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Abstract—The in-beam PET is a novel PET application to image
the � activity induced in biological tissues by hadronic thera-
peutic beams. Thanks to the correlation existing between beam-de-
livered dose profiles and beam-induced activity profiles, in vivo in-
formation about the effective ion paths can be extracted from the
in-beam PET image. In-situ measurements, immediately after pa-
tient irradiation, are recommended in order to exploit the max-
imum statistics, by also detecting the contribution provided by the
very short lived isotopes, e.g. ���. A compact, dedicated tomo-
graph should then be developed for such an application, so as to
be used in the treatment room.

We developed a small PET prototype in order to demonstrate the
feasibility of such a technique for the monitoring of proton therapy
of ocular tumors at the CATANA facility (Catania, Italy). The pro-
totype consists of two planar heads with an active area of about
5 cm 5 cm. Each head is made up of a square position sensi-
tive photomultiplier (Hamamatsu H8500) coupled to a matrix of
the same size of LYSO scintillating crystals (� mm � mm
�� mm pixel dimensions). Dedicated, compact electronic boards
are used for the signal multiplexing, amplification and digitization.
The distance between the pair can be varied from 10 cm up to a
maximum of about 20 cm.

The validation of the prototype was performed on plastic phan-
toms using 62 MeV protons at the CATANA beam line. Different
dose distributions were delivered and a good correlation between
the distal fall-off of the activity profiles and of the dose profiles was
found, i.e., better than 2 mm along the beam direction.

Index Terms—Eye therapy, in-beam monitoring, PET, proton.

I. INTRODUCTION

A LL particles used in hadrontherapy, protons included, in-
duce nuclear reactions in the biologic material which lead

to the production of emitters, i.e., mainly and from
their corresponding stable isotopes [1], [2]. By using ions like
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carbon, oxygen or fluorine, there is a further production of other
emitters through the fragmentation of beam ions themselves.

The induced activity can be measured with the so-called “in-
beam PET” to extract in-vivo information about the effective ion
path and stopping point. By comparison with the calculated ac-
tivity distribution, as evaluated from the dose profile of the treat-
ment plan, an indication of discrepancies from the planned dose
can be extracted. Different processes underlie -activation and
the dominant mechanism of energy deposition: they are nuclear
and atomic processes, respectively. The difference of the phys-
ical processes causes a significant difference between the ac-
tivity and the dose distributions produced by the same beam. In
particular, with proton beams the 5–20 MeV threshold for nu-
clear reactions in target tissue produces an activity distribution
that ends a few millimeters before the Bragg peak [3]. However,
the distal dose fall-off is expected to be correlated with the ac-
tivity distal edges, since both are produced by the interaction of
protons with matter.

The determination of the correlation between the range of
incident particles and the induced activity distribution for the
specific ion beam is a fundamental step of the “in-beam” PET
technique. In fact, the knowledge of such correlation allows the
proper inference of the spatial distribution of the delivered dose
from the PET-image. One possible approach, adopted in the
case of proton irradiation of homogeneous materials, is the use
of a filter function [4], which must be determined starting from
the beam energy distribution, the beam isotope, and the PET
detector characteristics. By the convolution of the activity dis-
tribution with the filter, it will be possible to unfold the dose in-
formation carried by the measured PET image and to compare
the delivered dose distribution with the planned one. Any signif-
icant disagreement is an indication of variations in the delivery
process, that could be accounted for and possibly corrected for
before the following fraction of therapy.

Post irradiation (“off-beam”) usage of commercial full-ring
PET or PET/CT scanners has been experimented [5], [6].

For the dose profile monitoring, the possibility of on-line
measurements, i.e., immediately after patient irradiation, is of
great importance, since one collects the maximum statistics by
detecting the activity contribution also provided by the very
short lived isotopes (e.g., , which has a 2 min half life).
Moreover, in-beam measurements avoid alignment errors that
could arise when moving the patient from the therapy to the PET
location, and diminish the biological wash out of the produced
isotopes, that would happen during the transfer time.

The positive clinical impact of in-beam PET has been already
demonstrated at GSI (Darmstadt) for irradiation by using
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a commercial PET scanner adapted to the purpose. The GSI
group is the first one to use such monitoring technique in clin-
ical routine [7]. Stimulated by this successful experience and by
the growing number of ion beam therapy facilities worldwide,
the employment of PET imaging for quality assurance has been
investigated also for protons [8]–[10], [11], [12] and
even photons [13]. Besides the in-beam PET tomograph at GSI,
only few more systems have been recently installed in Japan
[14], [15] and Italy [16].

