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Prof. Dr. Katia Parodi

Chair of Experimental Physics – Medical Physics

Imaging in 
Medical Physics
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Organisational information

Contact data (in normal times…):

Lehrstuhl für Experimentalphysik - Medizinische Physik

Am Coulombwall 1, 85748 Garching b. München 

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!
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Make the invisible visible

Nuclear-based emission mechanisms

• Signal fall-off is closely correlated to 
Bragg peak position due to lower 
cross section thresholds than for PET

• Fast (sub-ns) emission eliminates 
issue of biological washout

g

g

Enghardt, … Parodi … Nucl Instrum Meth A 2004; Parodi et al Nucl Instrum Meth A 2005

Time in s

Beam off (PET signal)

Beam on (noise)

Prompt g as background of PET

Standard techniques for 
random coincidence 
correction fail during 

beam extraction 

12C ions, E = 426.11 MeV/u, TRF = 248.4 ns

RF
Ions Prompt g
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« Instead of using positron emission, could we use prompt g ? » 
Y. Jongen

5

Prompt g for range verification

L. Tian, PhD Thesis 2020

Prompt g for range verification



01.07.2020

4

 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 

How to measure PG?

Pioneering investigations of 90° angled prompt gammas in Korea:

- 100, 150, 200 MeV protons

- CsI detector with collimator and neutron shielding

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

Prompt g for proton range
verification
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Z = 8mm
Z = 26mm

1 July 2020

Same production mechanism as for protons, but more exp. challenges
- Tradeoff between counting statistics and spatial collimation
- More massive background (neutrons!) 

First investigations of 90° angled PG 
for primary 13C ion beams in France:

Applied Physics Letters 93 (2008)

Prompt g for C ion range
verification

PG peak!

Separation of neutron background via TOF

Monte Carlo studies on 
prompt gamma imaging

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

Janssen,…Parodi, Verhaegen, PMB 2014

How does correlation change in 
realistic clinical-like scenarios?
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Moteabb, España, Paganetti, PMB 2011

PG vs PET: Ideal 100% detection efficiency, 
volumetric imaging, no background 

Monte Carlo studies on 
prompt gamma imaging

Moteabb, España, Paganetti, PMB 2011

PG vs PET: Ideal 100% detection efficiency, volumetric imaging, no background 

Monte Carlo studies on 
prompt gamma imaging

Better range correlation due to lower
energy threshold of reaction cross sections
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Monte Carlo studies on 
prompt gamma imaging

Dose Prompt g

Schmid, … Parodi, Dedes, PMB 2015

Range shift
recovery
within ± 2mm
(site dependent)

Monte Carlo studies on 
prompt gamma imaging

Range Verification and Tissue Composition Analysis

Energy deposition PG production

Bone

Rib
Muscle

Fat
Lung

Polf et al, PMB 2009

First time idea of using PG imaging not only to 
infer correlation with proton dose, but also to 
obtain information on tissue composition
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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 

Detector development for 
prompt gamma imaging

Roadmap to clinical applications?

Detector development for 
prompt gamma imaging

Detector Design Studies: Knife-edge shaped slit

MC study to optimize E deposition 
thresholds to trigger a measurement in 
the detector, to discriminate PG emission 
from secondary n and scattered p and g
interacting with the detector

Bom et al, PMB 2012
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Detector development for 
prompt gamma imaging

Detector Design Studies: Knife-edge shaped slit

Bom et al, PMB 2012

Concept behind first 
clinical prototype

Proton pencil beam (scan the 
tumor, spot by spot,  in X, Y, Z)

Slit collimator

Scintillator + 
photodetector
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Realistic geometry optimized with MC

19

 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!

D. Prieels, F. Stichelbaut, F. Roellinghoff et al, IBA et ENVISION

Detection profile in the scintillator for 109

protons (~1 Gy) & for 3-6 MeV window.

Concept behind first 
clinical prototype

20

 5 mm shifts in proton range generate corresponding shifts in detection profile

Detection profile in the scintillator for 109

protons (~1 Gy) & for 3-6 MeV window.

