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Abstract

Pioneering investigations on the usage of positron-emission-tomography (PET) for the monitoring of ion beam therapy
with light (protons, helium) and heavier (stable and radioactive neon, carbon and oxygen) ions started shortly after the
first realization of planar and tomographic imaging systems, which were able to visualize the annihilation of positrons
resulting from irradiation induced or implanted positron emitting nuclei. And while the first clinical experience was chal-
lenged by the utilization of instrumentation directly adapted from nuclear medicine applications, new detectors optimized
for this unconventional application of PET imaging are currently entering the phase of (pre)clinical testing for more reli-
able monitoring of treatment delivery during irradiation. Moreover, recent advances in detector technologies and beam
production open several new exciting opportunities which will not only improve the performance of PET imaging under
the challenging conditions of in-beam applications in ion beam therapy, but will also likely expand its field of application.
In particular, the combination of PET and Compton imaging can enable the most efficient utilization of all possible radia-
tive emissions for both stable and radioactive ion beams, while positronium lifetime imaging may enable probing new
features of the underlying tumour and normal tissue environment. Thereby, PET imaging will not only provide means
for volumetric reconstruction of the delivered treatment and in-vivo verification of the beam range, but can also shed
new insights for biological optimization of the treatment or treatment response assessment.
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1 Introduction

Ion beam therapy is a still rapidly emerging form of exter-
nal beam radiotherapy which exploits the advantageous
interaction properties of swift ions in matter, especially their
finite range and the characteristic dose maximum in depth
called Bragg peak [1]. In particular, ion beams can offer
steeper dose gradients to enable conformal tumour coverage
with better sparing of surrounding normal tissues in compar-
ison to the widely established photon radiation. Moreover,
heavier ions like carbon can offer additional biological
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advantages due to the selective increase of ionization density
toward their end of range, providing a differential increase of
relative biological effectiveness which can thus enhance the
tumor cell killing at the same level of deposited physical
dose in the tumour, while still preserving the sparing of
the surrounding normal tissue [2]. However, full exploitation
of these physical and biological advantages in clinical prac-
tice requires a detailed knowledge of the beam stopping
position in the patient. To this end, the typical treatment
planning approach relies on the semi-empirical calibration
of X-ray computed tomography (CT) images of the patient
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into values of stopping power ratios (SPR) of tissue relative
to water, in order to translate the experimentally known
Bragg position in water to the arbitrary patient anatomy.
However, this approach can introduce intrinsic range uncer-
tainties up to �3% [3], in addition to unavoidable uncertain-
ties in the knowledge of the daily patient anatomy and
positioning setup. All these uncertainties result in the conser-
vative introduction of safety margins around the identified
clinical target volume, and the avoidance of certain treatment
angles stopping the beam just in front of radiosensitive crit-
ical organs. Hence, reduction of range uncertainties at the
stage of planning or treatment delivery remains a very active
field of research in the particle therapy community, where
positron emission tomography represents one of the most
widely investigated imaging techniques.

Already since the pioneering investigations of ion beam
therapy in Berkeley, it was recognized that the at that time
just emerging imaging modalities aiming to reconstruct posi-
tron emitter distributions from the coincident detection of
opposed annihilation gamma rays could provide in-vivo
and non-invasive information on the beam stopping position.
In fact, as long as the beam energy is above the threshold for
nuclear interaction between the incoming beam and the tis-
sue nuclei, positron emitters can be produced and the
back-to-back 511 keV photons ensuing from the annihilation
of the positron emitted in the radioactive decay can be
detected. However, the correlation between the spatial distri-
butions of the annihilation photons origin (in first approxi-
mation attributed to the location of the formed positron
emitters) and the delivered dose differs depending on the pri-
mary ion species and mechanisms behind positron emitter
formation (or localization, in case of primary radioactive
beams). In particular, incoming stable beams with charge
Z < 5 can produce positron emitter target fragments (e.g.,
11C, 15O) almost all along the primary beam penetration
depth, with a pronounced fall-off just shortly before the
Bragg peak, depending on the residual range (typically a
few millimeters) below the tissue-dependent nuclear reaction
Figure 1. Depth distributions of calculated dose (dashed line) and me
(right) ions impinging in homogeneous targets of polymethyl met
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thresholds (Fig. 1, left). For ions heavier than protons, this
fall-off of the irradiation induced activation is followed by
a small tail of activation ascribed to the minor amount of tar-
get fragments generated by longer-ranging projectile frag-
ments of the primary beam (Fig. 1, middle). For ions
heavier than Beryllium, projectile fragmentation can also
result in positron emitting projectile fragments, which gener-
ate a more localized activity signal (depending on their stop-
ping position) superimposed onto the pedestal of b+-emitting
target fragments (Fig. 1, right). Especially the isotopic com-
ponents of the primary stable beam (e.g., 11C from 12C ions)
will stop shortly before the Bragg peak, providing a better
correlation between the depth distributions of activity and
dose for range monitoring in comparison to the case of target
fragmentation only [7]. This however typically comes at the
expense of a lower amount of activity produced for the same
level of therapeutic dose [5], which can challenge the image
reconstruction especially in the usual case of a relatively
broad irradiation-induced activity distribution compared to
localized accumulation of nuclear medicine radiotracers.
Hence, an alternative already investigated in the early days
of light ion beam therapy and regaining interest now that
more powerful accelerator systems are being developed is
the implantation of radioactive ion beams [8], which can
provide a stronger and localized activity signal almost corre-
sponding to the Bragg peak position [9]. Moreover, the new
possibilities opened by advances in detector technologies
and data processing can enable the exploitation of additional
signatures beyond the annihilation photons, like triple coin-
cidence imaging in the case of b+-decays accompanied by an
additional prompt gamma emission (e.g., 10C and 14O)
[10,11], or visualization of the positronium mean lifetime
[12–15]. All these new approaches still under investigations
can expand the field of application of PET monitoring
beyond the scope of range verification, opening new pro-
spects related to biological image guidance and treatment
response assessment in the era of personalized medicine,
as reviewed in this contribution.
asured b+-activity (solid line) for 1H (left), 7Li (middle), and 12C
hacrylate (PMMA, C5H8O2). (Adapted from references [4,5,6]).
ermission of IOP Publishing. All rights reserved.
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2 Lessons learnt from the first clinical
experience of PET monitoring of ion beam
therapy

