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Abstract

Hadrontherapy is a method for treating cancer with very targeted dose distribu-
tions and enhanced radiobiological effects. To fully exploit these advantages, in
vivo range monitoring systems are required. These devices measure, preferably
during the treatment, the secondary radiation generated by the beam-tissue in-
teractions. However, since correlation of the secondary radiation distribution
with the dose is not straightforward, Monte Carlo (MC) simulations are very
important for treatment quality assessment.

The INSIDE project constructed an in-beam PET scanner to detect sig-
nals generated by the positron-emitting isotopes resulting from projectile-target
fragmentation. In addition, a FLUKA-based simulation tool was developed to
predict the corresponding reference PET images using a detailed scanner model.

The INSIDE in-beam PET was used to monitor two consecutive proton treat-
ment sessions on a patient at the Italian Center for Oncological Hadrontherapy
(CNAO). The reconstructed PET images were updated every 10 seconds pro-
viding a near real-time quality assessment. By half-way through the treatment,
the statistics of the measured PET images were already significant enough to
be compared with the simulations with average differences in the activity range
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less than 2.5 mm along the beam direction. Without taking into account any
preferential direction, differences within 1 mm were found.

In this paper, the INSIDE MC simulation tool is described and the results of
the first in-vivo agreement evaluation are reported. These results have justified
a clinical trial, in which the MC simulation tool will be used on a daily basis
to study the compliance tolerances between the measured and simulated PET
images.

Keywords: hadrontherapy, in-beam PET, range monitoring, Monte Carlo
simulation
2010 MSC: 00-01, 99-00

1. Introduction

1.1. Treatment monitoring in hadrontherapy

Treatment monitoring in hadrontherapy is a vital tool for maximizing the
benefits from the increased conformation of the released dose to the tumour vol-
ume when compared with conventional photon radiotherapy [I]. This increased
conformation is due to the fact that almost all the energy of the charged parti-
cles is deposited where they stop, with steep gradients in the Bragg Peak region,
and therefore confirmation of the particle range by measurement can help to
increase the effectiveness of the treatment and minimize collateral damage to
healthy tissues.

There are some sources of uncertainty in the determination of the actual

particle range, such as approximations in dose calculation and Hounsfield Units
conversion, mis-positioning and variations of patient anatomy.
Furthermore, several studies have already explored the impact of uncertainties
in models onto the treatment planning optimization. For example, the biological
model uncertainties and their impact on a treatment plan optimization based
on a variable Relative Biological Effectiveness (RBE) are discussed in [2]; the
treatment planning improvement by using an original parametrization of the
lateral dose profiles is reported in [3]; the use of ion transmission imaging in
order to provide valuable information on the patient-specific stopping properties
is explained in [4].

To avoid critical complications, physicians must design robust treatment plans
allowing for small variations in particle range, applying (2.5 — 3.5)% + (1 —
3) mm safety margins to the tumour volume [5]. In addition, if anatomical
changes are expected during the course of the treatment then further Computed
Tomography (CT) scans must also be planned. A monitoring device, able to
evaluate the compliance of the delivered treatment with the prescription, would
be very useful in cancers with an early response to the therapy (i.e., tumour
volume reduction) or in districts traversed by the beam where tissues are prone
to physiological or radio-induced variations in density (e.g. intestine, paranasal
sinuses) [0] [7]. Access to this information could be a first step towards new
optimizations in treatment planning and adaptive therapy [I].



Isotope | Z | A | Half life

C 6 | 11 | 1220.04 s
10 | 19.29s

(0] 8 | 15| 122.24 s
14 70.6 s

13 | 8.58 ms

N 7 | 13| 597.9s
12 11. ms

B 5| 8 770. ms
K 19 | 38 | 458.2s
P 14 | 30 | 149.89 s
Cl 17 | 34 1.52's

Table 1: Main positron-emitting isotopes produced during hadrontherapy treatments.

Several research groups have already built or have under construction de-
tection systems able to determine the particle range inside the patient body
by means of secondary radiation [§] [9]. The main signals generated from the
beam/patient tissue interactions are: prompt photons obtained from nuclear
de-excitation, secondary charged particles generated by nuclear fragmentation,
and photons at 511 keV emitted back-to-back by positron annihilations.

The first two signals are promptly emitted during irradiation, with a spatial and
temporal structure that is strongly correlated with the beam current irradiation.
Moreover, their distributions depend on the target elemental composition, beam
energy and detection angle [10] [T1].

