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In particle therapy, the uncertainty of the delivered particle range during the patient
irradiation limits the optimization of the treatment planning. Therefore, an in vivo
treatment verification device is required, not only to improve the plan robustness, but
also to detect significant interfractional morphological changes during the treatment itself.
In this article, an effective and robust analysis to detect regions with a significant range
discrepancy is proposed. This study relies on an in vivo treatment verification by means of
in-beam Positron Emission Tomography (PET) and was carried out with the INSIDE system
installed at the National Center of Oncological Hadrontherapy (CNAO) in Pavia, which is
under clinical testing since July 2019. Patients affected by head-and-neck tumors treated
with protons have been considered. First, in order to tune the analysis parameters, aMonte
Carlo (MC) simulation was carried out to reproduce a patient who required a replanning
because of significant morphological changes found during the treatment. Then, the
developed approach was validated on the experimental measurements of three patients
recruited for the INSIDE clinical trial (ClinicalTrials.gov ID: NCT03662373), showing the
capability to estimate the treatment compliance with the prescription both when no
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morphological changes occurred and when a morphological change did occur, thus
proving to be a promising tool for clinicians to detect variations in the patients treatments.

Keywords: proton therapy, in vivo treatment verification, in-beam pet, range monitoring, Monte Carlo simulation,
adaptive therapy, clinical trial

1 INTRODUCTION

In vivo treatment verification is currently an open issue in particle
therapy, driven by the clinical need to increase the treatment
planning optimization [1], through the reduction of range
uncertainties that might give dose distributions significantly
different from the clinical prescription, thus requiring a plan
adaptation.

On the one hand, the proton energy deposition distribution
allows releasing the prescribed dose to the tumor volume with a
lower dose to the healthy tissues in comparison with the most
advanced techniques of conventional radiotherapy [2]. On the other
hand, particle therapy ismore sensitive than photon radiotherapy to
differences in the particle range inside the patient body [3]. During
treatment planning, the range uncertainty is taken into account in
order to design themost robust irradiation plan. In clinics, the safety
margin included in the treatment planning and calculated on the
basis of the range uncertainty contributions is of about
(2.5 − 3.5)% + 1 − 3mm [4]. This evaluation takes into account
several sources of uncertainty, some of which are independent of the
dose calculation (i.e., beam reproducibility, patient setup, and
measurement in water for commissioning), while others depend
on the dose calculation (CT calibration, tissue conversion, mean
ionization energy estimation, and range degradation for complex
inhomogeneities).

In addition, in some cases, the patient morphology changes
during the treatment period and, even though this is recognized
as a cause of suboptimal irradiation [5], these modifications are
not so easy to model and quantify. They strongly depend on the
type of tumor (e.g., early therapy response and fast growth of the
tumor mass) and irradiation district (moving organs, presence of
cavities, toxicity, and site inflammation). In [6], for example, a
retrospective analysis was performed over 730 patients treated
with proton therapy and affected by cranial and extracranial
tumor. Patients underwent periodic CTs to estimate
morphological or anatomic variations and in 5.5% of cases an
adaptive replanning was required. Hence, in particle therapy,
morphological and anatomic changes must be monitored to
smoothly tailor the treatment plan to the Clinical Target
Volume (CTV [7]) without any undesired increase of the dose
in the surrounding healthy tissues. In literature, this issue is
thoroughly explored for lung treatments because the problem is
enhanced in case of moving organs and requires an
intrafractional optimization [8].

In order to address this crucial treatment optimization, a
system able to verify the compliance of the ongoing treatment
with the prescribed therapy during the irradiation itself is
fundamental.