Concept behind first 
clinical prototype

D. Prieels, F. Stichelbaut, F. Roellinghoff et al, IBA et ENVISION
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21

Detection profile in the scintillator for 109

protons (~1 Gy) & for 3-6 MeV window.

Concept behind first 
clinical prototype

D. Prieels, F. Stichelbaut, F. Roellinghoff et al, IBA et ENVISION

 5 mm shifts in proton range generate corresponding shifts in detection profile

Slit collimator

Scintillator + 
photodetector

First clinical evaluation with passively 
scattered proton delivery at UPTD Dredsen

C. Richter et al, Radiother Oncol 2016

Prompt gamma range verification:
The clinical experience

PG signal variations consistent with dose 
calculations on in-room control CT
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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

Prompt gamma range verification:
The clinical experience

Xie et al IJROBP 2017, Courtesy Kevin Teo, UPENN

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

1 D prompt gamma signal

Proton depth-dose

Range shift

Expected

measured

Prompt gamma range verification:
The clinical experience

Courtesy Kevin Teo, UPENN



01.07.2020

13

Prompt gamma range verification:
The clinical experience

Fr
ac

ti
o

n
 #

2
8

PG shift (meas. vs prediction) 
[mm]

Layer #4
148 MeV

Over 
ranging

Under 
ranging

• Example of spot-by-spot analysis 

• To increase signal statistics (hence range 
retrieval reliability) neighboring spots are 
aggregated with Gaussian kernel

Planned
Measured

Xie et al IJROBP 2017, Courtesy Kevin Teo, UPENN

• Average shifts weighted by the beam spot weight per layer 
in all three fields – inter-fraction

Xie at al IJROBP (2017)

Prompt gamma range verification:
The clinical experience
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Second PBS Patient Scan -
Complex Case

• 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 CTInitial CT

Initial Plan

Eval CT

Replan

Courtesy Kevin Teo, UPENN

Results – Second Patient

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

Anatomical 
change region

Range shift from 
anatomic change 
detected in Layer 5

LSO1 Field Courtesy Kevin Teo, UPENN
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Issues related to considered 
detector system

• 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

H
U

Simulated

Measured
R

a
n
g
e
 s

h
if
te

r

Courtesy Kevin Teo, UPENN

Going behind first clinical 
prototype ?

Proton pencil beam (scan the 
tumor, spot by spot,  in X, Y, Z)

Slit collimator

Scintillator + 
photodetector
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@ MGH Boston

Spectroscopic identification 

of individual gamma lines
Verbourg et al, PMB 2013

Range verification with 
prompt gamma spectroscopy

Range verification with 
prompt gamma spectroscopy

New human-scale prototype combining mechanical collimation with detectors 
of excellent energy/time resolution (LaBr3) for PG spectroscopic information

Hueso-González…Verburg, PMB 2018

Clinical evaluation just started
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Range verification with 
prompt gamma spectroscopy

Hueso-González…Verburg, PMB 2018

Dedicated calculation model based on prior measurements to

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

Range verification with 
prompt gamma spectroscopy

Hueso-González…Verburg, PMB 2018

Dedicated calculation model based on prior measurements to

• Calculate the expected PG signal detected counts in the detector

Top and side view
of target, collimator
and detectors
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Range verification with 
prompt gamma spectroscopy

Dedicated calculation model based on prior measurements to

• Calculate the expected PG signal detected counts in the detector

• 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:

Hueso-González…, PMB 2018

Model prediction of detected counts with range error scenario

Target nucleus
Gamma line

Detector Measured gamma-ray counts for
spot s, line l, detector row r and
absorption process a *

Target concentration correction factor

Absorption process

*

Hueso-González…Verburg, PMB 2018

Range verification with 
prompt gamma spectroscopy

Oxygen

Carbon

Absolute range determination with 1 mm precision (2) at clinical doses has shown 
possible in phantom (for pencil beams of sufficient statistics)
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Prospects of PG 
spectroscopy

