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‣ Bimodal system (tracker 
under characterization, 
PET installed at CNAO) 

‣ Integrated in the 
treatment room 

‣ Provides a feedback 
during the treatment

in-beam PET
tracker
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A�������: The INSIDE collaboration has recently completed the construction of an in-beam PET
scanner, now under commissioning at the Italian National Center of Oncologic Hadrontherapy
synchrotron facility in Pavia. In-beam PET is one of the options for real-time monitoring of the
Bragg peak range in hadrontherapy sessions, crucial to treatment quality assessments. The system
characterization is ongoing and first measurements with clinical beams showed the capability of the
INSIDE PET to operate during irradiation delivery and to reconstruct the beam-induced activity
map in real-time. The acquired data were compared to the simulations, with very promising results.
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Abstract. The quality assurance of particle therapy treatment is a fundamental issue that
can be addressed by developing reliable monitoring techniques and indicators of the treatment
plan accuracy. Monitoring using Position Emission Tomography (PET) systems is the only
in-vivo non invasive technique employed clinically and has been carried out in particle therapy
since 1997. However, the PET monitoring of β+ emitter isotopes is typically done after the
treatment, resulting in a large fraction of lost data because of the isotopes rapid physical decay.
The INSIDE collaboration has recently installed an in-beam PET scanner at the Italian National
Center of Oncologic Hadrontherapy in Pavia, Italy. Here, there is an ongoing project in order
to start testing the method on patients. This work focuses on the online performances of the
scanner with clinical beams.

1. Introduction
Particle range verification is one of the key issues for treatment quality assessment in
hadrontherapy, and requires the development of reliable monitoring techniques and indicators of
the treatment plan accuracy. Charged particles release all of their energy inside the body, with
a sharp ionization peak at the end of their range called the Bragg Peak (BP), so the only non-
invasive way to verify the treatment accuracy is to collect the secondary radiation generated
by the beam-tissue interactions. Positron Emission Tomography (PET) has been employed
clinically since 1997 [1], and offers the possibility to directly monitor the spatial distribution
of positron (β+) emitter isotopes created during irradiation. Specifically, the emitted positron
annihilates with an electron in the tissue, producing two back-to-back 511 keV photons, which in
turn can interact and release part (i.e., Compton scattering) or all (photoelectric effect) of their
energy in the detection crystals. Two detectors triggering in time coincidence allow the definition
of the line of response associated to a certain annihilation event. To correctly identify the lines
of response the scattered events need to be discarded, so only the 511 keV events (correlated to
the photoelectric effect) are selected. The reconstructed isotopes activity distribution inside the
patient thus gives an insight about the delivered treatment.

Defining the particle range from the activity measurement is not straightforward, because
it has a non-trivial dependency on the ion species, the energy, and the tissue composition.
However, from the activity distribution it is possible to infer the BP position since its profile
along the beam path has a characteristic fall-off a few millimeters before the BP itself [2, 3, 4].
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Bragg peak range in hadrontherapy sessions, crucial to treatment quality assessments. The system
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map in real-time. The acquired data were compared to the simulations, with very promising results.
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Figure 1. Left: the INSIDE in-beam PET installed in one of the CNAO treatment rooms.
Right: schematic picture of the experimental set-up. The beam direction is parallel to the
positive z axis.

The total number of particles delivered per treatment was 38 × 109, resulting in about 1 Gy
of dose. The energy ranges for each plan are reported in Tab. 1. The maximum single event
rate in the photopeak window was 13 MHz, with a coincidence time window set at 2 ns. The
irradiation lasted about 4 min, but data were also acquired in the after-treatment for about
another 6 min.

Table 1. Range energies for two real Treatment Plans (TP), protons.

TP Emin (MeV/u) Emax (MeV/u)

A 83 150
B 62 129

4. Simulations
Since the distributions of β+ radioactivity and dose are not directly comparable, the quality
assessment of charged particle therapy requires the prediction of the β+ activity distribution
from the treatment planning.

A dedicated simulation has been developed in FLUKA [11] and it comprises two steps. First,
the primary beam is simulated with reduced statistics (about 1/100 of the primaries released in
the whole treatment, thus reducing the simulation time of about 70x), and the 3D β+ emitter
distribution is scored. Then, a full statistic Monte Carlo simulation is performed by extracting
the emission time of all positrons.

