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Abstract—Positron emission tomography (PET) is a well
established imaging technique for range monitoring in hadron-
therapy. Multiple fields are standard protocol in treatments,
but because of washout and residual activity background from
previous irradiation plans, to this date quantitative verification
of the particle range for each beam field is still an open issue. In
this paper, a new method for the evaluation with a PET detec-
tor of the activity range of the second field of a treatment is
discussed. Two treatment plans with two parallel-opposed beam
fields, one using protons and one using carbon ions, were deliv-
ered on PMMA phantoms. In both cases, the second beam field
was extracted from the first irradiation residual activity and
compared with a reference image, obtained from the experimen-
tal acquisition of the second field alone. Results demonstrate
good agreement between the extracted second field and the
reference image, with average difference in the activity range
along the preferential direction of the beam less than 0.5 mm
for protons, and 1.5 mm for carbon ions. Without taking into
account any preferential direction, differences within 0.5 mm
were found for both cases. The method will soon be tested
with nonhomogeneous phantoms and, subsequently, with in-vivo
clinical data.

Index Terms—Clinical imaging system, image analysis, moni-
toring, positron emission tomography (PET), radiation therapy.

I. INTRODUCTION

BECAUSE of its characteristic dose deposition profile as a
function of depth, hadrontherapy allows highly conformal
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dose distribution and sparing of organs at risk. However, the
steep dose gradient at the distal edge of the Bragg peak
makes treatments sensitive to range uncertainties, which can
lead to tumor under-dosage or unwanted radiation to healthy
tissue.

Range uncertainties can derive from Hounsfield unit con-
version methods, patient mispositioning, organ motion, or
anatomical changes during the course of the treatment. In
clinical practice, robustly optimized conservative plans are
used to account for these uncertainties, with (2.5–3.5)% +
(1–3) mm safety margins applied to the tumor volume [1].
Nowadays, in-vivo range verification is one of the most
promising approaches for reducing these margins and max-
imizing the efficacy of the treatment. Over the last decades,
various monitoring techniques have been developed, based on
the detection of secondary particles generated from beam-
tissue nuclear interactions, such as prompt photons, charged
fragments, and β+ emitters [2]–[8].

A well established noninvasive technique for in-vivo
range verification is positron emission tomography (PET)
which measures the β+ activity by detecting the back-to-
back 511 keV photon pairs coming from positron annihila-
tion [6], [9]–[12]. The β+ emitters can derive from both tissue
and projectile fragmentation for heavy ion irradiation, or tissue
fragmentation only for proton irradiation. Due to the composi-
tion of the tissue, the β+ emitters produced during irradiation
are mostly carbon and oxygen isotopes. These radionuclides
have short half lives (the longest being 11C, whose half life is
about 20 min), making real time imaging highly desirable. In
order to minimize the biological washout effects and obtain
the highest correlation between the measured activity and the
deposited dose, the β+ decaying signal must be acquired
while the treatment is ongoing [13]. This technique is called
in-beam PET.

During 2016 a new in-beam PET scanner named
Innovative Solutions for In-Beam Dosimetry in Hadrontherapy
(INSIDE) was installed at the Italian Center of Oncological
Hadrontherapy (CNAO) in Pavia, Italy, and characterized
with PMMA phantoms [8], [14]–[17]. In December 2016, the
in-beam PET was tested clinically, monitoring in real time
the first irradiation of a two-field proton treatment plan of a
patient [11].
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When designing a treatment plan, multiple fields are stan-
dard protocol to optimize the dose to the target and minimize
the dose delivered to the surrounding healthy tissue. Several
groups have monitored PET activation during or after the treat-
ment delivery in a clinical setting, with patients undergoing
either one or two beam fields [6], [9]–[11], [18], [19]. Range
monitoring in presence of more than one beam field introduces
additional challenges due to the superposition of the activity
distributions, along with the issues of washout and low activ-
ity levels, especially if data is acquired after the treatment,
with the scanner either positioned inside the treatment room
(in-room PET) or in a dedicated room (off-room PET). These
limitations can be overcome by using an in-beam PET scanner.

Previous studies report range monitoring analyses about
the overall activation after the delivery of the whole treat-
ment, but without focusing on the single contribution of each
field [6], [18], [19]. Discerning the activity of subsequent
beam fields would allow quality control not for just one beam
field, but for the whole treatment session.