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

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

Elemental concentration with 
prompt gamma spectroscopy

Tracking different oxygen concentrations after 7 cm water
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Ion beam

(IPN Lyon)

Prompt gamma range verification:
The (possible) future

Collimated camera 
- Multislat collimator

(several parameters to 
optimize)

- Time-of-Flight for 
neutron suppression

Promising simulation studies and first prototypes under development

Cambraia Lopes…Parodi, Schaart, Phys Med 2018

Prompt gamma range verification:
The (possible) future

Removing massive collimators?
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C. Golnik et al, PMB 2014

Prompt gamma timing: new range 
monitoring concept without need of 
directional collimation

Range verification with 
prompt gamma timing

Werner…Pausch, PMB 2019

Custom-made prototype under development for future clinical
translation to capture gross errors @ Oncoray Dresden

Compton camera
- Electronic collimation exploiting Compton kinematics
- For full absorption in second layer, E0=E1+E2 can be used 

to fully characterize scattering angle 

Range verification with 
Compton imaging

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

and scattering angle  can be again determined, constraining
origin of incident photon to a cone surface
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(IPN Lyon)Compton camera
 Several configurations scatterers / 

absorbers and underlying detector 
technologies (scintillators, solid state)

Range verification with 
Compton imaging

PhD Thesis Silvia Liprandi

 Electron tracking (ET) adds 
possibility to resolve Compton 
kinematics from total 
scattering angle , reducing 
uncertainty in the origin of 
incident photon to an arc

Range verification with 
Compton imaging

2 stage Multiple stages Electron tracking (ET)

- 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  

PhD Thesis Ingrid Lozano
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Example of first detector design studies on three-stage 
Compton camera for proton range monitoring

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 16O (6.13 MeV), 12C (4.44 MeV) and 14N (2.31 MeV) PGs

High purity Ge detectors

Range verification with 
Compton imaging

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

Range verification with 
Compton imaging
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Example of first detector design studies on three-stage 
Compton camera for proton range monitoring

Range verification with 
Compton imaging

* For comparison, first knife-edge slit solution of Bom et al foresaw 8.6  10−5 hits/proton

3D image reconstruction in 
Compton imaging

Image reconstruction of point source

Without ET With ET

Advantage of Compton cameras is 3D 
imaging with proper image reconstruction

Image reconstruction of PG from proton beam

10,000 iterations

Initial guess 1,000 iterations

Ground truth

Polf et al
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3D image reconstruction in 
Compton imaging

Detector properties (esp. energy resolution) and physical processes (e.g., 
Doppler broadening of energy spectra from Compton interaction between g-
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

Sketch explaining the ARM. A photon source
in position r0 emitting an energy E0 is realistically 
depositing an energy E1m at r1m from the scattering 
and the rest energy E2m at r2m. 

The ARM is define as g - e where g is calculated 
from measured interaction positions and the real 
direction of the source and e is calculated from the 
measured energy deposits.

The position uncertainty carries the error of g and 
the energy resolution carries the error of e.

PhD Thesis Silvia Liprandi

Compton camera
Towards 3D imaging
@Maryland Proton 
Therapy center

TPS Dose

3D reconstructed
prompt gammas
(@ 2 Gy)

E Draeger et al, PMB 2018

Range verification with 
Compton imaging



01.07.2020

26

Design for g and electron tracking 

P. Thirolf, C. Lang, S. Aldawood, S. Liprandi… K. Parodi, LMU

Water target

electronics

Compton 

camera

Prompt g

DSSSD

LaBr3PMT

The LMU Compton camera

Water 

Ep=225 MeV

16O*

total
E (prompt)

E (delayed)

PET or PG imaging? 