On the other side, the PET signal is asynchronous because it is generated by
positron-emitting isotopes coming from nuclei fragmentation. Oxygen and car-
bon isotopes are the most abundant and their half-life is of the order of minutes
and seconds, as shown in Table [1l Some isotopes have a shorter half-life (2N,
8B, 130) and, even if they are not the main contributions, can be used as a
synchronous signal with minimum delay with respect to the treatment delivery
[12].

Positron Emission Tomography (PET) is a well-established in-vivo imaging
technique and the most mature method for range monitoring in hadrontherapy
in clinics [I3]. There are three operational modalities that have been inves-
tigated to make this range monitoring approach available in clinics: off-line,
in-room and in-beam PET [14].

Off-line PET uses a commercial full-ring scanner sited nearby the treatment
room. Commonly, an integrated CT system is available, useful for image co-
registration. In this way, the PET images have a high resolution and the clinical
workflow is not slowed down because, after the irradiation, the patient is im-
mediately moved away, as in the normal clinical routine. The main limitations
of this approach are due to the biological wash-out of the positron emitters and
their relatively short decay times, similar to the time needed to reposition the
patient in the PET/CT room. The time required for image acquisition can be



up to 30 minutes [15].

In-room PET commonly uses a stand-alone full-ring PET scanner positioned
in the treatment room in order to minimize the biological wash-out and the sig-
nal degradation. Sometimes, the same treatment table is also used, minimizing
any possible issues related to patient repositioning. This technique has a higher
sensitivity compared to the off-line approach and the PET image acquisition
time can be reduced (about 5 min) [16]. However, this approach slows down
the clinical workflow. In addition, it requires the installation of a PET scanner
in the treatment room and the development of a dedicated image co-registration
procedure if an additional CT scan is not acquired.

In-beam PET is based on a custom detector, able to acquire data during
irradiation of the patient. Some geometrical constraints must be addressed for
compatibility with the beam line and the clinical procedures. In many cases,
a dual-head geometry is chosen [I7] [I8] [I9] and, moreover, a good agreement
with MC predictions has been demonstrated on phantoms (e.g. in [20]). The
in-beam PET approach permits the detection, at least in principle, of all the
signals coming from positron-emitting isotopes and minimizes the contribution
of the biological wash-out. An online monitoring device able to acquire and
analyse data during the treatment is becoming a really desired tool in clinics
[1]. Such an in-beam PET device, thanks to technological improvements, is now
possible.

In this scenario, the INSIDE (INnovative Solution for In-beam Dosimetry in
hadronthErapy) project was created with the goal of building a bi-modal system
to perform online monitoring in hadrontherapy [21] [22] [23] [24]. The system
is composed of an in-beam Positron Emission Tomography (PET) scanner and
a secondary charged particle tracker, called Dose Profiler. The INSIDE system
uses state-of-the-art technology Silicon Photomultipliers, exploiting their com-
pactness and timing features, in order to build a system compatible with the
geometry constraints of the treatment rooms with horizontal beam lines at the
Ttalian Centre for Oncological Hadrontherapy (CNAO) synchrotron facility in
Pavia, Italy.

The INSIDE Dose Profiler, completed at the beginning of 2017, is still under
calibration and validation [25] and will not be presented in this work.

1.2. The INSIDE in-beam PET system

Assembly of the INSIDE in-beam PET scanner was completed in January
2016 and subsequently installed at the CNAO synchrotron facility [21]. After
the commissioning phase [26] [27] [28], in December 2016, two patient treatment
sessions were monitored by the system, which demonstrated the capability of
providing a reliable response after about half of the treatment irradiation and
with a 6 s delay with respect to beam delivery (i.e., the result of the on-the-fly
analysis refers to data collected up to 6 s before) [29].

The INSIDE in-beam PET scanner is mounted on a mobile support and
features two panels of photo-detectors inside two boxes placed above and under
the patient bed as shown in Fig[l] The distance between the two PET panels
was set to 60 cm, in order to preserve the patient’s safety and comfort.



Figure 1: Enactment of the first patient test with the INSIDE in-beam PET scanner. The
system is installed in one of the CNAO treatment rooms at the working position.

Each PET panel is composed of 5 x 2 modules of Luthetium Fine Silicate
(LFS) pixelated scintillating crystals coupled one-to-one to Multi Pixel Photon
Counters (MPPCs) by HamamatSLEl (3.2mm pitch). The front-end electronics
mounted inside the two PET boxes is based on the TOFPET ASIC developed in
the framework of the EndoTOFPET project [30]. Data is filtered in energy and
sent to a Data Acquisition (DAQ) software thanks to one Field-Programmable
Gate Array (FPGA) board for each detection module. The DAQ software is
able to find coincidences, reconstruct the PET image at any given acquisition
time with a Maximum Likelihood Expectation Maximization (MLEM) algo-
rithm (FOV = 11.2 x 22.4 x 26.4 cm3,voxel size = 1.6 x 1.6 x 1.6 mm?),
analyse the 4D PET image and return the result of the evaluation with a delay
of a few seconds with respect to the beam delivery.

