent extension to 2C ions = 05
<3
=9}

0 100 200 300

Depth [mm)] -

Towards direct dose

Proton therapy with offline PET imaging 12C jon therapy with in-beam PET

107 On Simulated data """ On measured data

sim,

i
decony.

J#)
w =

deconv.

Dose [Gy mm?
- .=

Remmele...Bortfeld PMB 2011 » l:fpm Li:?:I A S0 100 150 200 250

Hofmann, Pinto...Parodi, PMB 2019 "™ ™)
However major obstacle is poor image

quality and washout issue in real data Besides already mentioned
PEFMieas improved imaging strategies,
how to improve SNR and

correlation of dose to activity?

Remmele...Bortfeld PMB 2011

14
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From the winter term lecture
In-situ, non-invasive detection of B*-activity
Formed as by-product of irradiation in nuclear fragmentation reactions

Dy (partclesmuree;

\ Injected to the patient in irradiation with primary 3*-radioactive ions

V-W

Posterior

FIG. 69. An image of the stopping region created by a compensator to
exclude the spinal cord region of a patient from the Bragg peak radiation.
The bright regions represent the reconstructed stopping regions, and
through their centroids the dashed lines are drawn.

Figure 6 Photograph of PEBA-II camera in vertical position at the Chu et al, Rev Sci Instrum 64 (1993) 2055
BEVALAC treatment room for an experiment with a live dog.

A beam collimator appears at the left and an X-ray plate holder

with cross-hairs for accurate positioning is also shown.

J. Llacer et al., Nucl. Sci. Appl. 3 (1998)111
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SB1

"¢ (350 MeV/u)

N A or "0 (250 Mevi)
F2 F3

N Degrader TOF (stop)

f

F1

15
TOF (start) 0: Al (17.6 mm)

¥~ Production target (Be)

Primary beam of °C (430 MeV/u)
or "0 (430 MeV/u)

Akram Mohammadi, et al., NIMA 2017 p76
Ak'ram Mohammadi et al.,, PMB 2019 145014

. T ';O ) 23mm . Measured dose N

HC(ex10°pps), T e T T T .

* Half life: ~20 min = .
e 3spills L

* Scan time: 23 min:

mw“ count (a.6)

-1

100 150 200 250
Depth in target (mm)
l| | 0.7 mm ... Measured dose ‘
‘ PET T
150 (7x10¢ pps)’ ?“' 13
100 Hosf -D!E
« Halflife: ~2 min = i Jod
o 2spills o oz or
* Scan time: 13 min. A

30.06.2020
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. . 15 o, Simulation: "0 (250 MeV/u) a
Correlation PET — dose maximum ® Simulation: 'C (350 MeViu)
. — Measurement:'°0
depends on quality of RIB beam (Ap/p) Eof + Messuement'lc -
: .
RIB quality & available beam intensity S I
depends on RIB production mechanism gt ot ‘ ) , ‘
% 10 20 30 40 50
FWHM (MeViu)
a) b)

3.8 mm
-—

1, ¢c: Gaussian (170 MeV/u)
'C: Mono-energy (170 MeV/u)

T T FWHM: 20 MeV/u
KA <

08 ~ 08
i 3
S ol —Dose g 06
g 3
T 04 S o0
E £
Z 02 S o2

"o 10 20 30 40 50 60 70 ) 10 20 30 40 50 60 70
Depth in PMMA phantom (mm) Depth in PMMA phantom (mm)

Figure 10. Comparison of the positron-emitting fragments distribution and the dose in the PMMA phantom irradiated with the
1'Cbeam of 170 MeV/u (a) without an energy spread (mono-energetic) and (b) with an energy spread (Gaussian distribution). The
results were obtained from simulation.

ERC BARB

Cantents lists availsble ot ScienceDirect

Nuclear Instruments and Methods in Physics Research B ‘

FLSEVIER iournal homepage: www.elsevier.com/locate/nimb

New developments of ''C post-accelerated beams for hadron therapy O‘"""""
and imaging

b s a < i it ;-
%ss.tzrag'usm . T.M. Mendonca*, F. Wenander, L. Penescu®, R. Orecchia, K. Parodi", A. Ferrari*, The BARB project of Jon Beams) is an ERC
Advanced Grant submitted in the 2019 call and funded in 2020. The idea of BARB
Is to use radioactive (8+-emitting) ion beams for simultaneous treatment and
beam visualization of solid tumors.