PET PG
- Proven imaging technologies, with many

ongoing developments for nuclear medicine
applications (eg ultra-fast TOF)

- Intrisically 3D, possibility also of
combination with tracer imaging

- Issues of washout and „slow“ response

- Requires dedicated instrumentation
- Not all implementations provide 3D 

imaging capabilities
- Online, real-time (no washout issue)
- Possibility to provide spectroscopic

information

Richter et al, Radiother Oncol 2016Ferraro et al, Sci Rep 2018
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Next-generation 
of hybrid detectors

Lang, ..., Parodi, Thirolf, JINST 2014
Parodi, NIMA 2015 

Courtesy T. Nishio, A. Miyatake, NCC Kashiwa

V. Anagnostatou…K. Parodi
EU Project HIPPOCRATE 

M. Safari, Humboldt Fellowship

Proposed whole gamma imaging (WGI)

Whole gamma imaging (WGI)

Scatterer

Absorber
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Proposed 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

Whole gamma imaging (WGI)

WGI prototyping

6
6
c
m

2
0
c
m

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

Scatterer
GAGG (0.9x0.9x6.0mm3)
non-DOI
SiPM
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6
6
c
m

2
0
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m

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

Scatterer
GAGG (0.9x0.9x6.0mm3)
non-DOI
SiPM

WGI prototyping
T Yamaya, et al, SNMMI2017, No.152

Compton imaging of mice

Kyoto U
S. Kabuki et al 
NIMA p606, 2010

JAXA
S. Takeda et al 
IEEE TNS p70, 2012

Riken
S. Motomura et al 
J. Anal. At. Spe. 934 2013

Waseda U
A. Kishimoto et al 
NIMA p656, 2017

Gas + GSO Si + CdTe Ge + Ge GAGG-GAGG

131I ion 18F-FDG

131I-NaOH

85SrCl2-HCL

zrSrCl2-saline
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• 89Zr-oxalate (9.8 MBq)
• 22 hours past injection
• 1 hour measurement

89Zr

89Zr

909keV

89Zr (3.27 d)

89mY(15.7 s)

89Y (stable)

b+

(23%)

909keV
(100%)

89Zr

511keV

PET mode

Compton mode

EC
77%

HL

89Zr-WGI

MIP Front

Jan 08 2019

Hideaki Tashima SNMMI2019

89Zr-WGI

Jun 01 2019

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

89Zr

89Zr

909keV

89Zr (3.27 d)

89mY(15.7 s)

89Y (stable)

b+

(23%)

909keV
(100%)

89Zr

511keV

PET mode

Compton mode

EC
77%

HL

Hideaki Tashima SNMMI2019



01.07.2020

31

89Zr-WGI

Jun 01 2019

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

89Zr

89Zr

909keV

89Zr (3.27 d)

89mY(15.7 s)

89Y (stable)

b+

(23%)

909keV
(100%)

89Zr

511keV

PET mode

Compton mode

EC
77%

HL

Hideaki Tashima SNMMI2019

• Prototype small animal Compton (a), PET (b) and hybrid Compton (g)-PET (c)
for proton range verification

62

Scatterer: GAGG

b)a) c)

Ongoing work at LMU

AG Thirolf, ERC Project SIRMIO (PI Parodi), ERC Project BARB (PI Durante)

• Optimization of WGI for range monitoring of radioactive ion beams

Compton

p beam

PET
Compton-PET

Compton-PET

• Identification, 
reconstruction and 
exploitation of different 
emissions

M. Safari…Parodi, to be presented at PTCOG
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in a research version of TPS “RayStation”

Analytical PET calculation

PET Calculation

PET Measurement

Integration in 

clinical workflow

(data courtesy

J. Bauer, 

J. Debus)

Dose PG

& ongoing integration of prompt gamma 

Pinto…Parodi, PMB 2020

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

Comparison meas. vs. prediction so far based on engines (mostly MC) external to TP

The needed data for
reliable signal

predictions

Tissue elemental composition (e.g., from
DECT or MRI)

Bauer … Parodi, 
Radiother Oncol, 2018

PET and PG production
yields or cross sections

Horst et al, PMB 2019 

Verburg et al, PMB 2013

Berndt, Landry, 
…Parodi, PMB 2017
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…yet still a lot to do to fully
exploit Bragg Peak clinically

Conclusion & Outlook

Thank you

• 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 …