With the mechanical design of the current support, the INSIDE in-beam
PET is only compatible with some treatments in the head-neck region geometry.
A particularly feasible geometry is the cranio-caudal field, where the irradiation
field is scanned by the CNAO horizontal beam line and the primaries impinge
on the top of the patient head.

1.8. Monte Carlo simulations

Monte Carlo simulations are extensively used in modern cancer treatment,
mainly to calculate the dose distribution and validate the treatment plan. Non-
invasive in-vivo monitoring solutions based on secondary particle detection re-
quire prior information from MC tools to be able to assess the compliance of
the primary particle range inside the patient with the prescription [31] [32].

The production of secondary radiation involves nuclear interactions between
the primary beam and human tissues. At the energies that are relevant in
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the hadrontherapy field, nuclear interactions and fragmentations are not yet
completely rigorously modelled. The current status of their implementation in
MC codes is reviewed in [33]. Hopefully, the lack of experimental informations
about fragmentation cross sections will be overcome in the next years by the
results of several ongoing projects (e.g., [34], [35]).

In any case, even if the reliability of Monte Carlo simulations could be im-
proved, they are still the most successful and effective way to compare the
secondary particle signal with the treatment prescription. In fact, the sec-
ondary particle production is not straightforwardly correlated with data com-
mounly available from the Treatment Planning System (TPS), such as the dose
distribution, and therefore more reference information is needed [36].

The MC simulation technique was already successfully used in other works
(among them [37) B8] [39, [40]) for the evaluation of experimental PET images,
acquired on patients with in-room or after treatment PET scanners. In Section
[7] the results reported in this paper will be compared with some of these other
studies.

2. Material and Methods

2.1. The INSIDE MC simulation tool

The INSIDE collaboration developed a MC simulation tool for predicting
the expected 4D PET image based on the individual clinical situation.

This tool was developed in the FLUKA framework [41] [42] [43] [44].

To obtain a simulated 4D PET image fully comparable with the measure-
ments, the following elements are thoroughly characterized and modelled:

e the CNAO beam line

e the primary particle beam

the patient morphology and positioning

the treatment plan
e the primary beam temporal structure
e the INSIDE in-beam PET scanner

In Fig. [2| the implemented geometry is shown. The patient position during
irradiation is supine, head first.

CNAO beam line. The geometry and materials of the CNAO horizontal beam
line of the treatment room nr. 3 were reproduced as reported in [45], [46].

All the inserts along the beam path are taken into account: in particular,
the monitor chambers of the Dose Delivery System (DDS) [47] and the ripple
filters in case of carbon ions.
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Figure 2: Geometry implemented in the Monte Carlo simulation tool in FLUKA. A) CNAO
beam line. B) Monitor chambers of the Dose Delivery System. C) Patient CT. D) Range
shifter, 3 ¢cm water equivalent thick. E) INSIDE in-beam PET panel (above patient). F)
INSIDE in-beam PET panel (below patient).

Primary particle beam. The dimension of the proton beam was modelled to
reproduce in the simulation the trend found in the measurements reported in
[48]. In [48], the Full Width Half Maximum (FWHM c¢m) of a proton beam in
air at the isocenter as a function of the beam energy (E [MeV]) was compatible
with the following model:

FWHM =

A
C 1
75T (1)
where A = 70.50 + 2.47, B = 25.51 £ 1.30 and C' = 0.39 £ 0.01.
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Figure 3: Proton beam FWHM at the isocenter in air: comparison between MC simulation
(black points) and the model calculated starting from experimental measurements as reported

in [48] (red line).

In Fig[3] the experimental model for proton beams is compared with the
points obtained with the INSIDE MC simulation tool in the same measurement
conditions (in air, at the isocenter).

The agreement between the experimental and simulated beam dimension is
within 1 mm and was obtained by simulating a proton beam with a FWHM in



cm that changes as a function of the beam energy E in MeV as follow:
FWHM =ps* E° + pyx E* + p3x B3 + py x E> +py % E + pyg (2)

where ps = (—8.63%6.85)107 1 [em/MeV?®], py = (7.024£4.94)1078 [em/MeV?],
p3 = (—2.26 £ 1.37)1075 [em/MeV?3], ps = (3.61 £ 1.82)1073 [em/MeV?], py =
(—2.87 £ 1.15)107! [em/MeV] and py = 9.48 £ 2.73 [em)].