Positron Emission Tomography (PET) is the most mature
in vivo range monitoring technique used in clinics [9–13]. It relies

on the production of positron emitters inside the patient due to
the nuclear interactions between the primary particles and the
tissues. In particular, about 1% of the primary protons undergo
nuclear interaction in each cm of range in water [14], inducing a
slight activation of the patient tissues that is spatially correlated
with the Bragg Peak position of the primary beam [15]. Due to
tissue composition, the produced positron emitters are mostly
carbon and oxygen isotopes. In particular, 11C, 10C, and 15O,
whose half-lives are about 20 min, 19 s, and 2 min, respectively,
are the most abundant ones. The former is fundamental to PET
scanners acquiring data only after the treatment (i.e., in-room
and off-room systems), whereas the others become more
important for PET scanners acquiring data during the
treatment (in-beam PET). The latter technique, in particular,
allows for treatment verification during the irradiation, without
slowing down the clinical workflow. In clinics, PET monitoring
has already been tested for treatment verification and this
approach proved to be able to identify differences in the
patient morphology which are significant from the clinical
point of view [16, 17]. However, an established and clinically
validated analysis, presently still missing, has to be implemented
to evaluate whether the detected range differences are actually
related to interfractional morphological changes and not to
statistical fluctuations.

The INSIDE collaboration built an innovative bimodal device
able to perform in vivo verification of both proton and carbon ion
treatments during the irradiation [18, 19]. It relies on a planar
PET system with two heads [20] and a tracker for secondary
charged particles, named Dose Profiler, that exploits the
secondary protons emitted during ion treatments (e.g., carbon
ion treatments) [21, 22]. The in-beam PET was first tested in vivo
in 2016, proving its capability to provide an evaluation of the
treatment compliance between two consecutive fractions by
acquiring data only during the treatment and thus obtain
reliable PET images before the end of the fraction irradiation
[18]. This is a key factor to minimize the signal loss due to isotope
decay and also to minimize the biological washout. In July 2019, a
clinical trial with the INSIDE system (ClinicalTrials.gov ID:
NCT03662373) started at the National Center of Oncological
Hadrontherapy (CNAO) in Pavia, Italy [23]. Specific head-and-
neck and brain pathologies are included in the trial: those in
which no morphological changes are expected and, therefore, can
be exploited to assess the reproducibility of a range analysis and
those in which morphological changes may occur and, therefore,
could be helpful to test the sensitivity of the system in terms of
variation detection.

In this work, a robust and reliable procedure for detecting
interfractional morphological changes by means of in-beam PET
detection is proposed. The final aim is to give the physicians a
reliable tool representative of the particle range differences
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detected during in vivo monitoring, useful to evaluate the
compliance of the delivered treatment with respect to the
prescribed therapy and possibly define a patient-tailored
control CTs scheduling.

2 MATERIALS AND METHODS

2.1 Patient Data
In this study, we consider four patients treated with proton
therapy at the CNAO facility to test the effectiveness and
reliability of the proposed analysis in presence of different
degrees of morphological changes during the treatment. First,
the analysis was tuned by considering the Monte Carlo (MC)
simulation of a patient with a head-and-neck tumor, who
required a treatment replanning due to a nasal cavity
emptying. This patient (here named MCP) was not part of the
INSIDE trial but was chosen because of the severe morphological
changes detected during the treatment with the control CT. The
analysis was then validated on the experimental measurements of
three patients monitored in the framework of the INSIDE clinical
trial, which involves a longitudinal monitoring, i.e., a monitoring
of the patient treatment sessions, acquiring data on average twice
a week. In two of the patients (trial ID: 002P, 003P) no
morphological changes occurred, whereas a moderate degree
of variation was detected in the third one (trial ID: 006P).

2.1.1 Monte Carlo Simulation Case Study: Replanned
Patient
TheMonte Carlo simulated patient (MCP) was chosen because of
a replanning due to a severe morphological variation in the CTV
during the treatment, revealed with a control CT. The patient was
a 70-year-old male, affected by Squamous Cell Carcinoma (SCC)
of the left sinonasal cavity. The CTV was irradiated with Intensity
Modulated Proton Therapy (IMPT) in 33 fractions with 2.0GyE/
fraction, five fractions/week, to deliver 66GyE on the high risk
CTV and 60GyE on the low risk CTV. Each daily treatment
comprised three orthogonal treatment fields, corresponding to
the patient position angles 0, 180, and 270° IEC (International
Electrotechnical Commission). The treatment characteristics are
summarized in Table 1.

