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FIG. 1

(57) Abstract: Apparatus for acquiring positron emission tomography data when irradiating an object (20) with a hadron beam (B),
the apparatus comprising a plurality of detectors (10) and a data processing system (12, 15). The data processing system (12, 15) is
configured to process the detection data according to the following steps: a) determining a temporal distribution of the coincidence
event rate acquired by the respective detector (10), b) sampling each spill interval with a sampling frequency of the order of magnitude
of GHz to obtain a respective fine grained event rate distribution; c) for each spill interval: - c1) analysing frequencies of the fine grained
event rate distribution to find an initial frequency value fo compatible with the radiofrequency signal of the hadron beam; - c2) from
the initial frequency value, estimating period Ts of the micro-bunches and transforming time values of the coincidence events in the
spill interval into values of phase relative to an arbitrary phase, based on the estimated period of the micro-bunches; and - ¢3) at each
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micro-bunch of the spill interval, executing filtering to remove coincidence events around a peak associated with background noise
induced by the hadron beam and keep the remaining coincidence events of the micro-bunch.
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Method and apparatus for acquiring positron emission tomography data in full beam

hadron therapy

The work leading to this invention has received funding from the People Programme (Ma-
rie Curie Actions) of the European Union’s Seventh Framework Programme (FP7/2007-

2013) under REA grant agreement n° 317446.

The present invention relates in general to techniques for data acquisition for positron

emission tomography (PET) for in-beam monitoring in hadron therapy.

In oncological hadron therapy, proton beams or light ions (hadrons) are accelerated so as to
strike and damage tumour tissues in the patient. A characteristic of the therapy is that the
hadrons release most of their energy in a very precise point of their trajectory (the Bragg
peak), depending on their initial energy. Outside the Bragg peak, energy and therefore
damage to healthy tissues is less than conventional radiation therapy. This allows the tu-
mour areas to be damaged with great precision, thus saving healthy ones around them.
Since the position of the Bragg peak also depends on physiological parameters and the
conformation of the tissue traversed by the beam, in order to fully exploit the potential of
the hadron therapy, a monitoring system is necessary that allows verifying that the Bragg
peak is in the predetermined position. Technically, this type of operation is called verifica-

tion of the beam range.

In the last 15 years, different methods of range verification have been developed, the most
mature of which is the use of PET to visualize the trace of radioactive isotopes left by the
hadron beam during its path towards the Bragg peak. The PET for the verification of the
range is distinguished in: off-line, when the patient is transported from the treatment room
to a room equipped with conventional PET; in-room, when the conventional PET system is
installed in the same treatment room; in-beam, when a dedicated PET system is installed

on the treatment table or integrated into the beam delivery gantry.

The in-beam option is the most effective but also the most difficult to implement. In par-

ticular, it is not convenient in the prior art to acquire sensitive PET data while the beam is
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on, that is, when the PET signal is as high as possible, since also the noise due to the prod-
ucts of the nuclear interactions of the beam is very high. The intensity of the noise from the
light beam depends on the timing accuracy of the acquisition system and can be reduced
within the limits of the acquisition technology used (G. Sportelli et al., 2014, "First full-
beam PET acquisitions in proton therapy with a modular dual-head dedicated system".
Physics in Medicine and Biology 59, 43—60). To overcome this drawback, two solutions
have been proposed in the past in which the PET system synchronizes with the RF fre-
quency of the beam and discards all the data that were acquired during the step of extrac-
tion of the particles (in which the noise is maximum) and maintains the data acquired dur-
ing the particle acceleration step (in which the noise is minimal) (P. Crespo et al., 2005,
"Suppression of random coincidences during in-beam PET measurements at ion beam ra-
diotherapy facilities”, IEEE transactions on nuclear science, 52-4:980-987). The back-
ground noise is in fact periodic and is concentrated in a phase window (dependent on the
energy of the beam) with respect to the period of the RF signal of the accelerator (K.
Parodi et al., 2005, "Random coincidences during in-beam PET measurements at mi-
crobunched therapeutic ion beams", Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 545, 446—
458). Note that the dependence of the arrival time of the particles with respect to their en-

ergy depends on the fact that the velocity of the particles is related to their kinetic energy.