In this paper, we present a novel method based on event
rate selection and image filtering to evaluate consecutive beam
fields acquired with the INSIDE in-beam PET. To this purpose,
two clinical treatment plans were randomly selected from the
CNAO database: one with protons, the other with carbon ions.
Each of the selected plans consisted of two parallel-opposed
beam fields, i.e., with the beams at an angle of 180◦, so as to
have the distal edge of the activity from the first beam inside
the signal of the second one. This kind of configuration has
never been explored before in PET-based monitoring, since
the distal edge was considered undetectable because of the
blurring of one beam into the other, thus excluding beam fields
at angles above 90◦ [19]. The activity of the second field was
then extracted from the first one, and its distribution compared
to a reference experimental distribution. Range analysis results
are reported.

This paper is organized as follows. In Section II, the char-
acteristics of the INSIDE in-beam PET scanner, experimental
setup, and data acquisition are described. In Section III,
the second field activity extraction analysis is presented.
Section IV outlines the image comparison methods and pro-
vides the results of the analysis. Finally, the conclusions are
drawn in Section V.

II. INSIDE IN-BEAM PET EXPERIMENTAL

SETUP AND ACQUISITION

A. INSIDE In-Beam PET Scanner

The scanner is based on two opposed planar heads, each
consisting of 2 × 5 detector modules. A detector module is
made up of 16 × 16 segmented lutetium fine silicate scintil-
lating crystals, of 3 × 3 × 20 mm3 volume, coupled 1:1 to
Hamamatsu MultiPixel Photon Counters, resulting in 25602

possible lines of response within the field of view (FOV). The
module surface area is 51.2 × 51.2 mm2. The total detection
area for each head is 112 mm (transaxial) × 264 mm (axial,
parallel to the direction of the beam).

The 64-channel TOFPET ASIC is used to measure the
energy and detection time of each event [20]. An FPGA-based

data processing system selects the events around the 511 keV
photopeak and transmits them to a data acquisition system
(DAQ) implemented on a server (32 hyper threaded cores and
128 GB RAM) in which a high performance software applies
online data sorting to obtain and store time-tagged coincidence
data. A maximum likelihood expectation maximization algo-
rithm with five iterations is used to reconstruct time-resolved
activity images (224 × 112 × 264 mm3 FOV with 1.6 × 1.6
× 1.6 mm3 voxel size). A more detailed description of the
system is reported in [8].

B. Experimental Setup

The in-beam PET scanner is mounted on a movable cart.
For the experiment, the scanner was manually positioned and
aligned with the treatment room lasers. The working distance
between the heads was set at 50 cm.

The irradiation plans reported in this paper generated
a dynamically shaped spread-out-Bragg-peak. Data were
acquired at the CNAO synchrotron facility in Pavia, Italy,
where treatment delivery is performed by an active scanning
system. The selected plans were applied to two 15 × 15 ×
20 cm3 PMMA homogeneous phantoms. Both plans consisted
of two beam fields, the second of which was delivered on the
same phantom, after a 180◦ rotation around the isocenter, so
that the first beam field residual activity overlapped the second
in the distal fall-off area. The time between the two irradiation
deliveries was constrained by the time necessary to rotate the
phantom and submit the request for the new treatment deliv-
ery to the synchrotron control room, but it was comparable
with the typical time interval necessary in clinical operations
to rotate the patient bed for the new irradiation field.

C. Data Acquisition

The CNAO synchrotron has a pulsed beam structure com-
prising actual beam delivery (in-spill) followed by a pause
(interspill). At the moment of the acquisition, the accelerator
duty cycle was 3 s, with about 1 s in-spill and 2 s interspill.

The DAQ system provides online selection of in/interspill
coincidences, allowing quasi real-time reconstruction of both
data sets. Data is thus acquired during both in- and inter-spill
periods but, because of prompt radiation and neutron back-
ground during the spill, only interspill data is used for the
present analysis [21].

Since data is time-tagged, specific time intervals can be
selected and reconstructed. Both interspill and after-treatment
data were taken into account for image reconstruction. All
acquired interspill periods were considered. After-treatment
data was acquired between the two beam field deliveries and
for 145 s after the treatment end.