In [49] a similar approach was used to determine the lateral dose spread at the
Heidelberg Ion-Beam Therapy Centre (HIT) synchrotron facility in Germany.

Patient morphology and positioning. The patient was simulated by using the CT
scan on which the treatment plan was calculated. Human tissues are simulated
using the materials and Hounsfield Units (HU) conversion curves reported in
[50], which are already implemented in FLUKA and commonly used in clinics
[41].

The patient positioning was simulated in agreement with the corresponding
DICOM tags so as to place the isocenter of the treatment room at the same
position as the experimental setup. Any other additional inserts positioned
on the beam path (such as the range shifter shown in Fig. are thoroughly
simulated as physical objects.

Treatment plan. The treatment plan summarizes all the physical quantities that
impact on the prescribed dose distribution.

At the CNAO centre, the patient treatment plans are calculated by means
of a Syngo PT Planning Treatment Planning System (TPS) (version VBI10,
Siemens) [51].

In order to carefully simulate the experimental irradiation pattern in the spa-
tial coordinates, the information contained in the treatment plan was included
in the input file of the INSIDE MC simulation tool.

In particular, the particle type, the spot positions, the number of primaries
per spot and the beam energies are taken into account to evaluate the spatial
distribution of the generated positron-emitting isotopes.

Primary beam temporal structure. The reliability of an in-beam PET simulation
depends on careful simulation of the event timing.

In fact, (1) the positron-emitter isotope production is strongly correlated to
the temporal primary particle delivery and (2) the positron emission is deter-
mined by the corresponding isotope half-life.

PET image characteristics are fundamentally dependent on the acquisition
time but with a non-trivial relationship that includes both the isotopes pro-
duction time (synchronous with the irradiation) and the photon pairs detection
time (asynchronous).

The CNAO synchrotron facility delivers the particle beam by alternating an
acceleration phase (called inter-spill) and a delivery phase (in-spill) [52].

During the inter-spill phase, the charged particles are accelerated at the
prescribed energy and no primary radiation is present inside the treatment
room. Therefore, the asynchronous signal coming from positron annihilations



has no prompt radiation background and can be successfully used to obtained
in-beam PET images with good signal-to-noise ratio and negligible physiological
washout.

During the in-spill phase, the INSIDE system acquires data but the signals
coming from positron emitters are hidden among other prompt signals (pair
production, prompt photon, neutrons, charged particles) and a filtering pro-
cedure is needed. In [26] an example of a filtering procedure implemented on
data acquired with a small prototype of the INSIDE scanner has been reported.
Moreover, a filtering procedure to remove prompt noise from in-spill data of the
INSIDE PET scanner is under implementation.

The FLUKA simulation takes into account only the asynchronous signal
coming from positron annihilation generated by the emitting isotopes. Although
the short-lived isotopes contribution (half-life less than 1 s) are also simulated,
only inter-spill data was considered in the following analysis.

In the INSIDE MC simulation tool, the temporal structure of the beam
delivery can be taken into account by using data provided by the DDS installed
into the CNAO beam line [47]. The number of delivered primary particles and
the lateral beam position are sampled any 50 ms or whenever the irradiation
point (i.e. spot) changes.

In Fig. [] the agreement between simulated and measured coincidence event
rates is shown: during the spills (corresponding to the peaks both in the simu-
lated and experimental plots), the acquired coincidence rate is higher because
of the unfiltered prompt signals, while only positron annihilation is considered
in the simulation. During the inter-spill phase, the simulated and measured
statistics are comparable. During the beam delivery, the coincidence event rate
increases because of the continuous growing isotope production, while, when the
treatment ends, the coincidence event rate starts decreasing because the isotope
decays are no longer compensated by their production.

iy — data 12/01
3000 — sim 12/01
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Figure 4: Coincidence event rate during the treatment of the first patient monitored by
the INSIDE in-beam PET system (2016/12/01): data is shown in red, simulation in blue.
Experimental in-spill peaks are out of scale to focus on the inter-spill contributions.



INSIDE in-beam PET scanner. The detector is simulated by considering the
materials and geometry of the scanner.

The energy and time resolutions obtained during the characterization phase
of the INSIDE in-beam PET scanner with positron emitter sources for calibra-
tion are included. Further details about the calibration and characterization
with phantoms are reported in [21] [53] [28] [27].