Attempts to exploit both, the irradiation induced activa-
tion originated by nuclear interactions of primary stable ions
in tissue as well as the localized signal from the stopping
position of implanted radioactive ion beams, date back to
the early days of particle therapy [8,16,17]. The initial
approaches mostly performed in phantoms or animals were
relying on dual-head planar cameras which were at that time
just at their infancy. And although these studies suffered
from several limitations of the used imaging systems, includ-
ing limited detection efficiency, low to moderate spatial res-
olution and sensitivity to background radiation for in-beam
operation, they indicated the potential of the method to mon-
itor the ion beam range with millimeter accuracy at typical
therapeutic doses [8], and even envisioned the potential to
aid reconstruction of the delivered dose or support studies
of regional blood flow following activation in-vivo [18].

This motivated the efforts toward the first extensive clin-
ical application with a tomographic limited angle dual-head
PET scanner pursued within the pilot carbon ion therapy
project at GSI Darmstadt. The customized system employed
64 commercial scintillator block detectors of the ECAT
EXACT PET scanner (CTI PET Systems Inc., Knoxville,
TN), consisting of bismuth germanate (BGO) crystal arrays
read out by photomultiplier tubes. The blocks were arranged
to cover two spheroid segments of 4 � 8 detectors each,
resulting in a �9% solid angle coverage [19]. A customized
list mode data acquisition system was developed to enable
“in-beam” acquisition during the dose delivery, exploiting
the pauses of the pulsed structure from the synchrotron
accelerator [19]. The final activity distributions from mea-
sured and simulated data were obtained using iterative
reconstruction within a few hours after completion of a treat-
ment fraction, thus enabling assessment of the delivery prior
to the next fraction for a possible adaptation. The experience
in the in-beam PET monitoring of over 440 patients mainly
treated for skull base tumours with carbon ions indicated the
potential of the method to detect possible delivery errors due
to anatomical changes, patient setup errors or incorrect cali-
bration of the planning CT data into SPR values [20]. In par-
ticular, it could be shown that even range differences below
the moderate spatial resolution (�5 mm FWHM) of the sys-
tem could be resolved for data of sufficient signal-to-noise
ratio. Also promising attempts for dose quantification could
be reported, based on a trial and error approach which
applied positional and anatomical changes until the simu-
lated positron emitter distributions could best reproduce
the actual PET measurements [20]. The pioneering clinical
study however also indicated the challenges of the limited
Please cite this article as: K. Parodi, T. Yamaya and P. Moskal, Experience and new prospect
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angle system relying on components of a commercial
nuclear medicine PET scanner, especially in terms of sensi-
tivity and severe limited angle artifacts, most pronounced for
large tumour volumes in extra-cranial anatomical locations
(e.g., in the pelvic area) [21].