W People
Procipal investgator Associate Partner. coPl
OPEN' Monte Carlo investigation of the )
haracteristics of radioactive beams
or heavy ion therapy R s et
Feceived 1 Mar 018 o, Wi " , David Boist', - MPIYI:W:!I:-N Director Prof, Dr. Katia Parod, Ph.D,
el 11 Apeil 2019 el B, Franlin’, isma lwao®, Go Akamatsu, Hideaki Tashima®, i Yashida’, GSt Helmholtzzentrum fur Schwenonenforschung  Medical Physics Department, Head
i Agril 2018 " Puanckstratie | Ludwig-Maxmans-Universitat Manchen (LMU Munich)
© TaigaYamaya' B Anatoly B. Rosenfeld’* 64201 Dermeted: - Germany Am Coulombwall 1 (R127)
Emat M Duanie(atioside 85748 Garching b. Munchen, Germany

Emai: Katia Parodiatimude
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Imaging
particle Nuclear-based emission mechanisms
heams for
cancer Positron-annihilation gammas Prompt gammas
freatment

Jerimy C. ol and Katia Porod o P

.
e
T T e o '

ol Beam on (noise) )
e Beam of (PET signal Standard techniques for
p— gw random coincidence
go correction fail during
gv beam extraction
S .
250 260 20
Timeins
1400 1000+
1200 500
© 1000 . F 1
€ 3 8
3 800/ S5 00 Prompty.
g 600 = © 400
< a0}
200! 200
0 0
0 50 100 150 200 0 50 100 150 200
Time / ns Aty /NS

2Cjons, E=426.11 MeV/u, Tg=248.4 ns

30.06.2020

18



30.06.2020

Distributions with angular cuts (£ AB)

o T T T 0= 2“ T TT T
Primary ¥ - @
[ Secondary ¥ I

N photons
2

E,= 214 MeV (range=28.5 cm)
Phantom size: 40 x 20 x 20 cm?
GEANT 3.21 with hadronic model of Fluka

Secondary y : photons from n-capture and
inelastic scattering

- JID 35 0
R, (g/cm?)

Mo =5 ! ]

N photons

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

5 : 30 -]
R, (g/em?)

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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— 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)

30.06.2020
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- More massive background (neutrons!)

First investigations of 90° angled PG .

for primary 13C ion beams in France:

Separation of neutron background via TOF

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

o
x
=
=]
b
L

4x10°

2x10™4

count per incident ion (ns")

0

Z=26mm ‘U\

ﬂ 511 keV

——

1 2 3

o’ energy (idé\ﬂctu r¢

30 June 2020

30

time (ns)
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z
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Pb PMMA
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7] w pmmptgamma '
3.6x107 1 * neutrons an.su. Sse, s * ° LI
rot
5 3.4x1071 _ o p
] 5 o
|=-“ foC\
p Wi
£ 6.0x10°1 .
5 .
2 4.0x10° o O .
£ .
= 3 -
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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?

180

o

Janssen,...

| R PR [0 D PR B |

---PDD 250 MeV
o PG profile 250 MeV
—fit 250 MeV
---PDD 100 MeV
o PG profile 100 MeV
—fit 100 MeV
@

o

0 50 100 150 200 250 300 350 400

depth (m
Parodi, Verhaegen, PMB 2014

30.06.2020
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3
PG vs PET: Ideal 100% detection efficiency, & ' va
volumetric imaging, no background g
207 PG 1929.8 = 0.6}
g T
= 20
E * PG (50% falloff)
g [ * PET with washout (50% falloff)
5 5] ' PG (20% falloff)
PET 731 PET 5 PET with washout (20% falloff)
no washout with washout § i 'S :
& 10~

UE§ ~§ gg ";g °g
I | I TR %g

Better range correlation due to lower
energy threshold of reaction cross sections

-PG12C
-PG 160
.. PET 12C-11C
.. PET 160-150

-
o

PET 731 PET

no washout with washout

Normalized Cross Section
o
@

*
P’

0.2

(Counts/cGy)

e {
0 20 40 60 80 100 120 140 160 180 200
Proton Energy (MeV)

Moteabb, Espafia, Paganetti, PMB 2011
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Prompt y

singal [%]
3 &8 3
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[
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§O
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128 175 _
146
130 e 116
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S.132, =
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5 £ Range shift
8 28 C
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N -0.2
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VY-

. and Tissue Composition Analysis

Energy deposition PG production

5.0 4 Fat >
30 4.0 2 2 >
- i 338
g2 3.0 "\ LT
s b ~
520 2.0 /
=
£ 15 1.0 \
§ 10 0.0 ——J—J—

3.0
25

Gamma-Ray fluence (%106 em 2+ prolon")

15 -10 -5 o 5 10 15 16 -10 -5 o 5 10 15 2.0
Lateral Distance (cm)
15
First time idea of using PG imaging not only to 1.0
infer correlation with proton dose, but also to gz
obtain information on tissue composition i 0 2 4 6

Energy (MeV)
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Monte Carlo studies on

LUDWIG-
MAXIMILIANS-
UNIVERSITAT

MONCHEN

Prospects of PG spectroscopy for assessing changes of
elemental concentrations related to treatment reponse

8e-8
§ & Fraction 1
© 6e-8
o € Fraction
[=
g ®~Fraction 10
t_é 4e-8 T\\
P Fraction 20
@
£ 2e-8
£
©
(O]

o

3 4 5 6
Energy (MeV)

Polf et al. Phys Med Biol. 2013; 58: 5821-5831

LUDWIG-
MAXIMILIANS.-

Roadmap to clinical applications?

— 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

30.06.2020
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