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

Previous lectures: PET & SPECT in nuclear medicine

Physical rationale
of ion beam therapy

Sources: DKFZ Heidelberg & GSI Darmstadt; Nuclear Physics for Medicine Report, NUPECC, 2014

Physical selectivity
 Depth-dose profile (Bragg-Peak)
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Flexible beam delivery
 Pencil beam scanning

Better dose distributions
 Optimal conformation of

dose to tumour
 Sparing of organs at risk

and healthy tissue
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Challenges in clinical practice

In-vivo range verification?

Increased sensitivity to uncertainties in beam delivery
- Anatomical changes (inter- and intra-fractions)

M. Engelsman et al, 

Seminars Rad. Onc. 2013

- Tissue stopping power (relative to water, SPR) 

Bauer et al, HIT

Make the invisible visible

Nuclear-based emission mechanisms
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Nuclear-based in-vivo 
treatment visualization

• Nuclear reactions induce measurable emerging radiation

p or 12C

Target (e.g., 16O)

Projectile fragment (Z>1)
(vf ~ vp )

Target fragment (vt ~ 0 )

„Prompt“ p, d, t, n, g, …
„Delayed“ radioactive decay

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

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

K. Parodi et al.: IEEE T. Nucl. Sci. 52 (2005) 778; M. Priegnitz et al.: Phys. Med. Biol. 53 (2008) 4443

Therapy beam 1H 3He 7Li 12C 16O Nuclear medicine

Activity density / Bq cm-3 Gy-1 6600 5300 3060 1600 1030 104 – 105 Bq cm-3

Target fragmentsZ < 6

1H: E = 110 MeV

Target: PMMA

15O, 11C, 13N ...

Target fragments

12C: E = 212 AMeV

Target: PMMA

15O, 11C, 13N ...

11C,
10C

Projectile fragmentsZ  6
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PET for range verification 
of ion beam therapy
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PET for range verification 
of ion beam therapy

+-emitting
isotopes

Half-life

11C 20.39 min
10C 19.3 s
13N 9.97 min
12N 11.0 ms
15O 2.03 min
14O 1.17 min
30P 2.50 min
38K 7.36 min

Typically produced isotopes 
(target or projectile fragments)

Example of activity decay after p 
irradiation of gelatine

M. Würl, MSc Thesis LMU 2014

First investigation on PET 
verification of ion therapy

20 min after 4He irradiation at remote positron camera
Immediately after p irradiation
with on-line positron camera
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PET imaging workflows

Imaging workflow

Measured activity

Treatment plan

Issue of biological washout

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

Toramatsu…Yamaya, Phys Med Biol 65 (2020) 105011
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Instrumentation

In-beam/On-board:
NCC (Japan): p, passive, cycl., planar

camera (0s after irradiation)
GSI (Germany): 12C, scanned, synchr.

(pauses of irradiation)

GSI
Miyatake et al, MedPhys 2010

NCC

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

MGH website 2014Min et al, IJROBP 2013

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)

HIT Heidelberg

Siemens 
Biograph mCT

Typical data analysis workflow

Courtesy J. Bauer, HIT 14

PET-Measurements

X Fractions:

PET and CT

TP-CT or PET-CT

Patient

Treatment Planning

PLAN
STRUCTURES

DOSE

TP-CT

Dose

TP-CT

MC Simulation (FLUKA)

β+ Isotopes

per projectile

- Time Course (Activity)

- Wash-Out

- CT co-registration
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Reliable (~1-2 mm) 
range verification 
in bony structures

Field 1

Field 2

mGy

TPS Dose

Bq/ml

PET/CT Meas 
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Bq/mlBq/ml

PET Sim             (on TPS-CT) PET Sim             (on TPS-CT) 

Bauer, …, to be published

TPS Dose PET Sim              (on TPS-CT) PET/CT Meas 

Challenges from 
knowledge of 
biological washout 
and elemental 
tissue composition

Clinical experience for p with 
commercial offline PET/CT 

HIT 

Siemens Biograph

MGH 

Siemens Biograph

3GyE 12C ~ 17 min

~ 13 min 

30 min 

- Suspected mispositioning supported

by new simulation on CT from PET/CT

- New treatment plan was performed to 

improve robustness against variations
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map in 
BEV

Clinical experience for 12C with 
commercial offline PET/CT 

HIT 

Siemens Biograph
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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)

TPS dose

Meas. PET

Calc. PET

Zhou et al PMB 2011, Min et al IJROBP 2013 

- ~ 2 mm co-registration errors despite robotic couch 
and radioactive markers

- Limited bore of scanner (only head and pediatric cases)

Clinical experience for p 
with dedicated in-room PET

MGH

1998

Prediction

Measurement

Since 1999

Prediction

Measurement

18K. Parodi30 June 2020

Clinical experience for 12C  
with dedicated in-beam PET

Eliminate or 

reduce 

systematic 

error

Experimental 

refinement of

R(HU) calibration

in tissue samples

GSI

Assessment of systematic range deviations
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Original-CT Modified CT

Fast PET recalculation+-activity: prediction +-activity: measurem.