Further, largely in-silico studies suggested the advantages
of in-beam implementations to minimize effects of biologi-
cal washout processes, loss of activation in the time elapsed
between irradiation and imaging, along with possible co-
registration issues in case of patient repositioning [22,23].
Nevertheless, most of the subsequent clinical investigations
still relied on in-room or offline (i.e., in a different room)
implementations based on commercial PET(/CT) scanners
originated for nuclear medicine applications, due to their
broader availability and issues of in-beam acquisition at con-
tinuous wave cyclotrons [24]. A more comprehensive review
of the reported clinical applications, mostly limited to small
cohorts of patients, can be found in [25]. And although most
of these predominantly offline studies with protons and 12C
ion beams could still demonstrate (sub)millimeter repro-
ducibility when comparing the distal activity distributions
of measurements from different treatment fractions, accuracy
studies based on the comparison of the measured activity
with a prediction typically obtained from full blown Monte
Carlo calculations were typically limited to an agreement
of 1–5 mm [25]. However, such results were generally felt
still unsatisfactory for routine clinical exploitation. The rea-
sons could be partly attributed to uncertainties in the predic-
tion models, particularly in terms of the knowledge of
nuclear interaction cross sections, tissue composition (espe-
cially relevant for the prediction of activity distributions
dominated by target fragmentation) as well as washout pro-
cesses (particularly pronounced in the offline studies), along
with shortcoming of the in-room/offline PET implementa-
tion and suboptimal performances of commercial nuclear
medicine scanners when used outside their original field of
application. In fact, reconstruction of very weak and broad
activity distributions from a mixture of isotopes is more
challenging than in the case of localized, intense activity
sources of single isotopes, as typical in radiotracer imaging.
On the other hand, development of PET systems tailored to
the requirements of treatment monitoring in ion beam ther-
apy can be time demanding and costly, explaining the spar-
sity of attempts to overcome the limitations encountered in
the first investigations relying on established detector com-
ponents of nuclear medicine systems. Nevertheless, in the
last years some groups have engaged in this endeavor, aim-
ing to harness PET detector technologies in the scope of ion
beam therapy monitoring. Moreover, new horizons in detec-
tor technologies have opened the prospects of novel intrigu-
ing imaging applications beyond the visualization of the
positron emitter distributions, promising to expand the field
s of PET imaging for ion beam therapy monitoring, Z Med Phys, https://doi.org/10.1016/j.
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of application beyond the more conventional in-vivo verifi-
cation of the beam range in the patient, as addressed in the
following.

3 Next generation of in-beam PET detector
systems under clinical translation

3.1 The INSIDE in-beam dual-head PET scanner for
proton and carbon ion therapy monitoring

A novel dual-head PET system exploiting state-of-the-art
detector technologies based on solid-state photodetectors
and custom front-end electronics has been recently inte-
grated in the horizontal beamline of the Centro Nazionale
di Adroterapia Oncologica (CNAO, Italy) and is being
deployed in first clinical trials for monitoring tumor treat-
ments with protons [26] and carbon ion [27] beams
(Fig. 2). The INSIDE (Innovative Solution for Dosimetry
in Hadrontherapy) system consists of two planar heads of
10� 25 cm2 active area, featuring 2� 5 detection modules
with 16� 16 Lutetium Fine Silicate (LFS) crystals coupled
1:1 to Hamamatsu silicon photomultipliers (SiPMs) [26].
Special efforts have been undertaken to provide time-
resolved analysis of the detected events for an online coinci-
dence finding, to support the ability of the system to recon-
struct tiny amounts of detected events during the in-beam
Figure 2. Left: The INSIDE in-beam dual-head PET scanner at CNAO
line nozzle (with beam direction indicated by an arrow) and the patient
dose overlaid on different views of the patient CT, indicating the clin
irradiation induced activity, shown in a 2D slice again superimposed
bottom row). Taken from [26].
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operation. In particular, an on-the-fly reconstruction algo-
rithm was shown able to provide usable tomographic images
in a proton clinical treatment with a time resolution of ca.
10 s and an average delay of 6 s between the beam delivery
and the availability of the reconstructed images [26].
Although also this in-beam PET system is currently exploit-
ing only the signal detected in the pauses of the pulsed deliv-
ery from the synchrotron accelerator as in the reported
experience at GSI (see section 2), work is ongoing at the data
acquisition and data processing level to enable exploitation
also of the data retrieved during real beam extraction [27],
to overcome the huge background from other radiation
(e.g., prompt gamma). Different data evaluation strategies
are being also assessed [26,28,29], aiming to provide an
automated time-resolved analysis which can support on-
the-fly quantitative verification of the applied treatment.
The initial results reported for baseline phantom studies
and selected clinical cases of an observational trial indicate
the ability of the system to monitor the beam range with mil-
limeter accuracy and precision, compatible with the system
mechanical accuracy [26,30]. Very recent results reported
for all proton therapy patients monitored within the INSIDE
clinical trial showed an average range variation standard
deviation of about 2.5 mm for patients showing no morpho-
logical changes in control CTs, while larger values were
found for patients exhibiting small anatomical changes, with
, resting on a mobile support placed between the horizontal beam
couch. Right: a) Proton treatment plan displaying the colour-coded
ical target volume in white. b) Time evolution of the colour-coded
to the planning CT for two different treatment fractions (top and
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a good correlation between the PET-based range observa-
tions and the morphological changes in the CTs [29]. Future
analysis including also the results for the carbon ion patients
cohort will enable assessing whether the dedicated efforts to
tailor the PET imaging system to the peculiar needs of par-
ticle therapy monitoring can improve the quality of the treat-
ment verification for routine application in comparison to the
previous experience. Moreover, the timing ability of the sys-
tem could also support ongoing investigations which postu-
late the usability of the signal from very short-lived (in the
millisecond time scale) emitters such as 12N to provide
“beam-on” information [31], aiming to bring PET monitor-
ing a step closer to a “real-time” detection and thus compete
with the other prompt signatures being explored especially in
the context of proton range verification (see comprehensive
review in [25]), such as prompt gamma imaging [32,33].
Moreover, the in-beam PET system at CNAO could be oper-
ated simultaneously to another detector technology relying
on the acquisition of secondary charged particles, so called
dose profiler, as particularly focused on the assessment of
the transverse beam position [34]. This could not only
enable a cross-validation between the outcome of the two
independently used monitoring systems, but could also pro-
vide new opportunities enabled by the synergistic usage of
the two complementary modalities, particularly of interest
in the case of carbon ion irradiation where more secondary
charged particles can be detected compared to lighter ions/
protons.