The simulation accounts for both the INSIDE in-beam PET characteristics and Figs. of merit
and the delivery informations coming from the CNAO Dose Delivery System (DDS) [12]. The
DDS is integrated in the CNAO synchrotron and monitors the space and time structure of the
beam for each delivery. The average beam structure in time is 1 s beam on (in-spill) followed
by 3-4 s beam off (inter-spill). The CNAO beam pipe and nozzle have a known geometry and
have been simulated in previous works [13].

A C++ tool is developed for post-processing the FLUKA events and obtaining a time-based
signal. The simulated and experimental data are analyzed with the same parameters (e.g. equal
coincidence time window, energy window, and acquisition time).

MONTE CARLO SIMULATIONS

the temporal and 
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isotopes 
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the detector 
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Right: schematic picture of the experimental set-up. The beam direction is parallel to the
positive z axis.

The total number of particles delivered per treatment was 38 × 109, resulting in about 1 Gy
of dose. The energy ranges for each plan are reported in Tab. 1. The maximum single event
rate in the photopeak window was 13 MHz, with a coincidence time window set at 2 ns. The
irradiation lasted about 4 min, but data were also acquired in the after-treatment for about
another 6 min.

Table 1. Range energies for two real Treatment Plans (TP), protons.

TP Emin (MeV/u) Emax (MeV/u)

A 83 150
B 62 129

4. Simulations
Since the distributions of β+ radioactivity and dose are not directly comparable, the quality
assessment of charged particle therapy requires the prediction of the β+ activity distribution
from the treatment planning.

A dedicated simulation has been developed in FLUKA [11] and it comprises two steps. First,
the primary beam is simulated with reduced statistics (about 1/100 of the primaries released in
the whole treatment, thus reducing the simulation time of about 70x), and the 3D β+ emitter
distribution is scored. Then, a full statistic Monte Carlo simulation is performed by extracting
the emission time of all positrons.

The simulation accounts for both the INSIDE in-beam PET characteristics and Figs. of merit
and the delivery informations coming from the CNAO Dose Delivery System (DDS) [12]. The
DDS is integrated in the CNAO synchrotron and monitors the space and time structure of the
beam for each delivery. The average beam structure in time is 1 s beam on (in-spill) followed
by 3-4 s beam off (inter-spill). The CNAO beam pipe and nozzle have a known geometry and
have been simulated in previous works [13].

A C++ tool is developed for post-processing the FLUKA events and obtaining a time-based
signal. The simulated and experimental data are analyzed with the same parameters (e.g. equal
coincidence time window, energy window, and acquisition time).
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Figure 1. Left: the INSIDE in-beam PET installed in one of the CNAO treatment rooms.
Right: schematic picture of the experimental set-up. The beam direction is parallel to the
positive z axis.

The total number of particles delivered per treatment was 38 × 109, resulting in about 1 Gy
of dose. The energy ranges for each plan are reported in Tab. 1. The maximum single event
rate in the photopeak window was 13 MHz, with a coincidence time window set at 2 ns. The
irradiation lasted about 4 min, but data were also acquired in the after-treatment for about
another 6 min.

Table 1. Range energies for two real Treatment Plans (TP), protons.

TP Emin (MeV/u) Emax (MeV/u)

A 83 150
B 62 129

4. Simulations
Since the distributions of β+ radioactivity and dose are not directly comparable, the quality
assessment of charged particle therapy requires the prediction of the β+ activity distribution
from the treatment planning.

A dedicated simulation has been developed in FLUKA [11] and it comprises two steps. First,
the primary beam is simulated with reduced statistics (about 1/100 of the primaries released in
the whole treatment, thus reducing the simulation time of about 70x), and the 3D β+ emitter
distribution is scored. Then, a full statistic Monte Carlo simulation is performed by extracting
the emission time of all positrons.

The simulation accounts for both the INSIDE in-beam PET characteristics and Figs. of merit
and the delivery informations coming from the CNAO Dose Delivery System (DDS) [12]. The
DDS is integrated in the CNAO synchrotron and monitors the space and time structure of the
beam for each delivery. The average beam structure in time is 1 s beam on (in-spill) followed
by 3-4 s beam off (inter-spill). The CNAO beam pipe and nozzle have a known geometry and
have been simulated in previous works [13].

A C++ tool is developed for post-processing the FLUKA events and obtaining a time-based
signal. The simulated and experimental data are analyzed with the same parameters (e.g. equal
coincidence time window, energy window, and acquisition time).
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Figure 1. Left: the INSIDE in-beam PET installed in one of the CNAO treatment rooms.
Right: schematic picture of the experimental set-up. The beam direction is parallel to the
positive z axis.