The CATANA center (Centro di AdroTerapia e Applicazioni
Nucleari Avanzate [17]) has developed a proton therapy facility
for the treatment of ocular lesions with a 62 MeV proton beam
from a Superconducting Cyclotron at INFN-LNS (Istituto
Nazionale di Fisica Nucleare—Laboratori Nazionali del Sud)
in Catania.

The DoPET project (Dosimetry with a Positron Emission To-
mograph) aims to realize a PET system dedicated to “in-beam”
proton-therapy monitoring. The system has been validated
through a series of measurements on polymethylmethacrylate
(PMMA, ) phantoms. The irradiation setup has been
chosen according to clinical conditions applied in tumour
treatment monitoring at CATANA. The obtained results are
presented in the following sections.

II. EXPERIMENTAL APPARATUS

The prototype tomograph consists of two planar heads,
with an active area of about 5 cm 5 cm (see Fig. 1). Each
head is made up of a square position sensitive photomulti-
plier (Hamamatsu H8500 [18]) coupled to a matrix of LYSO
( , ) scintillating crystals (21 21
pixel matrix, with mm mm mm pixel dimensions)
from Hilger Crystals Ltd (UK).

A multiplexed read-out [19] is chosen to reduce the number of
acquired signals from the 64 anodes to only 4 signals per head.
Dedicated, compact electronic boards are used for the signal
amplification and digitization. Coincidences rates above 50 kHz
roughly correspond to dead time loss higher than 10% and more
than 25% of pile-up loss. However, this is not a problem for this
application, since typical coincidence rates during “in-beam”
measurements are on the order of 1 kHz or below.

The detector calibration procedure includes gain compensa-
tion, sensitivity normalization, dead time corrections and sub-
traction of coincidence background from random occurrences as
well as from the scintillator natural radioactivity (the radioiso-
tope is present in the natural Lu composition). The ra-
dionuclide decay corrections are performed automatically only
during calibration measurements, i.e., when the acquired ra-
dioactive source is made up of a single radionuclide species.
No preliminary decay correction was applied in the case of data
acquisition of proton-induced activity, but a time analysis of ac-
quired data decay can be performed to deconvolve and
contributions to the measured activity.

The SimSET [20] package has been adopted to model the
physical processes and the detector, for the optimization of de-
tector design and acquisition protocols.

Fig. 1. Schematic view of the prototype: the two detector heads and the plastic
phantom are held by an aluminum-alloy support. The entire instrument is then
placed on a plane which is aligned with respect to the beam direction. Protons
impinge on one base of the cylindrical phantom.

The distance between the two heads can be varied from 10 cm
up to a maximum of about 20 cm. In the presented measure-
ments, the detector heads were symmetrically placed 14 cm
apart with respect to the measured activity region.

The overall detection efficiency measured with a point
source (150 kBq) at the center of the field of view (FoV) was
found to be 1.0% in the energy window [150, 850] keV and
0.7% in the energy window [350, 850] keV. The first energy
window rejects electronics noise and is used to profit from the
maximum statistics, while the latter one allows the rejection of
phantom scattering and background from natural radioac-
tivity. The measure of detection efficiency does not presently
include any scattering correction.

III. RECONSTRUCTION ALGORITHM

Dealing with low statistics, it is essential to use effectively
the limited data set. We have utilized a 3D Maximum Likeli-
hood Expectation Maximization (3D ML-EM) reconstruction
that makes use of all the collected lines-of-response. A multi-ray
method [21] is utilized for the calculation of the probability ma-
trix, taking into account the geometry as well as the physics of
photon detection.
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The limited angular acceptance of the prototype makes it im-
possible to achieve an exact reconstruction of the activity dis-
tribution in all three dimensions. However, for proton therapy
monitoring, a very important goal is to obtain a resolution on
the order of the millimeter along the beam direction.