3.2 OpenPET – full-ring PET geometries for in-beam
PET

One of the limitations of a dual-head geometry is the
missing resolution performance along the axis perpendicular
to the detector planes. Time-of-flight (TOF) information can
mitigate the resolution loss, but a few hundred ps TOF res-
olution in current PET technologies would not be enough
[35]. A few tens of ps TOF resolution may enable direct
localization without image reconstruction [36,37], but its
application to in-beam PET could be still challenging
because of the issue of potential radiation damage to front-
end circuits, when resorting to highly integrated solutions
close to the beam for faster timing detectors.

A practical method to enable artifact-free in-beam PET is
OpenPET, which is a PET geometry proposed by a group of
National Institutes for Quantum Science and Technology
(QST, former NIRS) as a full-ring geometry with an acces-
sible path to an imaging subject. Two possible geometries
have been proposed for OpenPET, a dual-ring OpenPET
(DROP) [38] and a single-ring OpenPET (SROP) [39]. In
DROP, a physically opened field-of-view (FOV), which is
made by splitting a detector ring axially, can be imaged by
lines-of-response (LORs) between each detector ring.
Please cite this article as: K. Parodi, T. Yamaya and P. Moskal, Experience and new prospect
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Reconstruction only from oblique LORs results in missing
low frequency components [40], but its effect in image
reconstruction is smaller than that of missing projection
views which is the case of a dual-head geometry. However,
twice the number of detectors is required for DROP, which
also results in an extension of the axial FOV [41]. The SROP
has been proposed to overcome such limitations of DROP.
SROP is a single cylinder geometry, but both ends of the
cylinder are cut by two parallel aslant planes.

The key detector technology that enabled these OpenPET
systems is a depth-of-interaction (DOI) measurement capa-
bility. Even for high density scintillators dedicated for PET
application, the scintillators should be around 20 mm thick
enough to maintain efficiency, and spatial resolution loss
due to the thickness of scintillators, often referred as the par-
allax error, occurs for gamma-rays incoming with an angle.
Therefore, the DOI detection, which is the measurement of
three-dimensional interaction points inside the scintillator
block, is mandatory to keep adequate spatial resolution in
the open FOV. Human-sized prototypes have been made
for each OpenPET geometry with 4-layered DOI detectors
(Fig. 3). In order to reduce background activity for weak
activity imaging, Zr-doped gadolinium oxorthosilicate
GSO (Gd2SiO5) scintillators (GSOZ) [42], which have less
natural radioactivity, were selected. Each scintillator was
sized in crystals of 2.8 � 2.8 � 7.5 mm3 dimension, and
the DOI block consisted of an array of 16 � 16 � 4 (DOI
layer) crystals. In order to overcome the issue of potential
radiation damage, photomultiplier tubes (PMTs) were
selected as photodetectors rather than silicon photomultipli-
ers (used e.g., by the INSIDE scanner), since the latter were
not so tolerant to radiation damage when they first appeared
on the market, especially in the case of carbon ion irradia-
tion. Also 15-m long cables were used to locate digitizer cir-
cuits away from the irradiation field. The developed DROP
and SROP are used for in-beam studies with phantoms and
animals at the Heavy Ion Medical Accelerator in Chiba
(HIMAC) [43,44].

3.3 Jagiellonian PET – a portable and reconfigurable
PET from plastic scintillators with capabilities of ion
therapy monitoring