The total number of particles delivered per treatment was 38 × 109, resulting in about 1 Gy
of dose. The energy ranges for each plan are reported in Tab. 1. The maximum single event
rate in the photopeak window was 13 MHz, with a coincidence time window set at 2 ns. The
irradiation lasted about 4 min, but data were also acquired in the after-treatment for about
another 6 min.

Table 1. Range energies for two real Treatment Plans (TP), protons.

TP Emin (MeV/u) Emax (MeV/u)

A 83 150
B 62 129

4. Simulations
Since the distributions of β+ radioactivity and dose are not directly comparable, the quality
assessment of charged particle therapy requires the prediction of the β+ activity distribution
from the treatment planning.

A dedicated simulation has been developed in FLUKA [11] and it comprises two steps. First,
the primary beam is simulated with reduced statistics (about 1/100 of the primaries released in
the whole treatment, thus reducing the simulation time of about 70x), and the 3D β+ emitter
distribution is scored. Then, a full statistic Monte Carlo simulation is performed by extracting
the emission time of all positrons.

The simulation accounts for both the INSIDE in-beam PET characteristics and Figs. of merit
and the delivery informations coming from the CNAO Dose Delivery System (DDS) [12]. The
DDS is integrated in the CNAO synchrotron and monitors the space and time structure of the
beam for each delivery. The average beam structure in time is 1 s beam on (in-spill) followed
by 3-4 s beam off (inter-spill). The CNAO beam pipe and nozzle have a known geometry and
have been simulated in previous works [13].

A C++ tool is developed for post-processing the FLUKA events and obtaining a time-based
signal. The simulated and experimental data are analyzed with the same parameters (e.g. equal
coincidence time window, energy window, and acquisition time).
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Figure 1. Left: the INSIDE in-beam PET installed in one of the CNAO treatment rooms.
Right: schematic picture of the experimental set-up. The beam direction is parallel to the
positive z axis.

The total number of particles delivered per treatment was 38 × 109, resulting in about 1 Gy
of dose. The energy ranges for each plan are reported in Tab. 1. The maximum single event
rate in the photopeak window was 13 MHz, with a coincidence time window set at 2 ns. The
irradiation lasted about 4 min, but data were also acquired in the after-treatment for about
another 6 min.

Table 1. Range energies for two real Treatment Plans (TP), protons.

TP Emin (MeV/u) Emax (MeV/u)

A 83 150
B 62 129

4. Simulations
Since the distributions of β+ radioactivity and dose are not directly comparable, the quality
assessment of charged particle therapy requires the prediction of the β+ activity distribution
from the treatment planning.

A dedicated simulation has been developed in FLUKA [11] and it comprises two steps. First,
the primary beam is simulated with reduced statistics (about 1/100 of the primaries released in
the whole treatment, thus reducing the simulation time of about 70x), and the 3D β+ emitter
distribution is scored. Then, a full statistic Monte Carlo simulation is performed by extracting
the emission time of all positrons.

The simulation accounts for both the INSIDE in-beam PET characteristics and Figs. of merit
and the delivery informations coming from the CNAO Dose Delivery System (DDS) [12]. The
DDS is integrated in the CNAO synchrotron and monitors the space and time structure of the
beam for each delivery. The average beam structure in time is 1 s beam on (in-spill) followed
by 3-4 s beam off (inter-spill). The CNAO beam pipe and nozzle have a known geometry and
have been simulated in previous works [13].

A C++ tool is developed for post-processing the FLUKA events and obtaining a time-based
signal. The simulated and experimental data are analyzed with the same parameters (e.g. equal
coincidence time window, energy window, and acquisition time).
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A novel procedure to monitor multi-field hadrontherapy treatments with in-
beam PET: proof of concept on PMMA phantoms 

Ferrero V.1,2, on behalf of the INSIDE collaboration 
[1] University of Torino, [2] INFN Torino 