Hypothesis on the reason for the 
deviation from the treatment plan

Dose recalculation

Modified CTOriginal-CT

Original-CT Modified CT

Interactive CT manipulation

New CT CT after

PET findings

K. Parodi, TU Dresden, Ph.D. Thesis (2004); Enghardt, Parodi et al, Radiother. Oncol. 2004

Indirect estimation of the dose deviation

GSIClinical experience for 12C  
with dedicated in-beam PET

Lessons learnt 

20

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

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
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~ 3-5 min

~ 30 min

In-beam (only PET)
+ patient in treatment position
+ reduced washout
+ highest count rate
- limited detection area (dual head)
- high integration costs, prototypes
- high background signal
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Next-generation detectors:

Single ring OpenPET

109 12C/s 

Spill off + beam off
(23min)
MAP-EM
1.5 mm3 voxel

Dose (meas.)

PET (meas.)

Courtesy of T. Yamaya, NIRS

Full ring 

7.6 mm

Next-generation detectors:

Dual-head

Proton treatment plan

Measured activity over time, fr. 1 

Measured activity over time, fr. 2 

Clinical evaluation for p and
12C ions at CNAO started
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23K. Parodi30 June 2020

Further future developments:
Time-of-flight in-beam PET

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

tA=
𝐿

2𝑐
+ 
𝑥

𝑐

tB=
𝐿

2𝑐
-
𝑥

𝑐B

A

L

t=tB-tA = 
2𝑥

𝑐

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 (t = 200 ps) a resolution of 3 cm is achieved

What are the prospects and consequences of ongoing detector advances?

24K. Parodi30 June 2020

Further future developments:
Time-of-flight in-beam PET

https://the10ps-challenge.org/

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

Prospects

Consequences
The photon time of arrival difference TOF could be used to directly compute
on an event-by-event basis the location of the positron annihilation rann

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

being ra and rb the coordinates of hit crystals

Direct image reconstruction without backprojection!!!

https://the10ps-challenge.org/
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25K. Parodi30 June 2020

The 10 ps TOF challenge

→ Reduced limited angle artifacts

for dual-head designs

→ Reduced reconstruction time

towards „real-time“ imaging

2630 June 2020

12C ion treatment at GSI: planned dose Calculated in-beam TOF-PET images

Further future developments:
Time-of-flight in-beam PET

Crespo et al, PMB 2007

GSI
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Towards direct dose 
reconstruction

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

Recent proposal of different strategies for direct dose reconstruction

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

𝑃 𝑧 = (𝑓 ∗ 𝐷)(𝑧)

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

Parodi and Bortfeld PMB 2006

And ist recent extension to 12C ions

Hofmann …Parodi PInto PMB 2019

Towards direct dose 
reconstruction

However major obstacle is poor image
quality and washout issue in real data

Remmele…Bortfeld PMB 2011

PET meas Rec. dose

Promising results on simulated data & experimental data in phantoms

TPS dose

Besides already mentioned
improved imaging strategies, 

how to improve SNR and
correlation of dose to activity?

PET MC Rec. dose

Remmele…Bortfeld PMB 2011

Proton therapy with offline PET imaging

TPS dose

MGH 

Siemens Biograph

12C ion therapy with in-beam PET

On Simulated data On measured data

Hofmann, Pinto…Parodi, PMB 2019

NIRS 

OpenPET
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PET imaging for verification 
of ion therapy

In-situ, non-invasive detection of +-activity

2930 June 2020

From the winter term lecture

Formed as by-product of irradiation in nuclear fragmentation reactions

Injected to the patient in irradiation with primary +-radioactive ions

Durante et al Phys Rep 800, 2019 

First studies on PET from 
radioactive ion beams (RIB)

Figure 6  Photograph of PEBA-II camera in vertical position at the
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

1980th: PEBA at BEVALAC with 19Ne from 20Ne

Chu et al, Rev Sci Instrum 64 (1993) 2055
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Investigations of RIB at NIRS

E. Urakabe et al, Jpn. J. Appl. Phys. Vol. 40, p. 2545, 2001

Investigations of RIB at NIRS

• Half life: ~20 min 
• 3 spills
• Scan time: 23 min

• Half life: ~2 min
• 2 spills
• Scan time: 13 min

2.3 mm

0.7 mm

15O (7x106 pps)

11C (6x106 pps)
Measured dose
PET

Measured dose
PET

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

NIRS 

OpenPET

Courtesy of T. Yamaya, NIRS
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Investigations of RIB at NIRS

NIRS 

OpenPET

Correlation PET – dose maximum
depends on quality of RIB beam (p/p)

RIB quality & available beam intensity
depends on RIB production mechanism

Mohammadi,…Parodi, Yamaya PMB 2019 

Revival of RIB for therapy
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Make the invisible visible

Nuclear-based emission mechanisms

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

37

Prompt g for range verification

L. Tian, PhD Thesis 2020

Prompt g for range verification
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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 

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

30 June 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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Monte Carlo studies on 
prompt gamma imaging

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

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

 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?