The spatial resolution has been measured on the ML-EM re-
constructed image with a point source (1 mm diameter)
placed in the center of the FoV. It is 1.7 mm (FWHM) in the
plane parallel to the heads (see Fig. 1). The same result (within
0.1 mm) has been obtained with the source in air or embedded
in PMMA, reconstructing data with 1 mm and 0.5 mm voxel
sizes, and using energy selection [150, 850] keV, as well as [350,
850] keV.

IV. UNFOLDING PROCEDURE

The calculation of the filter function to unfold the dose dis-
tribution requires the a priori knowledge of both the delivered
dose and the induced activity for some reference beams with a
known energy distribution. For the dose and activity calculation
of proton beams, we currently adopt a semi-analytic algorithm.
The dose calculation is separated into two independent steps: the
evaluation of the (angular, spatial and energy) distributions of
proton beams as determined by the specific accelerator line and
the physical interactions of the beam in the patient. The first one
is obtained from a GEANT4 simulation [22]. The in-depth evo-
lution of the proton energy distribution is then obtained through
the numerical integration of a Fokker-Planck equation [23].

The chosen reference beams are monoenergetic proton
beams. Dose profiles and the induced activity profiles (mainly
from and ) along the beam depth are well ap-
proximated by a linear combination of a family of analytical
functions [4], defined as

(1)

where

if ,
otherwise.

(2)

in which is a real number and is the extension of the
factorial (!) to real number arguments and is used for normal-
ization purposes. The convolution of two arbitrary -functions
can be algebraically evaluated from the analytic expression of
the starting functions. Therefore the convolution filter from dose
to each activity profile is easily extrapolated. The linear com-
bination of each isotope filter would produce the proper filter
for deriving activity distributions from dose distributions. Each
weight coefficient of the linear combination represents the frac-
tion of activity assigned to the given isotope for the specific mea-
surement.

The first validation of this analytical approach to the anal-
ysis of dose-activity correlation has been already presented in
[23]. From the study it emerges the applicability of this ap-
proach as an alternative to full-blown Monte Carlo simulation
for dose verification. The agreement between filtered-dose and
measured-activity in the low energy range ([40, 70] MeV) is

Fig. 2. In-depth dose profiles of beam line configurations used at CATANA
for range shift measurements. Curves are normalized to the middle point of the
modulation plateau. Eye-tissue equivalent thicknesses are: �� � � mm, �� �
� mm, �� � � mm, �� � � mm, �� � � mm. Thicknesses in PMMA of
range shifters are reported in the text.

consistent with the existence of one universal filter function to
convert dose into activity profile, regardless of the beam energy.
This result supports the efforts to invert the filter itself so as to
achieve the proper dosimetric goal.

V. MEASUREMENT SETUP

The feasibility of range monitoring was studied in mono-
energetic and energy modulated proton beams. Homogeneous
PMMA phantoms were irradiated at the INFN-LNS cyclotron,
using the beam line of the CATANA facility. The proton beam
available at CATANA is a monoenergetic 62 MeV proton
beam, which is passively shaped to different energy distri-
butions. Range shifters of different PMMA thicknesses are
inserted along the beam path to obtain lower proton beam
energies, while energy modulated proton beams are produced
using modulating wheels. A 25 mm diameter brass collimator
has been adopted as final collimator for all the phantom irradia-
tions. 30 Gy irradiations were usually employed for quantitative
measurements. However, measurements at clinical conditions
of one therapy fraction (15 GyE) delivery were also tested. Be-
fore each run, routine dosimetry protocol is followed to control
the dose delivery. The absolute measurements are performed in
water with a plane parallel Markus ion chamber, as required by
the IAEA TRS-398 protocol [24], and following the procedure
described in [17]. For the relative dose measurement a Si diode
(CCO diode BPW34) is chosen [25]. The dose profiles mea-
sured with the silicon diode were used to predict the activity
distribution applying the algorithm described in [23].