The simulated events are analysed using the same parameters as in the
experimental data (coincidence time window of 2 ns and energy window of
0.1 MeV to select the events in the photopeak region).

3. The MC in-beam PET simulation workflow

Because the positron-emitting isotopes give a statistically poor signal, all
statistics must be simulated in order to obtain the most reliable 4D PET image
to be compared with the experimental measure.

For reasons of computing time, the INSIDE in-beam PET simulation tool
is based on a two-step simulation in FLUKA, separating the positron-emitting
isotopes production in the first step (synchronous signal with respect to the
primary delivery) and the positron annihilation in the second step (asynchronous
signal).

In the first step, 1/100 of the primaries is tracked in order to obtain a spatial
and temporal distribution of the production of positron-emitter isotopes. In the
second step, the full statistics are used and, on the basis of the spatial and
temporal map of the isotopes, positrons are generated in agreement with the
corresponding isotope half-life.

The energy deposition events in the detector are saved and processed to
simulate the signal formation and acquisition chain. The events in coincidence
are identified using the same procedure as that used for the experimental data.

At the end of the simulation, a time-tagged coincidence event list is gener-
ated as for the experimental acquisition, in order to build the 4D PET image to
study the evolution of the positron-emitting isotopes signal in space and time.
Presently, the comparison between the MC simulated images and the experi-
mental ones is performed offline, although its on-the-fly implementation could
be straightforwardly integrated in the near future.

4. 4D PET image analysis

Preprocessing. A median filter with a 11.2 x 11.2 x 11.2 mm? kernel (7 x 7 x 7
voxels) is applied to the 4D PET images in order to reduce the salt and pepper
noise related to the poor statistics in the image, while preserving edges.

To mitigate the contribution of small intensity variations in the image not
correlated with the real range difference to be detected, the simulated and ex-
perimental 4D PET images are equalized [54].
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Pearson’s Correlation Coefficient. The Pearson’s Correlation Coefficient be-
tween two 3D PET images at the same time is calculated to evaluate the overall
agreement in time between the two image series.

The Pearson’s Correlation Coefficient (PCC) is:

Vi (@ =22/ (hi — )2
where z; (y;) and Z (g) are the intensity of the 3D PET image in the voxel i
and the average intensity value, respectively.

To achieve a reliable and effective range monitoring with a PET system, the
most important Region Of Interest (ROI) in the 3D PET image to consider is
the activity distal fall off, just before the Bragg Peak position [55]. Therefore,
for each activity profile in the beam direction, only the voxels between the first
above the 95% of the maximum profile intensity and the last above 25% are
considered in the PCC calculation. Hence, only the activity profiles that cross
the irradiated volume can actually give a contribution to the ROI definition.
Since in the two images to be compared the ROI must be the same, the logic
union of the two ROI’s calculated independently is considered.

Beam’s Eye View analysis. Other studies [56] [38] [40] suggest to assess the
range by considering the preferential direction of the beam. This type of ap-
proach is called Beam’s Eye View (BEV) and is designed to maximize the
sensitivity in the detection of differences between the measured and prescribed
range.

The implemented BEV analysis prescribes (1) the extraction of an iso-
activity surface S from each 3D PET image, (2) the activity range R calcu-
lation for each activity profile crossing the irradiated volume, (3) the evaluation
of metrics extracted from the R distribution.

The 3D iso-activity surface is extracted by a sequence of threshold-erosion-
dilation filters. The intensity threshold is set at the 10% of the maximum
activity in the 3D PET image. To avoid surface detection driven only by poor
statistics or noise, only the largest surface in each is taken into account.

For all the activity profiles crossing the irradiating volume, the activity range
R is defined by evaluating the difference between the entrance and exit points
in the surface S in the beam direction.

To compare two 4D PET images, the distribution of the difference between
the activity range from data Rc., and from simulation Rg;,, is taken into ac-
count. The average range difference and the FWHM of the range difference
distribution will be reported in Section [6]

The main drawback of the BEV method is the high sensitivity to detector
mis-positioning, and, therefore, the method gains importance for systems with
negligible uncertainty in the detector positioning. Unfortunately, at the time
of the clinical test the INSIDE in-beam PET scanner did not have a dedicated
positioning system yet, so an uncertainty of 2 — 3 mm related to the manual
alignment of the scanner with the lasers of the treatment room has to be taken
into account.

11



Overall View analysis. To evaluate the agreement between two 4D PET images
reducing the contribution of detector mis-positioning, the Overall View (OV)
analysis has been implemented.

The 3D iso-activity surface at the 10% of the maximum activity is extracted,
as reported in the previous paragraph.