Because of possible morphological changes due to the
inclusion of the sinonasal cavities into the CTV and the close
proximity of the right maxillary and frontal sinuses to the target, a

control CT was performed after 22 fractions from the beginning
of the treatment. Figure 1 shows the planning and control CTs,
with the CTV margins overlaid, where it can be seen that a nasal
cavity was almost completely emptied during the treatment
course. By calculating with the Treatment Planning System
(TPS) the effective dose distribution on the control CT, an
overdosage in the surrounding healthy tissues and into the
CTV was found; hence, the treatment was replanned.

2.1.2 Experimental Data: Patients Included in the
INSIDE Clinical Trial
Three patients recruited in the INSIDE clinical trial (ID: 002P,
003P, 006P) were selected to test the reliability of the proposed
analysis. The 002P patient was 80 years old, male, affected by an
inoperable skull base meningioma. His IMPT irradiation
comprised the delivery of 54GyE total dose divided in 30
fractions (1.8GyE/fraction). The treatment plan included two
fields corresponding to the patient position angles of 240 and
165° IEC, but only the first field was monitored due to mechanical
incompatibility of the INSIDE setup with the patient bed
movements. The 003P patient was 25 years old, male, affected
by recurrent meningioma of the right orbit region after previous
surgery and Cyberknife. The CTVwas irradiated with IMPT so as
to deliver a total dose of 54GyE in 27 fractions. The treatment
relied on two fields corresponding to the patient position angles
of 235 and 180° IEC. Even if both treatment fields were acquired,
only the first field was considered for this study. For these two
patients, no control CTs were scheduled because patients affected
by meningioma are not prone to morphological modifications
related to the treatment or the tumor growing/shrinking.

The 006P patient was 39 years old, female, affected by
Adenoid Cystic Carcinoma (ACC) of minor salivary glands
arising by the rhinopharynx and involving the skull base, the
right nasal cavity, and the homolateral maxillary sinus. The
CTV was irradiated with IMPT in 35 fractions with
conventional fractionation 2.0GyE/fraction, five fractions/
week, to deliver 70GyE. Each daily treatment comprised two
opposite beams, corresponding to 15 and 175° IEC angles. Due
to mechanical incompatibility of the INSIDE system with the
patient couch movements, only the field corresponding to 175°

IEC was monitored. A control CT was scheduled after 20
fractions in order to check the correct dose coverage of the
target and the prescribed sparing of organs at risk. The planning
and control CTs of patient 006P are shown in Figure 2: a partial
emptying of the cavities due to an early response of the tumor
can be appreciated. The modification in the dose distribution
due to the changed morphology produced an increase of the
dose to the right chambers and the right lens. However, the dose
distribution in these regions of interest still complied with the
clinical prescription. Thanks to the robust field geometry with
respect to interfractional morphological changes, the patient
was allowed to continue the therapy with the same treatment
plan without any additional treatment optimization.

The information about the considered treatment fields for all
the in vivo monitored patients is summarized in Table 1. For the
clinical measurements, the irradiation duration corresponds to
the average treatment time of all the acquired fractions;

TABLE 1 | Treatment field parameters and irradiation duration times for each of the
considered cases.

Patient Patient
position
angle

Energy
range
[MeV]

Number of
protons
[1010]

Irradiation
duration [s]

MCP B1-270° 66.3–167.7 2.13 231
MCP B2-0° 67.3–136.5 2.62 141
MCP B3-180° 66.3–144.4 2.14 165
002P 240° 96.8–144.4 1.64 88 [87, 91]
003P 235° 64.3–155.3 2.21 153 [150, 162]
006P 175° 64.3–151 5.64 239 [205, 274]
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additionally, the maximum and minimum irradiation times are
also reported.