Positron Emission Tomography (PET) is a reliable imaging 
technique for in-vivo monitoring in hadrontherapy treatment 
sessions. Exploiting the fragmentation processes in the patient 
tissues and in the beam projectile (if carbon ion), the produced 
β+ activity can be measured by collecting the back-to-back 511 
keV photons coming from positron annihilation. In-beam PET, 
in particular, allows monitoring while the treatment is 
ongoing, minimizing the biological washout effects and 
displaying the highest correlation between the measured 
activity and the deposited dose [1]. 
During 2016 the INSIDE (Innovative Solutions for In-beam 
Dosimetry in hadronthErapy) in-beam PET was installed at the 
Italian Center of Oncological Hadrontherpy (CNAO) in Pavia, 
Italy, and characterized with PMMA phantoms [2-5]. In 
December 2016, the first patient was monitored in-vivo. Given 
the promising results, it was decided to upgrade the 
mechanical support of the detector so as to allow the 
monitoring of the majority of patients and their different beam 
fields.  
Multiple fields are standard protocol in radiation therapy to 
deliver a more conformal dose and better spare normal tissues 
and organ at risk. There are currently no relevant results on 
monitoring the cumulative activity of more than one beam 
field [6-7], because of obvious reasons (i.e., washout 
processes, residual activity from previous irradiations). Still, 
discerning the activity of subsequent beam fields from 
previous ones would allow quality control not for just one 
beam field, but for the whole treatment session.  
Two treatment plans, one with carbon ions, the other with 
protons, consisting of two beam fields each, were delivered on 
PMMA phantoms and monitored with the INSIDE in-beam 
PET scanner. The results are here presented. 

The INSIDE in-beam PET scanner. The scanner is based on 
two planar heads consisting on 2x5 detection modules of 
16x16 segmented lutetium fine silicate scintillating crystals, 
coupled 1:1 to Hamamatsu MPPCs, resulting in 25602 lines of 
response within the Field Of View (FOV). The 64 channel 
TOFPET ASIC [8] is used to process information about the 
energy and detection time of each event. A FPGA-based data 
processing system selects the 511 keV events and transmits 
them to a custom Data Acquisition System (DAQ) 
implemented on a server (32 Hyper Thread cores and 128 GB 
RAM) in which a high performance software applies on-line 
data sorting and writes time-tagged coincidence data. A 
maximum likelihood expectation maximization algorithm with 
5 iterations is used to reconstruct time-resolved activity 
images (FOV 224×112×264 mm3, with voxel size 1.6x1.6x1.6 
mm3). The detailed description of the system is reported in [2]. 

Experimental set-up. The in-beam PET scanner was 
positioned through manual alignment with the treatment room 
lasers. The working distance between the heads was set at 50 
cm, with the FOV at the isocenter. Two treatment plans were 
selected from the CNAO database and delivered to two 
15x15x20 cm3 PMMA homogeneous phantoms. Both plans 
consisted of two beam fields, the second of which was 
delivered on the same phantom, after a rotation of 180° around 
the isocenter, so that the first beam field residual activity 
resulted superimposed to the second in the distal fall-off area. 

The delivered treatments details are reported in table 1. 

Table 1. Energy ranges of the delivered treatments. 

Data acquisition. The CNAO synchrotron presents a pulsed 
beam structure comprising actual beam delivery (in-spill) 
followed by beam off (inter-spill). At the moment of the 
acquisition, the in/inter-spill ratio was 1:2 s. 
The DAQ system allows on-line selection of in/inter-spill 
coincidences, consenting real time reconstruction of both data 
sets. Because of prompt radiation and neutron background 
during the spill though, only inter-spill data are considered 
significant for the analysis. 
Figure 1 shows the coincidence event rate for the proton 
treatment delivery. The in-spill phase is shown in red; the 
inter-spill in blue. After the first field irradiation, the phantom 
is repositioned and the second beam field is delivered. 
The maximum coincidence event rate detected for the proton 
and carbon ion treatment plan was of 18 and 3 kHz, 
respectively, with a coincidence time window set at 2 ns. 

#  
Figure 1. Coincidence event rate of a two-field treatment plan, protons. The 
two fields time-intervals are highlighted in the figure, along with the 
repositioning of the phantom. The red spikes correspond to the spill phase, 
while the inter-spill is shown in blue. 
  
Results. Specific intervals of time-tagged acquired data can be 
selected through a custom data analysis software and 
reconstructed at different irradiation moments. This allows the 
identification of the first field alone, followed by the second 
field superimposed to the first field long decaying isotopes. 
In figure 2 and 3 the proton and carbon ion treatment plans 
reconstructed at different time intervals are reported. The time 
intervals are selected so that the first field is shown before and 
after the repositioning of the phantom. The following 
irradiation selection starts from the beginning of the second 
field, so as to have as less residual activity as possible, and 
comprises 145 s aftertreatment in both cases.  
A median filter with a 5x5x5 mm3 kernel was applied to the 
PET images because of low statistic (especially for the carbon 
ion case) and shot noise. 