In a practical implementation, the above synchronization is achieved 1) by exploiting the
accelerator RF signal or 2) by means of a particle detector positioned on the beam line. The
first solution requires hardware designed to integrate the PET system with the accelerator
and offers good performance when the beam is monoenergetic, but is not usable in the clin-
ic with beams at different energies, because it does not correct for the dependence of the
arrival time from the energy. The second solution also requires dedicated hardware placed
in the same beam line and provides a more faithful signal to the arrival time of the particles
(the space travelled by the detector to the target will cause a residual time error depending
on the energy). The need to pass the beam through a dedicated detector, however, poses
additional problems for commissioning the beam and provides a signal to noise ratio that is

too low to be used for practical purposes (P. Crespo et al., 2005, ibidem).
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An object of the present invention is to propose an alternative technique for synchronizing
the PET system and the accelerator, which is not affected by the drawbacks of the known

solutions discussed above.

To this end, the object of the invention is an apparatus for acquiring positron emission to-
mography data when irradiating an object with a hadron beam, said apparatus comprising:

a plurality of detectors configured to detect radiation emitted by the object when ir-
radiating it with the hadron beam, and provide detection data; and

a data processing system configured to reconstruct positron emission tomography
imaging data from the detection data provided by the detectors, and determine the penetra-
tion range of the hadron beam in the object;

wherein the data processing system is configured to process the detection data ac-
cording to the following steps:
a) determining a time distribution of the rate of coincidence events acquired by the respec-
tive detector (hereinafter also referred to as “event rate”), said time distribution having a
succession of spill intervals correlated with a pulsed time structure of the hadron beam,
each spill interval having a micro-structure formed by a succession of micro-bunches cor-
related with a radiofrequency signal of the hadron beam;
b) sampling each spill interval with a sampling frequency of the order of magnitude of
GHz to obtain a respective fine grained event rate distribution;
¢) for each spill interval:
- cl) analysing frequencies of the fine grained event rate distribution to find an initial fre-
quency value fo compatible with the radiofrequency signal of the hadron beam;
- ¢2) from the initial frequency value, estimating period Ts of the micro-bunches and trans-
forming time values of the coincidence events in the spill interval into values of phase rela-
tive to an arbitrary phase, based on the estimated period of the micro-bunches; and
- ¢3) at each micro-bunch of the spill interval, executing filtering to remove coincidence
events around a peak associated with background noise induced by the hadron beam and

keep the remaining coincidence events of the micro-bunch.

In particular, step c1) may comprise

calculating a fast Fourier transform of the fine grained event rate distribution.
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In particular, step c2) may comprise

determining, in the fast Fourier transform, the frequency fo of the first peak with non-
zero frequencys;

determining an initial value To of the period, where To = 1/fo;

assigning to each coincidence event a phase value ¢i based on the initial value To of
the period such that

¢i = ti mod To, (1)

where ti is the timestamp of the i-th event and mod is the modulus operator; and

iteratively searching for the period Tj around To that maximizes the peak-to-valley
ratio of the event rate over the period, to obtain the best estimate Ts of the period of the mi-

cro-bunches.

In particular, step ¢3) may comprise

determining mean p and standard deviation ¢ of a Gaussian fit applied to the peak
associated with background noise induced by the hadron beam; and

removing the coincidence events comprised in the interval p + ko , where k is an ad-

justable arbitrary number.

Preferably, the sampling frequency is between 1 and 10 GHz.

A further object of the invention is a method for acquiring positron emission tomography
data during the irradiation of a phantom with a hadron beam, said method comprising:
detecting radiation emitted by the phantom when irradiating it with the hadron beam,
and providing detection data; and
reconstructing positron emission tomography imaging data from the provided detec-
tion data, and determining the penetration range of the hadron beam in the phantom;
wherein the detection data are processed according to the following steps:
a) determining a time distribution of the event rate of coincidence events acquired by the
respective detector, said time distribution having a succession of spill intervals correlated
with a pulsed time structure of the hadron beam, each spill interval having a micro-
structure formed by a succession of micro-bunches correlated with a radiofrequency signal

of the hadron beam;
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b) sampling each spill interval with a sampling frequency of the order of magnitude of
GHz to obtain a respective fine grained event rate distribution;

¢) for each spill interval:

- cl) analysing frequencies of the fine grained event rate distribution to find an initial fre-
quency value fo compatible with the radiofrequency signal of the hadron beam;

- ¢2) from the initial frequency value, estimating period Ts of the micro-bunches and trans-
forming time values of the coincidence events in the spill interval into values of phase rela-
tive to an arbitrary phase, based on the estimated period of the micro-bunches; and

- ¢3) at each micro-bunch of the spill interval, executing filtering to remove coincidence
events around a peak associated with background noise induced by the hadron beam and

keep the remaining coincidence events of the micro-bunch.