2.2 The INSIDE In-Beam PET
The INSIDE in-beam PET features two planar heads (10 × 25 cm2

active area) made of 2 × 5 array of detection modules based on
Lutetium Fine Silicate (LFS) scintillating crystals (3.2 cm pixel
pitch). The 511 keV coincidence photons are selected within a

coincidence window of 2 ns; the detector energy and timing
resolution are 13% dE/E and 450psσ, respectively.

Both simulated and experimental PET images are
reconstructed by means of a Maximum Likelihood
Expectation Maximization (MLEM) algorithm [24], featuring
140 × 70 × 165 voxels with a pixel size of 1.6 mm that is half of
the pitch of the PET module (Field Of View (FOV) � 22.4 × 11.2 ×
26.4 cm3).

FIGURE 1 | Slices of the planning and control CTs of the MCP patient at the isocenter (from left to right: axial, sagittal, and coronal). The isocenter is at the crossing
point of the dashed lines. The CTV margins are drawn in green. The emptied region is pointed out with the red arrow.

FIGURE 2 | Slices of the planning and control CTs of the 006P patient at the isocenter (from left to right: axial, sagittal, and coronal). The isocenter is at the crossing
point of the dashed lines. The CTV margins are drawn in green. The emptied region is pointed out with the red arrow.
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2.3 Monte Carlo Simulation
The MC simulation is very useful to compare an experimental
PET image with the expectation because the induced activity
distribution is not straightforwardly correlated to the dose and
depends on the acquisition time [25–28]. An extensive review of
the use of MC simulation in particle range monitoring is
discussed in [29] and [30].

The MC simulation was developed in FLUKA, including all
the characteristics and calibration of the INSIDE in-beam PET
detector and all the features of the CNAO beam line and pencil
beam scanning temporal structure [31, 32]. The MC simulation
was previously validated on phantoms with both monoenergetic
beams [33] and treatment plans, for either protons [34, 35] or
carbon ions [36]. Furthermore, it was validated with the clinical
measurement of the first patient ever monitored with the INSIDE
in-beam PET scanner, where its agreement with the experimental
measurements was found to have an uncertainty compatible with
the agreement found when comparing two consecutive days
measurements [37].

The beam delivery was simulated taking into account the
average clinical intensity on the CNAO synchrotron (2 × 109 pps
in the case of proton beams), the temporal structure of the beam
extraction (1s of spill, named inspill, followed by 2s of pause
between spills, named interspill) and the experimental beam size
at the isocenter (whose modelization is described in [37]).

Using both the planning and control CTs, the MCP patient
morphology has beenmodeled in FLUKAwith the stoichiometric
approach [38] adapted to the CNAO CT calibration curve [39].
The original treatment plan (i.e., calculated on the planning CT)
was then irradiated using both CTs, exploiting the developed
biased approach described in [37], so as to optimize the
simulation run time while preserving the signal statistical
significance.

2.4 PET Image Analysis and Compliance
Map Definition
This study aims at developing a reliable analysis method for
verifying the compliance of the ongoing and prescribed proton
treatment and, eventually, at detecting interfractional
morphological changes. Moreover, a graphical representation
of the numerical results that can be easily overlaid with the
patient CT and shared with the clinicians through the TPS is
proposed. Such a graphical representation is designed to point out
regions in which the treatment compliance with the prescription
is poorly detected and it could boost the use of the in-beam PET
feedback to adapt the patient schedule of control CT exams
depending on the treatment progression.

To implement and test the proposed analysis, in-beam PET
images comprising the data acquired during the treatment in the
interspill pauses plus 10s of after treatment have been considered.
This short acquisition time after the end of the irradiation does
not slow down the clinical workflow, avoiding to add discomfort
to the patient. At the same time, it also provides additional data
that can be useful to increase the statistics of the last irradiated
slices, which in the case of the CNAO synchrotron are the highest
energies and therefore possibly the most significant in the

detection of eventual range differences located at the distal
part of the irradiated volume.