The coincidence event rate, showing the in- and inter-spill
distributions for the proton treatment delivery is shown in
Fig. 1. Three time intervals are highlighted. Data from these
time intervals is used to reconstruct the images shown in
Fig. 2—specifically: the period labeled as Field 1 (a) com-
prises data from the treatment and after-treatment of the first
beam field delivery, before phantom rotation; the Field 1 decay
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TABLE I
OVERVIEW OF THE MONITORED TREATMENT PLANS, INCLUDING THE DOSE D, ENERGY RANGE E, NUMBER OF SPILLS Nspill ,

IRRADIATION TIME Tirr , AND PET ACQUISITION TIME TPET

(a) (b) (c)

Fig. 1. Coincidence event rate of a treatment plan with parallel-opposed
beam fields, protons. The time intervals used for the analysis are highlighted
in the figure. (a) Field 1: first beam field delivery and after-treatment data
before the rotation of the phantom. (b) Field 1 decay: after-treatment data
of Field 1 after the rotation of the phantom. (c) Field 2: second beam field
delivery and after-treatment data.

(b) period refers to the sole decay data, after the phantom rota-
tion and before the second field irradiation; finally, Field 2
(c) indicates data comprising the second beam delivery and
145 s after-treatment data. The Field 2 activity image thus
results on the opposite side of the phantom with respect to
the isocenter when compared with the activity image acquired
in Field 1, with one distal edge blurred inside the other. The
same procedure was applied for the carbon ion case.

The maximum coincidence event rate detected for the pro-
ton and carbon ion treatment plan was of 19 and 3 kHz,
respectively, with a coincidence time window set to 2 ns. The
total number of coincidences acquired during the interspill and
after-treatment of Field 1 was of about 1.4 105 for the pro-
ton treatment. The same order of magnitude of coincidences
was observed for the in-vivo case monitored by the INSIDE
scanner, with minor numerical discrepancies due to differences
in phantom/patient attenuation and treatment plans [11]. For
Field 1 of the carbon ion treatment, 3 104 coincidences were
acquired.

The total irradiation time and PET scan acquisition time
used to reconstruct the images are shown in Table I for the
selected cases. The number of observed spills, the delivered
dose and the energy range are also shown.

III. SECOND FIELD ACTIVITY EXTRACTION

The aim of this paper is the extraction and validation of the
second beam field activity distribution.

Fig. 2 shows the 2-D images of the activity induced,
respectively, by the proton (upper row) and carbon ion
(lower row) treatment plans reconstructed considering the
selected time intervals. The time intervals comprise both the
actual delivery of the beam and the after-treatment data,
as reported in Section II-C. The first field is shown before
(a) and after (b) the rotation of the phantom, whereas
the following irradiation (c) starts from the beginning of
the second field, so as to have as less residual activity
as possible, and comprises 145 s after-treatment for both
treatments.

In order to evaluate the contribution of Field 2 during the
acquisition time interval (c), in which the total distribution is
given by the superposition of both beam fields coincidence
event rates, the residual activity given by the decay of Field
1 has first to be assessed. The proposed method is structured
as follows.

1) The Field 1 contribution (i.e., the number of coinci-
dences) in the time interval (c) is evaluated by extrap-
olating the trend of the event rate decay curve found
during (b) with an exponential function and integrating
it over the (c) time interval.

2) The Field 1 contribution has to be translated into an
activity image in order to isolate Field 2 in the time
interval (c).

3) The calculated number of coincidences of Field 1 is then
used to select, starting from the end of the (b) data set
(ordered in time), the coincidences to reconstruct this
image, so as to be as close as possible to the Field 1
activity distribution expected in the (c) data set.

4) The obtained image, which represents the Field 1 decay
background, is subtracted from the overall activity dis-
tribution acquired during the time interval (c).

5) The final image of Field 2 is thus obtained and compared
to a reference image.

The reference image was obtained from data acquired with
a separate phantom to which only Field 2 was delivered. The
reproducibility of activity distributions delivered on PMMA
phantoms was already studied in previous works and repeated
experimental data can be thus considered as reliable reference
images for a comparison analysis [14], [16].
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(a) (b) (c)

(a) (b) (c)

Fig. 2. Reconstructed 2-D images of the induced activity: central slice parallel
to the PET heads for different time-intervals for the proton (upper row) and
the carbon ion (lower row) treatment. (a) Field 1 irradiation. (b) Decay of
Field 1 after a 180◦ phantom rotation around the isocenter. (c) Field 2 with
residual activity from the previous irradiation. The beam direction is shown
in the images. The images refer to different intensity scales because of the
different statistics and integration time intervals.