In Figs. 2 and 3 the in-depth dose profiles of beam config-
urations used to irradiate PMMA phantoms for DoPET acqui-
sitions are shown. Range shifters and modulation wheels used
were selected from those employed by the CATANA group for
proton-therapy. Profiles in Fig. 2 are obtained with a modulation
of 10.8 mm in PMMA (labeled as p002), and different range
shifters. Eye-tissue equivalent thicknesses of the range shifters
inserted are mm, mm, mm,
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Fig. 3. In-depth dose profiles of beam line configurations used at CATANA for
modulation width detection. Two modulation wheels and a full-energy beam
were used, with no range shifter inserted. Spread-out curves are normalized to
the middle point of the modulation plateau. The single Bragg peak is normalized
to its maximum. Eye-tissue equivalent modulation widths are: 0 mm, 12 mm,
20 mm. Modulation widths in PMMA are reported in the legend and in the text.

mm and mm, which correspond to PMMA equivalent
thicknesses of mm, mm, mm,

mm, mm, respectively.
Profiles in Fig. 3 are obtained with no range shifter and

different modulation wheels. Modulation widths in eye-tissue
are 12 mm and 20 mm, that correspond to PMMA modulation
widths of 10.8 mm and 17.9 mm, respectively. A baseline
configuration with no range shifter and no modulation wheel is
also shown.

Phantoms were placed at the center of the FoV, and the dis-
tance between the heads was set to 14 cm. Clinical conditions
for eye therapy would suggest an asymmetric configuration, or
larger head-to-head distances (at least equal to the head diam-
eter), which will be tested with a larger version of the DoPET
detector that is now under construction. The phantom position
along the beam direction was chosen so as to place the distal
fall-off of activity distribution at the center of the FoV, where
the spatial resolution and the detector efficiency are maximum.

The energy window of [350, 850] keV has been chosen
for reconstructed data, in order to reject background
radioactivity in the crystal and scattering contribution in
phantom. The reconstruction algorithm divides the FoV in

voxels, but only the central volume
is reconstructed; the 42 42 voxels central slice (1.076 mm
thick) is used for the results presented in the next section.

VI. RESULTS AND DISCUSSION

Three runs of measurements have been performed for the val-
idation on cylindrical plastic phantoms. The preliminary results
obtained during the first run have been already presented in
[16]. The detection capability of 2 mm shifts in proton range
was only qualitatively shown for proton irradiations in non-
clinical configurations (sharp, unmodulated Bragg peaks and
40–60 Gy dose delivery). In this paper we report the first attempt

Fig. 4. Visual comparison between phantoms with different entrance surfaces.
Left: flat entrance surface. Right: eye-shaped entrance surface. Top: photographs
of the used PMMA phantoms. Bottom: central slice (42� 42 voxels, 1.076 mm
thick) of the reconstructed images, with proton impinging from the left. No rigid
support was available for the eye-shaped phantom; therefore its displacement
in the FoV could not reproduce that of the cylindrical phantom (about 5 mm
difference along beam direction).

of quantitative analysis of the results obtained in two succes-
sive runs. Modulated proton beams and calibrated dose delivery
were used.

Fig. 4 shows the reconstructed images of phantom acti-
vation obtained using a modulation of 12 mm eye-tissue equiv-
alent matter (10.8 mm in PMMA) and 2 mm eye-tissue equiv-
alent range shifter ( mm in PMMA), i.e., a possible
therapy configuration. One therapy dose fraction (15 GyE) has
been delivered in about 1 minute as in clinical conditions. The
PET acquisition has been done for the following 15 minutes.
The results using the cylindrical phantom and an eye-shaped
phantom [26] can be visually compared from the picture.

Since these first results appeared statistical-limited, all the
other measurements performed were based on acquisitions per-
formed after a higher dose delivery (30 Gy), corresponding to
about twice the therapy dose fraction. For doses of 30 Gy in 1
minute over a PMMA volume of about 6 cm (i.e., no range
shifter in the beam line), the DoPET detector collected about

coincidences for a head-to-head distance of 14 cm and an
acquisition time of 30 minutes after the end of the irradiation.

The time analysis of the acquired data assigns 75% of mea-
sured activity to , and about all the remaining 25% to .
This confirms the effectiveness of the in-beam measurement
to increase statistics with respect to off-beam acquisitions that
cannot profit from the short-lived activation.