The proposed analysis comprises four steps: the image
preprocessing, the extraction of a set of isoactivity surfaces, the
calculation of the average activity range difference in the beam
direction, and the construction of the final 3D compliance map.
For the simulated patient, the analysis is carried out by comparing
the two PET images obtained with the modelization of the patient
anatomy with the planning and control CTs. For the clinical trial
patients, where experimental data is available, the analysis is
carried out by comparing the image corresponding to the first
measured fraction with the subsequent acquisitions.

First, since the raw in-beam PET images suffer from hot spots
due to poor statistics with respect to standard diagnostic PET
images, the image contrast was modified by masking the highest
and lowest intensity values. Additionally, a median filter with a
radius of 5 mmwas applied to reduce the salt-and-pepper noise in
the images.

After that, a set of isoactivity surfaces was extracted with a
multithreshold approach. We considered N � 13 activity
threshold values t between 8 and 2% with respect to the
maximum image intensity with a step of 0.5%, obtaining then
13 isoactivity surfaces At(x,y,z) for each PET image, where x and y
are the coordinates in the transverse plane and z is the coordinate
in the beam direction. The activity threshold values used in the
isoactivity surface extraction have been chosen in order to take
into account at most the contribution given by the last irradiated
energies that poorly contribute to the final PET image but that are
strongly important in the detection of possible range deviations.
A previous study reports the use of erosion and dilation filters to
obtain the isoactivity surfaces [18]. This additional filtering can be
avoided in this work, because the PET images, here considered at
the end of the treatment, are less noisy than the images reported
in [18], where the activity distribution was analyzed as a function
of the treatment time.

From the isoactivity surfaces At(x,y,z), we calculated the
activity range distribution Rt(x,y) by considering only the

FIGURE 3 | Example of Rt(x,y) calculation on an activity profile
normalized at the maximum intensity in the PET image. In the box, the range of
the t threshold used in the proposed analysis is highlighted in gray.
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activity depth differences along the beam direction z (Beam
Eye’s View - BEV). The activity range distribution Rt(x,y) was
defined as the maximum depth z belonging to the isoactivity
surface At(x,y,z) for each point (x,y) in the transverse plane
(i.e., the most distal z above the given threshold for each point
in the transverse area covered by the impinging pencil
beams):

Rt(x, y) � zmaxAt(x, y, z). (1)

A representation of the Rt(x,y) calculation is shown in Figure 3,
taking into account the activity profile along the z axis.

The set of threshold-dependent activity range distributions
Rt(x,y) in the transverse plane was used to compare two PET
images i and j. For each couple of images, the corresponding
activity range distributions for a given threshold t were Ri

t(x, y)
and Rj

t(x, y), and the average activity range difference ΔRi,j(x, y)
was calculated as follows:

ΔRi,j(x, y) � 1
N

∑N
t

[Ri
t(x, y) − Rj

t(x, y)]. (2)

In principle, thanks to the multithreshold approach, this analysis,
which is based on the evaluation of the average activity range
difference ΔRi,j(x, y), is rather insensitive to statistical
fluctuations in the activity values and does not need any
patient-related threshold optimization for assessing the
compliance of the expected and actual particle range.

To give useful feedback to clinicians, the average activity range
difference ΔRi,j(x, y) was stored in a dedicated 3D compliance
map Ci,j(x, y, z) in order to graphically improve the
understanding of the spatial location and transverse dimension

of the regions where a critical activity range variation has been
detected.

For each given voxel (x′, y′, 0), belonging to the beam entrance
plane of the 3D compliance map, we filled Ci,j(x, y, z) along the z
coordinate with the obtained value ΔRi,j(x, y), starting from z � 0
until the voxel (x′, y′, zp) where zp � Ri

tp(x, y) in which the
threshold t* is chosen equal to 8% to graphically identify the
distal part of the activity distribution, in order to avoid an
eventual noise contribution. In short, the compliance map
Ci,j(x, y, z) has been filled in agreement with the following
equations:

{Ci,j(x, y, z) � ΔRi,j(x, y) if z ≤Ri
8%(x, y)

Ci,j(x, y, z) � 0 if z >Ri
8%(x, y). (3)

The compliance map Ci,j(x, y, z) has the same size and voxel
dimensions of the original PET images, covering the same FOV
and can be uploaded in DICOM format into the TPS.