Jagiellonian PET (J-PET) is being developed at the
Jagiellonian University in Cracow as a cost-effective tech-
nology for positron emission tomography [45] with the
potential for in-beam treatment monitoring in ion beam ther-
apy [46]. The J-PET detection system is constructed from
the axially arranged plastic scintillator strips read out at both
ends by SiPMs [47–49]. Plastic scintillators are more than
one order of magnitude less expensive than crystals used
in the current PET systems [50], and they provide more than
one order of magnitude faster signals (with decay time of
s of PET imaging for ion beam therapy monitoring, Z Med Phys, https://doi.org/10.1016/j.
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Figure 3. Prototypes of dual-ring Open PET (DROP) and single-ring OpenPET (SROP). Spatial resolution loss in the open field-of-view
due to the parallax error is mitigated by the use of a depth-of-interaction (DOI) detector. An example of phantom imaging results for a
carbon pencil beam with 108 particle per second (pps) is shown, where only in 10 s of irradiation followed by 23 min of PET acquisition
with the setup shown in the middle panel it is possible to visualize with good quality the activation of a homogenous PMMA phantom.
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about 2 ns compared for example to 40 ns of LYSO or
300 ns of BGO crystals) [49]. These advantageous timing
properties with fast decaying signals (less prone to pile-
ups and saturation in high irradiation rate environment) open
new opportunities in the context of in-beam monitoring. This
is despite the known shortcomings of plastic scintillators
such as low detection efficiency and moderate light output,
which as shown in references [48–50] may be compensated
by the multi-layer and long axial field-of-view systems.
Moreover, plastics scintillators are light, enabling robust
and lightweight construction, contrary to the fragile crystal
Figure 4. Photographs of two possible settings for the modular and re
Each module comprises 13 scintillator strips with the length of 50 cm an
by 8 SiPMs, 4 at each end. Electric signals from SiPMS are digitized by
panel: Cylindrical configuration with the superimposed presentation
arrows indicate annihilation photons, and the blue dashed arrow shows
14O. Right panel: Photograph taken during the tests conducted in
configuration with 4 � 3 modules set at each side of the irradiated o
compensates for the low efficiency of plastic scintillators. Red solid
annihilation in the phantom irradiated by the proton beam (dashed arr
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scintillators. Fig. 4 presents photographs of the latest J-
PET prototype consisting of 24 independent detection mod-
ules which can be easily reconfigured and transported. The
full system with 50 cm axial field-of-view weights only
60 kg and its shape can be tailored to the clinical needs. Both
the cylindrical and dual-head configurations have been
already successfully commissioned for the clinical examina-
tions with patients in the hospital (left panel of Fig. 4), and
for tests of proton beam range monitoring with phantoms
(right panel of Fig. 4). The modular J-PET is equipped with
a dedicated trigger-less data acquisition system [52] provid-
configurable J-PET prototype consisting of 24 detection modules.
d cross section of 6 mm � 24 mm. Each scintillator strip is read out
dedicated front-end electronics visible in the foreground [51]. Left

of positron-electron annihilations in the patient’s body. Red solid
the prompt gamma (c) emitted by the b+c radionuclide such as e.g.
the Cracow Proton Therapy Center. An exemplary dual-head

bject is shown. Arrangement of detection modules in three layers
arrows indicate annihilation photons from the electron positron

ow).
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ing the possibility of multi-photon imaging [12,53]. An
example of multi-photon event (i.e., detection of photons
originating from different mechanisms, such as nuclear
deexcitation vs positron annihilation) is shown in the left
panel of Fig. 4. An event demonstrated pictorially on the left
shoulder indicates an example of emission of prompt gamma
(c) from the decay chain of 14O ? 14N* e+ v ? 14N c e+ v,
followed by the positron–electron (e+e-) annihilation into
two photons (red arrows). The potential of multi-photon
imaging beyond treatment monitoring will be introduced in
chapter 3.4.2 in relation to the prospects for imaging positro-
nium properties which are sensitive to the intra-molecular
environment and concentration of oxygen in the tissue
[15]. This may become useful in providing information
about the degree of the tumor hypoxia [54,55], which can
also be greatly relevant to ion beam therapy.

3.4 Augmenting the abilities of conventional PET
imaging

3.4.1 Whole Gamma Imaging
The potential of PET can be augmented with the help of

Compton camera imaging. This novel concept of PET com-
bined with Compton imaging is referred in the literature as
c-PET [10] or whole gamma imaging (WGI) [11]. Different
from the multi-photon imaging based on the timing perfor-
mance of a single PET ring (see section 3.3), in WGI an
additional detector ring, which is used as the scatterer, is
inserted in a conventional PET ring so that single gamma
rays can be detected by the Compton imaging method.
Simultaneous PET imaging is still possible by the coinci-
dence detection in the PET ring as well as the coincidence
in the scatterer or the coincidence between the PET ring
and the scatterer. Further large impact can be expected for
triple gamma emitters such as 44Sc (about 4 h half-life), that
emits a positron and a 1157 keV gamma ray almost at the
same time [56]. In principle, only a few decays would be
enough to localize the source position by calculating inter-
section points of a 511 keV LOR with a 1157 keV Compton
cone.

A prototype of the WGI system has been developed in
QST [11] (Fig. 5). The 4-layer DOI detector that was used
for OpenPET is used for the absorber, i.e., the PET ring.
A total of 160 detectors were used to form four rings each
with a diameter of 66 cm. The ring diameter of the scatterer
was 20 cm, and in total, 40 detector blocks were used to
form two rings. As high energy resolution is required in
Compton imaging, gadolinium aluminum gallium garnet
(GAGG) was selected as a bright scintillator with acceptable
stopping power. Each scatterer detector consisted of a
24 � 24 array of GAGG crystals (0.9 � 0.9 � 6.0 mm3

each) coupled with an 8 � 8 SiPM array (Hamamatsu
S14161-3050HS-08). All interaction events were recorded
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as list-mode data, and event selection such as coincidence
detection was done by software in post-processing.

A 137Cs point source was measured to evaluate the
Compton imaging performance, and the spatial resolution
obtained by 3D list-mode ordered subset expectation maxi-
mization (OSEM) was 4.4 mm FWHM (8 cm off-center) -
13.1 mm FWHM (center). The WGI prototype was also
assessed by using a 89Zr source (half-life = about 3.27 days).
89Zr emits a 909 keV single-gamma ray as well as a positron,
and direct comparison of Compton imaging of 909 keV pho-
tons with PET is possible [57]. A small rod phantom exper-
iment showed that the WGI Compton imaging had spatial
resolution better than 3.0 mm at the peripheral region
although the center region had lower resolution due to the
larger uncertainties in reconstructing the Compton kinemat-
ics. PET resolved 2.2 mm rods clearly at any location. A
mouse 1 d after injection of 9.8 MBq 89Zr oxalate was mea-
sured for 1 h, and the Compton imaging result agreed well
with the PET image.