Fig. 5 shows the central slices of the activity distributions
reconstructed in two different runs (February 2007 and May
2007) with the same beam configurations, i.e., a modulation of
10.8 mm, and three different range shifters (A2 has been used
in the second run only). The 50% level contour plot has been
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Fig. 5. 50% contour activity profiles of the central slice (42 � 42 voxels,
1.076 mm thick) of the reconstructed images for the activity acquired after
30 Gy irradiations using 10.8 mm modulation and different range shifters (see
Fig. 2). Solid lines correspond to measurements performed on May 2007,
whereas dashed lines correspond to February 2007 measurements. The same
grey tone corresponds to the same beam line configuration. The proton beam
impinges from left. The proximal edge of the cylindrical phantom is in the
vertical line placed at pixel #3 along the beam direction. The center of the FoV
is at point (21,21) in the plot.

chosen for visualization and analysis because it appeared to be
less sensitive to the reconstruction algorithm and to image fluc-
tuations. The comparison of the results from the two runs sup-
ports the reliability and reproducibility of our setup from run to
run.

Since systematic errors in the alignment of the phantom have
not yet been evaluated, an unknown offset could affect the in-
ference of practical beam range from the position of the activity
distal edge in these data. Thus we prefer to present our results
as a correlation between activity shifts and range shifts.

Shifts in activity profiles were measured as shifts in the 50%
distal fall-off of the activity profile along the beam direction in
the central slice of the reconstructed images. Profiles are eval-
uated on a single voxel row. Integration on more pixel rows
would lead to a reduced statistical fluctuation in the results along
beam direction, but would make the results dependent on the
activity distribution along the orthogonal directions. Shifts in
proton range were measured as shifts in practical range mea-
sured from in-depth dose profiles (see dose configurations pre-
sented in Fig. 2).

The correlation between activity distal edge shifts and prac-
tical range shifts for all the measurements performed in the two
runs is shown in Fig. 6. If the slope of the distal activity profile
is assumed to be energy independent to a first order approxi-
mation [23], then the correlation between practical range and
activity distal edge shifts should lay on the bisector axis .
The practical range is determined within roughly m, that
is the uncertainty of the diode positioning system. Uncertainty

Fig. 6. Correlation between range shifts and activity distal edge shifts in
PMMA phantoms. The legend explains the range shifter combinations used
to measure the shifts. Uncertainties are 0.2 mm in practical range shift and
0.3 mm in activity distal edge shift. The expected linear correlation � � � is
shown by a dashed line.

Fig. 7. 50% contour activity profiles of the central slice (42 � 42 voxels,
1.076 mm thick) of the reconstructed images for activity acquired after irradia-
tions using different modulation widths (see Fig. 3). The proton beam impinges
from left. The proximal edge of the cylindrical phantom is in the vertical line
placed at pixel #3 in the beam direction. The center of the FoV is at point
(21,21) in the plot.

on the measurements of the practical range shift, is then esti-
mated to be 0.2 mm. Uncertainty on the measurements of the
activity distal edge mainly depends on image fluctuation, and
was evaluated as the standard deviation from the average result
of repeated acquisitions. The resulted value is less than 0.2 mm,
therefore the uncertainty on activity shifts is about 0.3 mm.
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Fig. 7 shows the 50% contour activity profiles of the cen-
tral slice of the reconstructed images obtained from acquisi-
tions after irradiations using different beam modulations, and
no range shifter, i.e., a dose configuration as presented in Fig. 3.

The difference in activity profiles between modulated and un-
modulated irradiations is well detected, as a variation on both
in-depth and coronal distributions. The phantom was in the same
position for each measurement (i.e., the activity profiles start
at pixel #3 in the beam direction). From Fig. 7 it appears that
the full-energy beam proximal edge is less steep than those of
modulated beams, since the 50% level is reached at a higher
depth. No difference is visible between the 50% contour activity
profiles of the two modulated irradiations. Alternative codings
for detection of differences in activity distributions (using both
linear profiles or multi-level contour plots) will be investigated
before drawing a final conclusion. Results are consistent with
the analytic prediction obtained in [23].

VII. SUMMARY AND FUTURE WORK

The “in-beam” performance of the DoPET prototype has
been evaluated. The reproducibility of results has been verified.

Range shifts down to 1 mm have been detected. From detector
symmetries, the capability of detecting 1 mm deviations from
planned dose can be also assumed in the vertical direction.

A more accurate analysis must be done before performing
clinical validation. In particular the sensitivity of the detector
to energy modulation should be better understood and non-uni-
form phantoms should be used for a quantitative analysis in the
vertical direction.

The positive results obtained by this first prototype support
the construction of a (larger) clinical version of such a dedi-
cated “in-beam” PET for hadrontherapy quality assurance. The
development of this larger detector is ongoing.
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