The distribution of the second field devoid of the previous
activity background is shown in Fig. 3 (a), along with the
reference image (b) for the proton (upper row) and car-
bon ion (lower row) treatment plans. As can be seen from
both Figs. 2 and 3, the carbon ion images present higher
fluctuations, due to the characteristic tail caused by charged
fragments, and to the lower statistics compared to protons.
Indeed, since they present higher biological effectiveness,
treatments with carbon ions have a number of primary par-
ticles which is typically an order of magnitude lower than
that of protons. In particular, when subtracting images with
uncorrelated statistics, this feature translates into higher noise
(Fig. 3), which has to be excluded when performing the range
assessment analysis.

The methods used to compare the images are presented in
the next section.

IV. ACTIVITY COMPARISON

A. Image Processing

The analysis was implemented in C++ with ROOT1 and
Insight Segmentation and Registration Toolkit2 (ITK) libraries,
and allows selection and reconstruction of specific time
intervals, yielding time-activity evolution comparisons.

The analysis relies on the extraction of an iso-activity sur-
face S from each PET image through the application of image
filters. First, a median filter with a 5 × 5 × 5 mm3 kernel

1https://root.cern.ch
2https://itk.org

(a) (b)

(a) (b)

Fig. 3. (a) 2-D activity image obtained subtracting the previous irradiation
background from the second field image; (b) activity image acquired during
the irradiation of Field 2 alone for a proton (upper row) and carbon ion
(lower row) treatment. The iso-activity surfaces S are highlighted in red for
the extracted second field, and white for the experimental acquisition. The
images refer to different intensity scales because of the different statistics and
integration time intervals.

is applied to the PET images to compensate for the salt and
pepper noise related to the image statistics. Then, the images
are equalized to mitigate the contribution of small intensity
variations and a 20% threshold filter with respect to the maxi-
mum image intensity is applied to exclude the noise below that
threshold. This step is shown for the carbon ion distribution
in Fig. 4, where the activity profile of the extracted Field 2 is
reported. The profile, normalized to the maximum intensity of
the image, is calculated along the beam axis z, considering a
square area of 0.16 × 0.16 cm2 (corresponding to 1 voxel) in
the transverse plane from the center of the image. Voxel inten-
sities below the threshold (represented by the black line in the
image) are not considered in the analysis. Eventual residual
noise spots are excluded through the application of erosion
and dilation filters, to obtain fully connected activity surfaces.

Further filtering is done by integrating the spatial infor-
mation of the CNAO dose delivery system, so that only the
voxels through which the beam is actually delivered are taken
into consideration [22]. The resulting surface S and the refer-
ence (shown in Fig. 3) are then compared. The range analysis
has been tested for clinical treatments delivered on PMMA
phantoms and, more recently, to assess the measured activity
compliance with the expected distribution in a clinical in-vivo
treatment [11], [23], [24].

Previous studies report activity comparisons along the beam
direction only, or by visual means performed by specialized
personnel [10], [18], [25]–[27]. In this paper, the analysis was
carried out taking into account the whole 3-D activity distribu-
tion both in the sole direction of the beam and in all directions.
The first method was designed to maximize the sensitivity
of the scanner in detecting range differences along the beam
direction, whereas the second method was designed to give an
insight about the absolute distance between the two distribu-
tions in space. Both methods provide quality indicators of the
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TABLE II
VALUES OF THE QUALITY INDICATORS OF THE COMPARISON ANALYSIS

Fig. 4. Carbon ion beam activity profile of the extracted Field 2, normalized
to the maximum intensity value of the image. A line representing the 20%
threshold, below which voxel intensities are excluded, is also shown.

agreement between the two images. The comparison methods
are described in Sections IV-B and IV-C.

B. Beam’s Eye View

The images are compared by evaluating, in the preferen-
tial direction of the beam, the difference between the entrance
and exit points of the surface S, which is considered to be the
activity range R. The activity ranges R and Rreference of the
two images are then subtracted and the average range differ-
ence <δR> and the distribution FWHM are considered as the
comparison quality indicators.

C. Overall View

The images are compared by evaluating, for each voxel
belonging to S, the minimum Euclidean distance δS between
the two iso-activity surfaces, with no preferential direction.
The average surface distance <δS> and the FWHM are
considered as the comparison quality indicators.