The 22Na point source which emits a 1275 keV gamma
ray immediately after a positron decay was also used to
demonstrate the triple gamma mode, i.e., the simultaneous
exploitation of the Compton cone of the prompt gamma
and the line-of-response of the annihilation photons. Spatial
resolution values for the 22Na point source, obtained by the
absorber-absorber coincidence and the scatterer-scatterer
coincidence, were almost the same (below 2 mm). In the tri-
ple gamma mode, where only simple backprojection was
used and no image reconstruction algorithm was applied,
spatial resolution for the 22Na point source was 4.8 mm
FWHM (8 cm off-center) – 5.7 mm FWHM (center). 44Sc
was produced as a practical candidate of the non-pure posi-
tron emitters, and 6.6 mm FWHM (center) and 5.8 mm
FWHM (8 cm off-center) were obtained in the same manner
for a vial. Improvement in energy resolution of the scatterer
detector is required to obtain better spatial resolution. WGI
with 44Sc can be also used to measure positronium lifetime,
which is described in the next sub-section.

3.4.2 Positronium imaging
Monitoring of ion beam therapy with PET systems uti-

lizes information about the density distribution of electron-
positron annihilations correlated with the density distribution
of b+-radionuclides produced by ions in the nuclear reac-
tions, which in turn is correlated with the spatial distribution
of the deposited ionization dose in the patient’s body. In the
current PET systems this information is extracted based on
the registration of electron-positron annihilations into two
photons. However, positron annihilation can also provide
information about the molecular environment in which it
annihilates [15]. Recently, with the newly invented positro-
nium imaging [12–14,58] and multi-photon J-PET system
[53] (see section 3.3), it was demonstrated that it is possible
s of PET imaging for ion beam therapy monitoring, Z Med Phys, https://doi.org/10.1016/j.
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Figure 5. A demonstration of whole gamma imaging (WGI), which combines PET with Compton imaging. For 89Zr, which emits a
909 keV gamma-ray and a positron with a time interval, the same mouse was imaged in two different modes: a PET mode and a Compton
mode. For 44Sc, which emits a 1157 keV prompt gamma-ray after a positron decay, a feasibility of reconstruction-less localization as an
intersection point between the line-of-response and a surface of the Compton cone was shown.
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to gain information not only about the positron annihilations
density distribution but also about the size of the intra-
molecular voids and concentration in them of oxygen mole-
cules [15,54,55]. The multi-photon imaging capabilities of
the J-PET system enable to detect, in a single event, two-
or three-photons from electron-positron annihilations (e+e-
-> photons) and also prompt gamma from the deexcitation
of the radionuclide. The registration of prompt gamma (c)
emitted e.g. in the decay chain of 44Sc isotope (44Sc ?
44Ca* e+ v ? 44Ca c e+ v) enables to determine the time
at which positron (e+) is emitted into the tissue, while the
time of the registration of annihilation photons (e+e- -> pho-
tons) is used to determine the time of positron-electron anni-
hilation in the tissue. On the average the deexcitation of
44Ca* takes place in 2.6 ps, and the delay between the emis-
sion of positron and prompt gamma can be safely neglected
in the calculations [12]. An application of multi-photon data
acquisition of the J-PET and fast timing of plastic scintilla-
tors enabled to determine first ex-vivo images of positron-
ium lifetime in cancer and healthy tissues operated from
the patients [14].

In the human body the positron-electron annihilation pro-
ceeds via formation of the positronium atom in about 40%
cases [14,15], and in about 60% cases the positron emitted
by the radionuclide annihilates in the tissue directly (pre-
dominantly into two photons). The left panel of Fig. 6 illus-
trates the main processes leading to the positron
annihilations in the example of the CD44 molecule which
is present in glioblastoma tumour, one of the cancers quali-
fied for ion beam therapy. In a quarter of cases positronium
is formed as a short-lived para-positronium decaying pre-
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dominantly into two photons (with the mean lifetime in vac-
uum of 125 ps), and in three-quarter of cases as a long-lived
ortho-positronium decaying mainly into three photons (with
the mean lifetime in vacuum of 142 ns).