To compare two 4D PET images (i.e. experimental and simulated images),
the distribution of the minimum Euclidean distance between the two iso-activity
surfaces 0.5, calculated voxel-by-voxel, is considered, with no preferential direc-
tion in the analysis.

Furthermore, only the contributions included in the actually irradiated vol-
ume are taken into account. The average distance and the FWHM of the surface
distance distribution are reported in Section [f] to evaluate the agreement be-
tween the 4D PET images.

The OV method was designed to be less sensitive to detector positioning un-
certainty with respect to the BEV method. On the other hand, the OV method
is also less sensitive to little and localized range variation in the irradiated vol-
ume.

5. Clinical case study

The first patient monitored with the INSIDE in-beam PET scanner was a
male, 56 years old, affected by carcinoma of the lacrimal gland. The prescribed
dose was equal to 60 Gy (RBE) in 30 daily proton fractions (2 Gy (RBE) each).
A fixed RBE value of 1.1 was used for planning.

The treatment was delivered with an horizontal beam line, using two orthog-
onal non-coplanar irradiation fields (one right lateral and one cranio-caudal).
The INSIDE in-beam PET monitored the cranio-caudal field of the 28" (2016,/12/01)
and 29" (2016/12/02) fractions.

The monitored irradiation field prescribed 3.7 10'° protons with energy in
the [66.3,144.4] MeV interval. The treatment delivery time of each monitored
field was 240 s and the INSIDE in-beam PET scanner acquired data from the
beginning of the treatment up to 30 s after the end of the proton delivery. This
additional time corresponded to the time needed to reach the treatment bed
and remove the scanner.

The clinical study was performed in accordance with relevant guidelines and
regulations and was approved by the local ethics committee (request number
20170011630); informed consent was obtained from the patient. These acquisi-
tions were already analysed in [29] to thoroughly compare in time the images
of the two treatment sessions.

6. Results

The dataset considered in this work is composed of three 4D PET im-
ages: data 12/01 labels the measurement of the first monitoring acquisition,
data 12/02 is the subsequent day experimental 4D PET image and simulation 12/01

12



is the result of the MC simulation performed by means of the INSIDE MC sim-
ulation tool developed in FLUKA.

Planned dose

Simulated dose

N

Gamma Index

0.0

Figure 5: Comparison between the prescribed dose distribution (upper row), obtained from
the RT Dose DICOM file, and the simulated dose distribution (central row) calculated by
means of the INSIDE in-beam PET Monte Carlo simulation. The dose distributions are
normalized to the maximum and overlaid in colour on the patient’s CT. The Gamma Index
calculated with the 3% — 3mm criteria is also shown (lower row).

Treatment simulation accuracy. To assess the overall accuracy in the simulation
of the treatment, the prescribed and simulated dose are compared (Fig. . In
order to evaluate the agreement between the two dose distributions, the Gamma
Index was calculated as reported in [57].

In the Gamma Index evaluation, only voxels with a dose value above the 10%
of the maximum and belonging to the patient body, according to CT segmenta-
tion, were taken into account. The passing rates of the Gamma Index between
these two 3D images are 91% with 3% — 3mm and 98% with 5% — 5mm. The
Gamma Index distribution is shown in the third row of Fig.
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4D PET images. In the following sections, the experimental and simulated 4D
PET images referring to the first monitoring day (data 12/01 and simulation 12/01,
respectively) will be analysed using the methods reported in Section The com-
parison of the two experimental 4D PET images (data 12/01 and data 12/02)
has been already reported in [29]. In this paper, the two experimental images
are re-analysed by means of the methods reported in Section [4] using different
filters and arbitrary parameters with respect to [29]. In any case, the comparison

of the two measured 4D PET images is only shown as a benchmark to validate
the results obtained between the data and the corresponding simulation.

acquisition data simulation
time 12/01 12/01
fau
80s
Lo
fAu.
120 s
L
I AU
160 s
L
I A
200s
Lo
AU
240s

Figure 6: Evolution of the beam-induced activity in time: the same coronal CT slice is shown
with the 4D PET images overlaid at different times (80 s, 120 s, 160 s, 200 s, 240s from the
beginning of the treatment delivery). The intensity of the images refers to different scales
because of the different time-interval statistics.

In Fig. [f] the evolution of the 4D PET images in time is shown. Each
column refers to a different 4D PET image series and each row to a different
acquisition time (every 40 s from 80 s until the treatment ends at 240 s). The
same coronal CT slice is chosen to show the corresponding activity image slice
overlaid in colours. An animation, available in the online version of this article,
shows the complete evolution of the measured and simulated images through all
the treatment, with a step of 10 s . As stated before, the spatial distribution of
the beam-induced activity inside the patient is not straightforwardly correlated
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with the dose distribution (Fig. [5).