D. Results

Fig. 5 shows the range difference (left) and surface dis-
tance (right) distributions obtained comparing the images of
the second field shown in Fig. 3.

The beam’s eye view (BEV) method indicates an agreement
of 6.4 mm FWHM (protons) and 11.2 mm FWHM (carbon
ions), with minimal systematic effects: the average range dif-
ferences <δR> are 0.23 and 1.28 mm for the proton and
carbon ion case, respectively. The overall view (OV) method
shows 1.6 mm FWHM and average surface distance <δS>

of 0.22 mm for protons, and 4.8 mm FWHM and <δS> of

Fig. 5. BEV average range difference and OV surface distance distributions
for a proton (upper row) and carbon ion (lower row) treatment plan com-
parison between the extracted second field and the reference distribution of
the same field. Mean and standard deviation (RMS) of the distributions are
enclosed in the figure.

0.33 mm for carbon ions. Both methods present slightly worse
agreements for the carbon ion case because of its reduced
statistics, which makes the range evaluation less precise.

The activity images were further compared through a
Pearson correlation test as described in [28]. The test gives a
numerical value between [0, 1], stating how strong a correla-
tion can be found between the image intensities. The resulting
values were 0.98 and 0.92 for the proton and carbon ion case,
respectively, showing strong correlation.

The same analysis was applied to the first beam field. That
is, for both treatments the first beam field was again delivered
on a PMMA phantom and its corresponding activity image,
reconstructed within the same time interval as indicated by
the Field 1 notation, was used as reference.

Results show that the comparison between the Field 1 image
with its reference have quality indicators compatible with the
ones found in the comparison between the extracted second
field image and its reference, for both the proton and carbon
ion case. Since the Field 1 images were not post-processed
to remove any activity background coming from a previous
irradiation, and data reproducibility is considered as reliable,
the obtained comparable quality indicators validate the proof
of concept presented in this paper to monitor consecutive beam
fields.
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A summary of the analysis quality indicators is reported
in Table II. The Field 1 and Field 2 notation refer to the
experimental images at comparison.

V. CONCLUSION

The activity distribution of a clinical treatment with two
parallel-opposed beam fields was measured on PMMA phan-
toms with the INSIDE in-beam PET scanner for a proton and
a carbon ion treatment plan. Despite the residual activity due
to the first irradiation that was partially overlapping the sec-
ond field activity distribution, the activity produced solely by
the second beam field was effectively extracted with a novel
method and compared to an experimental reference image.
This procedure allowed, to our knowledge for the first time,
the application of separate range assessment analysis on both
fields.

The range comparison was carried out taking into account
both the sole direction of the beam (BEV method) and all
directions (OV method). Results show a 6.4 mm FWHM and
a 11.2 mm FWHM in range difference distribution (BEV),
with average difference along the beam direction less than
0.5 mm for protons, and 1.5 mm for carbon ions. Without
taking into account any preferential direction, 1.6 mm FWHM
and 4.8 mm FWHM in surface distance distribution (OV) are
found, with differences within 0.5 mm for both cases. The
values obtained from the OV method show that there is a
good agreement between the whole 3-D activity distributions
at comparison. The wider BEV distributions are due to the fact
that there is a preferential direction to be considered, which
makes the definition of the range near the activity borders
more critical, especially for the carbon ion case, where the
statistics are a factor of ten lower than in the proton case
(see Fig. 3). Nevertheless, the Pearson correlation test shows a
strong intensity correlation between the images at comparison.

The quality indicators obtained are similar to those obtained
from the comparison between the Field 1 activity and its
reference. Furthermore, they are comparable to the results
obtained from the range assessment in an in-vivo clinical case,
indicating the feasibility of the method.

This first attempt to measure multiple fields and assess the
activity range of the second beam field with the same analysis
performed on the first one poses very promising prospects for
in-beam PET. The proof of concept will also be tested on
nonhomogeneous phantoms.

The INSIDE in-beam PET will soon start a clinical trial at
the CNAO facility that will include the monitoring of multiple
fields treatment plans. The method presented here will be
tested with real patient treatment data, assessing its feasibil-
ity, repeatability, and performance in a clinical environment,
where a more complex response due to the contribution of
washout and tissue heterogeneity is expected.
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