The mean lifetime of ortho-positronium produced in the
intra-molecular voids is significantly shortened due to the
pick-off processes in which positron from positronium anni-
hilates with the electrons from the surrounding atoms and
due to the conversion processes on para-magnetic molecules
(as e.g. oxygen) in which ortho-positronium converts into
para-positronium. Therefore, the smaller the intra-
molecular voids are, the shorter is the ortho-positronium life-
time, and the higher the oxygen concentration, the shorter
the ortho-positronium lifetime is. Moreover, the ratio of
three-photon to two-photon annihilation rates is also
decreasing with the growth of the oxygen concentration
and with the decrease of the void size. Therefore, informa-
tion which may be extracted from the image of mean
positronium lifetime and from the image of the ratio of
three-photon to two-photon annihilation rate may enable to
assess the tissue pathology at the early stage of molecular
alterations [14,59] and to assess the degree of hypoxia
[54,55]. Hypoxia is referred to as the condition in which
the oxygen concentration in the tissue is insufficient for
the normal course of physiological processes. The right
panel of Fig. 6 shows that the partial pressure of oxygen dif-
fers between healthy and cancer tissues and varies from
10 mmHg for brain up to 50 mmHg for pancreas. Hypoxia
increases resistance to radiation therapy because at lower
oxygen concentrations, levels of radiation-induced reactive
oxygen species (ROS) are lower, leading to less oxidative
s of PET imaging for ion beam therapy monitoring, Z Med Phys, https://doi.org/10.1016/j.
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Figure 6. Left panel: Illustration of processes of positron-electron annihilation in the CD44 molecule present in the glioblastoma tumor. It
may annihilate directly into two photons (blue dashed arrows) or it may form a metastable short-lived para-positronium (blue) or long-lived
ortho-positronium (yellow). Para-positronium decays into two photons (dashed brown arrows), while ortho-positronium self-annihilates
into three photons (dashed violet arrows) or into two-photons via pick-off process (blue dotted arrows) or via conversion on the oxygen
molecules into para-positronium (dashed claret arrows). Right panel: Partial pressure of oxygen in tumor (black circles) and healthy tissues
(blue triangles) shown for various tissue types as explained in the legend [54]. The data are ordered according to the increasing value of a
difference between the oxygen partial pressure for healthy and cancer tissues (dashed-dotted line). Right axes show the corresponding
decay constant (k), changes in the mean ortho-positronium lifetime (Dt) and the oxygen concentration (CO2).
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damage to the DNA and therefore less effective killing of
cancer cells [60]. Therefore, monitoring the degree of
hypoxia by imaging of positronium properties in the irradi-
ated tissues would enable more precise and personalized
ion beam therapy planning. Recently, it was argued that with
the current timing resolution and advent of multi-photon
PET systems [14,53] positronium can serve as a biomarker
of hypoxia [54,55]. First ortho-positronium lifetime [14]
and three-photon [53] images were demonstrated by means
of the J-PET tomograph. For the lifetime image the prompt
photon is used to determine the time when the positronium is
produced and annihilation photons inform about the positro-
nium decay. So, for positronium lifetime, only these
radionuclides may be used which emit prompt gamma (as
e.g. 10C and 14O), while the three-photon to two-photon rate
ratio may be imaged for all kinds of b+-emitters.

The resolution of the mean positronium lifetime determi-
nation depends predominantly on the value of the mean
positronium lifetime (s) [58] which in the tissue varies
between about 1.8 ns in water to about 4 ns in the skin
[14]. The variance of the exponential distribution of the life-
time (1/s e^-(t/s)) is equal to s2. Therefore, the resolution
expressed as a standard deviation scales as s/sqrt(N), where
N is the number of registered events. In the first ex-vivo
images 20 ps resolution was indeed

achieved [14]. In proton therapy the target volume is irra-
diated with 1010 to 1011 protons that may lead to the produc-
tion of about 106 to 107 of 10C or 14O radionuclides (�10-4

of 14O per proton [61]). Thus, the scanner with the efficiency
of 1% for the registration of three-photon events (as e.g. J-
PET [62]) could enable determination of annihilation life-
time with the precision in the order of 10 ps. Even higher
resolution could be expected when applying radioactive
beams of 10C or 14O, as discussed in the next section.
Please cite this article as: K. Parodi, T. Yamaya and P. Moskal, Experience and new prospect
zemedi.2022.11.001
3.5 Prospects of radioactive ion beams for imaging and
therapy

One of the limitations in PET-based range verification is
the intrinsic difference between the PET signal (activity peak
for ions able to produce b+-emitting projectile fragments,
distal fall-off otherwise) and the Bragg peak, and properly
accounting for this difference is challenging because the dif-
ference is object- and ion-dependent. The best scenario is to
change a treatment beam itself to positron emitters such as
11C and 15O ions, which are referred to as radioactive ion
(RI) beams. 10C and 14O can be also used as an RI beam.
Partial use of RI beams, as initially conceived in the pioneer-
ing experience of ion beam therapy at the Lawrence Berke-
ley Laboratory [8], may sound more practical: a pencil RI
beam with very low intensity is used before the treatment
with conventional stable beams just to verify the range
point-by-point, especially for edge regions of the tumour
very close to organs at risk. Moreover, advances in acceler-
ator technologies can raise new prospects of sufficiently
intense RI beams for imaging and treatment simultaneously
[63].