As already shown in Fig. [] the production of positron emitters during
the irradiation leads to an increased statistics in the PET image and a spatial
expansion in the activity distribution along the beam direction, driven by the
increasing protons energy during the treatment delivery, typical for the CNAO
synchrotron.
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Figure 7: Pearson’s Correlation Coefficient analysis in time: the black points represent the
agreement between the data and simulation of the first day, while the white points the agree-
ment between the two experimental acquisition. Red line is the 0.9 significant threshold.

Pearson’s Correlation Coefficient. As reported in Section [4 the PCC between
the experimental and simulated 4D PET images is calculated. The PCC cannot
lead to a straightforward agreement evaluation because it is not enough sensitive
to range differences, but it can be useful to evaluate the time necessary to collect
enough statistics in the PET images for reliable results with further analyses
(i.e., BEV and OV methods).

In Fig [7] the PCC evolution as a function of time is shown. The PCC
calculated by comparing the experimental and simulated images of the first ac-
quisition day (data 12/01 — sim 12/01 in black points) has the same trend
of the PCC obtained considering the two consecutive experimental acquisition
(data 12/01 — data 12/02 in white points). In the first 50 s of irradiation the
PET image statistics is not sufficient to define a significant ROI for PCC calcu-
lation. After about 120 s (i.e., half treatment delivery), the PCC reaches values
above 0.9 (red line in Fig. @ and so the two 4D PET images are very similar
and can lead to reliable results with the range difference detection analyses.

Beam’s Eye View analysis. For the comparison of the experimental and simu-
lated 4D PET images, the distribution of the activity range differences (0R =
Reyp — Rsim) were taken into account and the average value and the FWHM of
this distribution is monitored in time. Results are summarized in Fig. [§
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Figure 8: Beam’s Eye View analysis in time: A) the average activity range difference; B) the
FWHM of the activity range distribution. Black points represent the agreement between data
and simulation of the first day, while white points the agreement between the two experimental
acquisition. Values before 120 s from the beginning of the treatment delivery are excluded by
the PCC analysis.

The metrics used for the evaluation of the agreement between the two 4D
PET images have almost the same behaviour in the data 12/01 — sim 12/01
and data 12/01 — data 12/02 comparison.

The average activity range difference is less than 3 mm in absolute value,
which is compatible with the uncertainty in the positioning with the laser system
available in the CNAO treatment room. The FWHM of the activity range
difference distribution is quite large (about 6 — 8mm at the end of acquisition)
and reflects the higher sensitivity of the BEV method for possible differences
in the positioning of the INSIDE in-beam PET system in the two consecutive
days.

Overall View analysis. The mobile support of the INSIDE in-beam PET scanner
lacks of a system able to guarantee a reliable and repeatable positioning with
respect to the isocenter with an accuracy better than few millimetres. To address
this issue, the OV analysis was implemented to reduce the contribution of any
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Figure 9: Overall View analysis in time: A) the average minimum distance between the two
iso-activity surfaces; B) the FWHM of the iso-activity surface distance distribution. Black
points represent the agreement between data and simulation of the first day, while white
points the agreement between the two experimental acquisition. Values before 120 s from the
beginning of the treatment delivery are excluded by the PCC analysis.

potential mis-positioning and therefore estimate the performance of the system
in case of a dedicated mechanical upgrade to assure reproducible measurement
settings. Results are summarized in Fig. [0

As shown for the BEV analysis, the metrics chosen for the agreement eval-
uation exhibits the same trend when comparing the two experimental 4D PET
images and the data of the first day with the corresponding simulation. In par-
ticular, the average distance between the iso-activity surfaces is less than 1 mm
after 130 s from the beginning of the treatment delivery and the FWHM is
compatible with one or twice the dimension of the voxel (1.6 x 1.6 x 1.6 mm?)
which is the spatial resolution of the PET images. As expected, the results ob-
tained with the OV analysis reached very quickly an average value compatible
with zero and a FWHM compatible with the system intrinsic image resolution
because the contribution of mis-positionings or local contour fluctuations is less
important with respect to the BEV method.
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7. Discussion

In this paper, the treatment of the first patient monitored with the INSIDE
in-beam PET scanner is reported, with particular attention to the comparison
between the 4D measured activity and the MC simulation.

An important effort was dedicated in the developing of a FLUKA-based MC
tool able to model in detail all the features of the INSIDE detector and CNAO
beam delivery that can strongly impact on the 4D activity image characteristics.