To better point out to the clinicians the regions in which
the detected activity range difference is more critical and
could therefore produce significant deformation into the
delivered dose map, a dedicated Color Look-Up Table
(CLUT) for the compliance map Ci,j(x, y, z) has also been
developed. By taking into account the 002P and 003P patients,
not prone to morphological changes, it was possible to define
an interval within which the detected average activity range
difference can be considered not significant by considering the
FWHM values of the ΔRi,j(x, y) distributions. So, in the
compliance map Ci,j(x, y, z), values within 1.96 ×
FWHM/2.35 have been considered as differences only
statistically related to a confidence level of 95%. With the

FIGURE 4 |Coronal sections of the activity images of the simulated patient at the isocenter.Upper row: images obtained by considering the planning CT in the MC
simulation. Bottom row: images referring to the MC simulation in which the control CT was taken into account. The beam fields (B1, B2, B3) of the treatment are
reported. The beam direction is identified by the red arrow.
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proposed CLUT, values included in this interval have been
shown as transparent. Hence, values that are related to an
increase of the particle range are drawn in yellow/red while
values corresponding to a decrease are in light blue/blue. Due
to experimental limitations and poor statistics in the activity

images, even for the patients in which no morphological
changes occur, there were still some outlier values for
ΔRi,j(x, y), but they were in practice not relevant because
they were not spatially correlated to each other (hot/cold
spots in the compliance map).

FIGURE 5 | Coronal sections at the isocenter of the activity images of patient 006P corresponding to six different fractions along the treatment course. The activity
distribution is shown superimposed to the planning CT. The beam direction is identified by the red arrow.

FIGURE 6 |Distributions ofΔRi,j(x, y) values. TheΔRi,j(x, y) values highlighted in gray are considered not statistically relevant with a confidence level of 95%.Upper
row: comparison of the activity distribution of the planning and control CTs obtained for the replanned simulated patient: (A) B1–270° field; (B) B2–0° field; and (C)
B3–180° field. Bottom row: comparison between the first monitored fraction (fx) and subset of fractions acquired in the following days: (D) patient 002P (first monitored
fraction fx1); (E) patient 003P (first fraction fx1); and (F) patient 006P (first fraction fx2).
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3 RESULTS

The simulated activity images referring to the MCP patient are
shown in Figure 4 for the three irradiation fields. For both
planning and control CT, the coronal slice is shown at the
isocenter. In this patient, the almost complete emptying of the
left nasal cavity, which is included into the CTV, produced in the
PET images a significant and clearly visible elongation of the
activity region in the beam direction. This effect is shown in all
treatment fields even if they quantitatively contribute with
different weights to the total dose deposition in the
morphologically changing volume.

As for the MCP patient, a slight elongation of the activity
distribution can be appreciated in correspondence to the partial
emptying of the cavity of patient 006P, even though a replanning
was not required in this case. The activity distributions referring
to different acquired fractions are reported in Figure 5.

From a quantitative point of view, it is necessary to study the
distributions of the average activity range difference ΔRi,j(x, y)
values stored into the 3D compliance map Ci,j(x, y, z) for all the
patients included in this study (Figure 6).

In the case of 002P and 003P, where nomorphological changes
are expected because of the pathology and the treatment region,
the ΔRi,j(x, y) distributions are peaked around 0 with a FWHM of
4.1 and 5.2 mm, respectively. The obtained results, reported in
Table 2, were used to define the CLUT for the compliance map
used in the following.