Treatment Emin (MeV/u) Emax (MeV/u)

Proton beam
Field 1 83 150

Field 2 62 129

Carbon ion beam
Field 1 134 269

Field 2 134 264

Field 1 Field 2 Total Dose

180°

Coincidences event rate, proton beam
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INFN - COMMUNICATIONS OFFICE 2

PHYSICS AND MEDICINE
CANCER: INSIDE SYSTEM SUCCESSFULLY TESTED FOR 
THE FIRST TIME ON A PATIENT

INSIDE (Innovative Solutions for Dosimetry in Hadrontherapy) has 
been tested for the first time on a patient. This innovative imaging 
system, which uses particle accelerators, was built by the INFN in 

Turin to further enhance the efficacy of hadron therapy, used for the treatment of localised tumours. 
INSIDE, which received a € 1 million grant under the PRIN (Relevant National Interest Projects) program, 
is the result of a research project coordinated by the University of Pisa in collaboration with the 
Universities the universities of Turin and Sapienza of Rome, Bari Polytechnic University and INFN. For 
the trial phase, INSIDE was tested on the patient at the Italian National Centre for Oncological Hadron 
Therapy (CNAO), in Pavia. INSIDE is an innovative monitoring system, which uses detector technology 
to obtain images of what happens inside the patient's body during the hadron therapy treatment. In 
more detail, this bimodal imaging system combines a positron emission tomography (PET) scanner with 
a tracking system for charged particle imaging and is capable of operating during radiation delivery to 
treat head and neck tumours. ▪

NEWSLETTER 30
Italian National Institute for Nuclear Physics

DECEMBER 2016   
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End of treatment

Data 1/12/16

Data 2/12/16

Simulation 1/12/16

Comparison analysis of the experimental data acquired in the 
two consecutive days: Ferrero V., Fiorina E., Morrocchi M., 
Pennazio F. et al, Online proton therapy monitoring: clinical 
test of a Silicon-photodetector-based in-beam PET, submitted 
to Nature Scientific Reports

BEAM’S EYE VIEW

OVERALL VIEW
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IN THE NEXT FUTURE: RECONSTRUCTION ALGORITHM
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Simulation of a 10x10x12 cm3 water phantom at different positions along z (beam axis) 
30 kBq activity (18F-FDG) 
Maximum Likelihood Expectation Maximization (MLEM) reconstruction model with 5 iteration
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The reconstruction algorithm is limited by the PET dual head geometry, but it could be optimized, 
e.g, by integrating the beam information → Visiting at Lubëck University, Germany, 2018
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IN THE NEXT FUTURE
➤ Mechanical cart upgrade 

➤ PET/tracker combined acquisition 
tests 

➤ Longitudinal clinical trials @ CNAO 

➤ Image reconstruction algorithm: 
visiting period (3 months - Erasmus 
Traineeship grant) @ Lubëck 
University, Germany
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CONFERENCE AND WORKSHOP PRESENTATIONS

29

➤ IEEE NSS/MIC, Atlanta, Georgia, USA  

➤ Fisica e Informatica in Medicina, Monza, Italy 

➤ 7th Young Researchers Meeting, Torino, Italy 

➤ 14th Topical Seminar on Innovative Particle and Radiation Detectors, Siena, Italy 

➤ 102° Italian National Congress, Padua, Italy

2016

2017

PAPERS
➤ The INSIDE project: in-beam pet scanner system features and characterization. Journal of Instrumentation, 12(03):C03051, 

2017. 

➤ The INSIDE project: on-line monitoring and simulation validation with the in-beam PET scanner. Journal of Physics: 
Conference Series, 841(1):012011, 2017. 

➤ INSIDE in-beam positron emission tomography system for particle range monitoring in hadrontherapy. Journal of Medical 
Imaging, 4(1), 2016. 

➤ Full-beam performances of a pet detector with synchrotron therapeutic proton beams. Physics in Medicine and Biology, 
61(23):N650–N666, 2016. 

➤ First results of the INSIDE in-beam pet scanner for the on-line monitoring of particle therapy treatments. Journal of 
Instrumentation, 11(12):C12011, 2016.

PU
BL

IS
H

ED

SUBMITTED Online proton therapy monitoring: clinical test of a Silicon-photodetector-based in-beam PET, Nature Scientific 
Reports

➤ Monte Carlo Simulations and data analysis of carbon ions beam therapy monitoring: a case study with the INSIDE in-beam PET 

➤ Monte Carlo simulation tool for online treatment monitoring in hadrontherapy with in-beam PET 

➤ Double-field hadrontherapy treatment monitoring with the INSIDE in-beam PET: proof of concept on PMMA phantoms
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