The use of MC simulation to compare the measured activity with the pre-
scription is standard practice, and has already been done by other groups in the
past. These studies performed in-room (e.g., [38]) or after-treatment (e.g., [37])
PET, while the INSIDE scanner acquired data during the treatment. In addi-
tion, the on-the-fly reconstruction of the activity images, performed with 6 s
delay with respect to the beam delivery, provides range monitoring information
to the physicians almost immediately. To our knowledge, a temporal analysis
of the activity distribution during patient treatment was performed for the first
time by the INSIDE in-beam PET system.

To evaluate the effectiveness and sensitivity of the INSIDE in-beam PET
MC simulation tool, the results reported in Section [f] can be compared with
literature.

In [38] 9 patients were treated with passive scanned proton beams for patholo-
gies in the head and neck region. Immediately after the treatment, a PET
examination with an in-room scanner was performed. The time necessary to
move the patient inside the full-ring PET system was about 2.3 minutes. The
co-registration precision of the acquired PET image to the CT scan was esti-
mated of about 2 mm. By means of an activity profile analysis covering all
the irradiated volume, an absolute average activity range difference lower than
5 mm was found between data and simulation. This result was obtained with a
5 minutes long PET exam and did not change by increasing the acquisition time
up to 20 minutes. The root-mean-square deviation of the activity range differ-
ence distribution was in the [4,11] mm interval and did not change depending
on the PET acquisition time.

In [37] 20 patients with primary glioma were selected (10 treated with pro-
ton boost and 10 with carbon boost in addition to standard treatment). After
two fractions, each patient underwent a PET/CT examination with a full-ring
commercial scanner (Siemens Biograph mCT) to verify the compliance of the
irradiated with the prescribed treatment. The PET acquisition started with
a delay of about 5 minutes and lasted 30 minutes, in agreement with the MI-
RANDA protocol [I5]. The 3D PET images were analysed by extracting an
activity profile along the beam direction and determining the activity range by
applying a robust threshold method reported in [40]. The analysis was repeated
so as to cover all the irradiated volume. For proton treatments, the compari-
son between the measured and simulated 3D activity images led to an absolute
average activity range difference in the interval [0.30,7.23] mm (average value
among 20 data-simulation comparisons of 4.2 mm) with a FWHM of the corre-
sponding distributions in the [0.50,6.33] mm range. Better results were found
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comparing two experimental measurements (average activity range difference
less than 2 mm with a FWHM of about 1 — 2 mm).

The results obtained by the INSIDE in-beam PET and the comparison be-
tween the data with the dedicated FLUKA simulation are compatible with the
studies found in literature, but could also be improved by including a precise
and reliable positioning system.

In [37) some considerations about the degree of agreement needed to certify
the compliance between the delivered and prescribed treatment were attempted,
giving as example some patients in which a re-planning was necessary. In 2018,
the INSIDE in-beam PET system will be tested in a longitudinal clinical trial
to monitor different pathologies in the head and neck region that could benefit
most from this monitoring system (e.g., adenoid cystic carcinoma), in order to
estimate the sensitivity of this evaluation. Moreover, in the longitudinal clinical
trial some pathologies in which functional or morphological changes are not
commonly found during the therapeutic period (e.g., meningioma) will also be
included in order to verify the specificity of this approach.

8. Conclusion

Thanks to state-of-the-art technology, the INSIDE in-beam PET system is
able to acquire data in-beam (i.e., during the beam delivery) and analyse data
on-the-fly so as to give, with minimum delay, an evaluation of the agreement
between the ongoing treatment and the prescription.

In the near future a new mechanical support will be adopted which will
remove the limitation of the current setup to only monitor certain treatment
configurations in order to cover as many patients as possible; furthermore a
dedicated positioning system will guarantee the accuracy and repeatability of
the detector position.

The INSIDE in-beam PET MC simulation tool was developed in order to
obtain a reliable reference image to be used in the online assessment of the
treatment accuracy in hadrontherapy.

The results from the first patient monitored in December 2016 at the CNAO
synchrotron facility are very satisfactory. The MC simulation could provide a
4D PET reference image accurate enough to be used in the upcoming wider in-
vivo validation of the INSIDE in-beam PET system. The quantitative analyses
implemented to detect activity range differences during the treatment delivery
show that the simulated image can successfully replace another experimental
acquisition in the same condition of the treatment to be monitored (i.e. two
consecutive days acquisition in which the patient’s morphology does not change).
We strongly believed that all these results are highly significant towards the
implementation of adaptive hadrontherapy.
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