In the case of the P006 patient, in which a partial
morphological variation was detected in the control CT, the
ΔRi,j(x, y) distribution is slightly asymmetrical with a
pronounced tail in the positive branch meaning an increasing
particle range. For this patient, the average 〈ΔR〉 is equal to
2.8 mm and the FWHM increases with respect to the 002P and
003P patients to 6.8 mm, indicating that some morphological
changes could have occurred and therefore the compliance map
has to be checked. For 006P, the percentage of voxels for which
the compliance of the ongoing and prescribed treatment was not
guaranteed were 39 and 20% with a confidence level of 95 and
99.7%, respectively, showing an increase of more than a factor 2
with respect to the values obtained for the 002P and 003P patients
taken as reference for no critical changes.

In Figure 6, the ΔRi,j(x, y) distribution is also shown for the
simulated treatment fields referring to the MCP patient. A double

peaked structure can be appreciated: the peak centered around
zero represents the pencil beams in which no significant
difference in activity range was found in the proposed
analysis; the peak centered at 5–15 mm corresponds to the
nasal cavity whose emptying caused an increased average
particle range. Hence, the percentages of voxels for which the
compliance of the ongoing and prescribed treatment was not
guaranteed with a confidence level of 95 and 99.7%were very high
and equal to 73% (B1)-49% (B2)-62% (B3) and 64% (B1)-29%
(B2)-53% (B3), respectively, depending on the irradiated beam.

The coronal sections of the compliance map referring to the
simulated patient are reported in Figure 7. They clearly show that
the pencil beams of each irradiation field that have to pass
through the morphologically changed nasal cavity report a
significant positive range difference (i.e., the particle beam
penetrates more in the patient tissues).

Some of the compliance maps Ci,j(x, y, z) obtained from the
analysis of the 006P patient are reported in Figure 8 as an
example. Starting from the beginning of the treatment course,
there are some regions in which values outside the compliance
interval are detected (see comparison between fractions (fx) 2 and
3). During the treatment course, the regions in which a significant
average activity range difference was found become wider and
more spatially correlated in correspondence with the region
where the partial cavity emptying happened.

4 DISCUSSION

In particle therapy, several quantitative methods for PET image
analysis and range difference evaluations have been developed (e.g.,
[40–43]). Those methods mainly rely on PET monitoring systems
that acquire data after the end of the treatment. On the one hand, the
reduced acquisition time of the in-beam PET technique allows to do
treatment verification in a straightforward way that does not slow
down the clinical workflow. On the other hand, the poor statistics of
in-beamPET acquisitions has to be dealt with. This can be addressed
developing a robust analysis for the identification of critical regions
with respect to particle range deviations. Moreover, there is no
general consensus on the best way to quantify the compliance of the
ongoing treatment to the prescribed one. This study aimed at
developing and validating an analysis that takes into account as
preferential direction the beam axis (BEV) to obtain a reliable

TABLE 2 |Results of patients 002P and 003P and definition of the compliance interval at 95% confidence level, used for the design of the CLUT for the compliance map. The
percentages of outlier voxels when considering a level of confidence of 95 (±4 mm) or 99.7% (±6 mm) and the total number of produced compliance maps,
corresponding to the analyzed fractions, are also reported.

Patient Average range
activity difference

〈ΔR〉 [mm]

FWHM〈ΔR〉[mm] Semiamplitude of
the confidence
interval 95%
tailored for
each patient

[mm]

Percentage of
voxels outside
[−4, 4] mm

(confidence level
95%)

Percentage of
voxels outside
[−6, 6] mm

(confidence level
99.7%) (%)