Fig. 7 compares a simulated positron emitter distribution
produced by a stable 12C ion beam with that of RI beams of
11C and 10C. Even in RI beam irradiation, positron emitters
are produced as fragments, but those are almost negligible
compared with the activity of the primary beam particles
not undergoing nuclear fragmentation and thus reaching
their deepest stopping position. Therefore, PET imaging of
RI beams can provide exact location of such prominent stop-
ping position, which is highly correlated to the Brag peak
position [9]. In the comparison between 11C (about 20 min
half-life) and 10C (about 19 s half-life), it is obvious that
for the same number of implanted ions a shorter half-life
s of PET imaging for ion beam therapy monitoring, Z Med Phys, https://doi.org/10.1016/j.
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Figure 7. Comparison of PET imaging for a stable 12C ion beam with radioactive ion (RI) beams of 11C and 10C. A positron emitter
distribution clearly reflecting the beam stopping position is obtained with the RI beams (left, simulation), in contrast to the stable beam
irradiation. A 9 mm difference introduced at the Bragg peak position by inserting a range shifter covering only half of the beam is clearly
observed in the OpenPET images with the RI beams (middle, experiment). An OpenPET study for irradiation of a rabbit also demonstrates
improved treatment monitoring with RI beams (right, experiment).
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results in higher activity. In HIMAC, various RI beams are
available for physics experiment, and their suitability for
range verification depends on their abundance (related to
their production rate) and half-life (with the shortest half-
life given rise to the strongest activity signal). For example,
11C and 10C beams are made from a 12C beam by using a Be
target. In in-beam phantom studies with a small OpenPET
prototype [64], a 9-mm difference in the Bragg peak position
created by insertion of a range shifter covering only half of
the beam was clearly observed in the RI beams, whereas it
was not clearly seen with the stable 12C beam. The concept
of RI beam irradiation was also shown in rabbit studies,
where it was possible to confirm the beam delivery to the
center of the brain by the OpenPET when using RI beams.
However, one of the limitations in the current technologies
is the quality of RI beams generated as a secondary beam;
the beam intensity is �1/1000 in 11C and �1/10000 in 10C
compared with the original 12C beam. Also, the RI beams
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generated as a secondary beam tend to have blurred energy
distribution, and more sharpened beams can be only
obtained at the cost of more reduced beam intensity.

As explored in pioneering studies at HIMAC in the early
2000s, in living tissue only a fraction of the implanted posi-
tron activity (about one third for a rabbit thigh muscle [65])
can be used for imaging and the rest is washed out of the tar-
get area. Whereas this is typically seen as a challenge for
treatment monitoring, as it reduces the signal correlated to
the initial dose deposition, the clearance rate of RI beams
due to the biological washout effect can also be used as a
new biomarker [66]. In a conventional stable beam irradia-
tion, the analysis of the washout speed is challenging
because various radiolabeled (such as 11C-labeled and 15O-
labeled) chemical compounds are contaminated in PET
images, in addition to the very low activity level of the
irradiation-induced fragments. In contrast, in the case of RI
beams, a single radionuclide with a high signal-to-noise ratio
s of PET imaging for ion beam therapy monitoring, Z Med Phys, https://doi.org/10.1016/j.
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can be tracked by PET imaging. So far, it has been shown
that the tumor vascular status in rats can be observed by ana-
lyzing the washout rates in 15O in-beam PET [67]. There is
one more possible extension of these studies for the 10C RI
beam, because 10C emits a 718 keV prompt gamma ray after
a positron decay. This indicates that the 10C distribution can
be visualized by means of WGI. The first in-beam WGI
measurement of a phantom irradiated by a 10C beam has
been carried out at QST [68].

In addition to the pioneering activities at HIMAC, more
research on the use of RI beams for imaging and treatment
is currently ongoing in the framework of the BARB
(Biomedical Applications of Radioactive ion Beams) pro-
ject, aiming to leverage the intensity upgrade of the FAIR/
GSI accelerator in order to demonstrate the potential advan-
tages of RI beams in ion beam therapy [66]. To this end, pre-
clinical experiments in small animal tumour models will aim
at demonstrating the expected benefits from improved tar-
geting accuracy and reduced margins achievable with RI
beams, along with their potential to act as in-vivo tracers
to clarify the role of vascular damage in single-fraction
high-dose radiotherapy [66]. These experiments will rely
on a novel high-sensitivity and high-resolution in-beam
PET scanner developed in the context of a small animal irra-
diator prototype platform [69,70], planned to be upgraded
with Compton imaging capabilities toward WGI operation
[71].

Conclusion and outlook

Ninety years after the discovery of the positron, uncon-
ventional application of PET imaging to in-vivo monitoring
of ion beam therapy with stable and radioactive beams con-
tinues to be a vivid topic of research. Building upon the
experience generated by first systems mostly adapted from
conventional nuclear medical imaging, recent advances in
detector technologies and data processing promise enhanced
performances for reliable monitoring of the in-vivo beam
range, to foster improved targeted accuracy for more effi-
cient tumor eradication with reduced burden to the normal
tissue. Moreover, recent experiments with advanced proto-
type systems showed the promising possibility to augment
the PET imaging abilities toward utilization of all
irradiation-induced energetic photon emissions for combined
PET and Compton imaging, along with the visualization of
the positronium lifetime in multi-photon imaging. Together
with the advancement of accelerator technologies which
may now enable the production of intense RI beams, all
these new developments open intriguing prospects which
might not only benefit the physical conformation of ion
beam therapy, but also shed novel insights in biological
mechanisms to be exploited for more effective localized
treatment in personalized therapy.
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