Number of
analyzed compliance

maps

002P 0.4 4.1 3.5 12 4 11
003P −0.5 5.2 4.4 16 6 8
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evaluation of possible detected particle range variations. A similar
BEV approach has been applied both to prompt photons [44] and to
PET [40]. Moreover, a 3D compliance map has been proposed to be
used in vivo to give a feedback to the clinicians in order to tailor, for
each patient, the schedule of eventual control CTs. In the compliance
map, the average activity range difference calculated for each pencil
beam is reported. It is important to remark that this quantity is not a
direct measurement of the Bragg Peak shift in the beam direction.
There is in fact a correlation between these two quantities, but the
average activity range difference depends on other variables, such as
acquisition duration, image elongation artifacts, and detector
features, that have to be considered during the visual analysis on
the patient CT. The proposed analysis was tested with simulated and
real patients monitored with the INSIDE in-beam PET system,
which is under clinical validation at the CNAO treatment center.
Only interspill data were considered in the analysis because, even if
the INSIDE system is able to acquire useful data during the spills,
they have not yet been used for online range monitoring. In fact,
inspill data are noisy and require filtering procedures to reduce the
unwanted contribution of the prompt signals not correlated with the
beam position. Some strategies to consider also inspill data acquired
by the first twomodules of the INSIDE in-beam PETwere discussed
in [45] and [46].

From the analysis of two measured patients in which no
morphological changes were expected, it was possible to define a
compliance interval within which a detected range difference is
considered as a statistical fluctuation with a 95% confidence level.
In otherwords, a range difference falling in the compliance interval has
to be considered not critical with respect to a possible need for a patient
morphology verification exam. We found a compliance interval of
−4mm; 4mm.Based on these results, we have built a dedicatedCLUT
to show the compliance map overlaid with the patient CT. Only two
patients were used to define the confidence interval used in the CLUT,
because they were affected by pathologies showing no morphological
changes. Nevertheless, the interval was calculated considering the
whole volume, irradiated over the course of the monitored
treatment fractions, yielding the comparison of 23 PET images.

For the simulated andmonitored patients, in whichmorphological
changes were certified by control CTs, the developed analysis
identified some critical regions with respect to the particle range
variation which were compatible with the morphological variations
happened during the patients treatment. However, these patients did
not have to be replanned. This means that the proposed analysis
seems to be able to detect morphological changes before they become
severe enough to require a plan adaptation to the new clinical scenario.
Only patients treated with proton therapy were considered at this

FIGURE 7 | Compliance maps referring to the activity image analysis for each beam field (B1, B2, B3) of the MCP patient, overlaid on the planning CT with the
proposed CLUT.

FIGURE 8 | Sample of compliance maps referring to the activity image analysis of different fractions (fx) of the 006P patient, overlaid on the planning CT with the
proposed CLUT.
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stage. However, patients treated with carbon ions were also included
in the INSIDE trial. For these patients, the PET performances are
lower due to the lower statistics. Moreover, the short acquisition time
impacts the detected isotopes signal (i.e., in carbon ion therapy,mainly
11C is produced, but, having a half-life way longer than the treatment
time, this signal is partially lost). Nevertheless, research strategies to
analyze carbon ion PET data are being investigated in the framework
of the INSIDE clinical trial.

5 CONCLUSION

A reliable approach for in vivo treatment verification by means of in-
beam PET monitoring was developed and tested on simulated and
measured patients. The selected patients, affected by head-and-neck
tumors, were treated with proton therapy at the CNAO facility and
represented different degrees ofmorphological modifications that can
occur during the treatment course. The activity images acquired
during irradiation were analyzed with a robust approach based on a
multithreshold procedure in order to detect possible particle range
deviations. The proposed compliance map was found to be an
effective tool for clinical evaluation of the studied cases. The map
can be overlaid on the patient CT to evaluate the spatial position of the
critical region. Furthermore, the developed CLUT can help clinicians
to foresee an eventual dose discrepancy in the treatment so as to better
plan for a control CT and look for possible morphological changes
with a patient-tailored schedule. The proposed analysis will be tested
on the complete database of patients recruited during the ongoing
INSIDE clinical trial in order to better assess its performance in a
clinical environment, mainly in the case of patients affected by
pathologies in which a morphological change may happen. These
patients, in particular, will help clinicians to make an assessment
about the patient schedule of control CT exams during the treatments.
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