The invention uses the temporal micro-structure observed in the events detected by the
PET acquisition system. Experimental data have in fact shown that the acquired positron-
electron annihilation photons have a temporal distribution with the same periodicity of the
acceleration/extraction cycle of the accelerator. By the invention it is therefore possible to
acquire data in shorter times (with full-beam) and to reproduce images with a signal/noise
ratio better than the prior art. The monitoring operation is also less invasive, as it does not
require the patient to remain immobile for a long time after treatment to allow the PET ac-

quisition.

Further features and advantages of the invention will become apparent from the following
detailed description of an embodiment of the invention, made with reference to the accom-
panying drawings, provided for illustrative and non-limiting purposes only, in which

figure 1 is a diagram representing a PET apparatus;

figure 2 is a diagram of the data processing of the method according to the invention;

figure 3 shows: a) expected distribution of fine-grained event rate for a spill interval,
using data of a fraction of the spill interval. The considered spill interval has a duration of
1 s. The illustrated fraction has dimension [Ofs, Ofs+W), where Ofs=2 ms and W=8 ms.
The sampling intervals of the fine-grained event rate have amplitude equal to ts=1 ns; b) a
magnification of a part of the distribution a). Note that most sampling intervals contain no

events;
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figure 4 represents the FFT diagram of a spill interval. The first highest peak (except
for the zero frequency peak) provides the main frequency fo=1.666 MHz, compatible with
the accelerator radiofrequency. The period is calculated from To=1/fo=600.2 ns;

figure 5 shows the histogram of the event steps for the micro-bunches of a spill inter-
val: a) when the period To=600.2 ns is calculated by FFT; when the period is iteratively es-
timated in the interval [To£200 ps] with a step of 0.5 ps, such that: b) Ti=600.21 ns and c)
T>=600.216 ns, obtaining the best estimate d) Ts=695.2165 ns;

figure 6 represents the Gaussian fit on the peak of the micro-bunch to define a win-
dow around the peak and keep the data outside the defined window. These data correspond
to coincidence events during the pauses between the micro-bunches, indicated as in-spill
inter-bunch data;

figure 7 represents the image reconstruction of a) inter-spill coincidence events; b)
in-spill coincidence events; c) in-spill inter-bunch coincidence events (after filtering); us-
ing the central slice in the x-z plane of the spatial distribution of the coincidence events.
The direction of the beam is from left to right. In b), the background radiation noise in-
duced by the beam is visible with the detection of coincidence events before the input sur-
face of the phantom and at the end of the image. In c), the noisy background in the recon-
structed image is significantly lower than in b); and

figure 8 shows the one-dimensional profiles of: a) inter-spill coincidence events; b)
in-spill coincidence events; c) in-spill inter-bunch coincidence events (after filtering). In
b), the background radiation noise induced by the beam is visible in the high activity be-
fore the input surface of the phantom and in the tail at the end of the activity interval. In c),
the number of coincidence events before the input surface of the phantom decreases signif-

icantly. The tail at the end of the activity interval does not change.

The invention will now be described with reference to a PET detector represented schemat-
ically in figure 1. It is understood, of course, that the invention is not limited to this specif-

ic example, but is applicable to any type of PET detector.

The PET detector in figure 1 consists of two detection modules 10, located at a distance d
from each other. As an example, the detection modules may have a dimension of 5 cm x 5

cm, and may be arranged at a distance of 50 cm. In this case, the scintillator array can be
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composed, for example, of 20 x 20 pixels of LSO of thickness 2 cm and section 2.5 mm x
2.5 mm. Each module consists of an array of scintillator crystals 11a coupled with photo-
detectors 11b (e.g. silicon photomultipliers - SiPM). Each photo-detector is read by a front-
end electronics 12 which provides for each event the energy released in the crystal and the
interaction time. The measurement can take place, for example, via an application-specific
integrated circuit (ASIC). A back-end computer 15 is operatively connected with the front-
end boards 12 to receive the processed detection data and to reconstruct, from them, image
data for positron emission tomography, as well as to determine the penetration range of the
Hadron beam, in a conventional manner. The process of processing the detection data by

the electronics of the front-end cards 12, shown in figure 2, will be described below.

The beam of particles 20 impinges on a phantom 30 arriving parallel to the z axis, if a syn-
chrotron beam is used, the irradiation sequence consists of on-beam intervals followed by
off-beam intervals. In the following, the on-beam intervals will also be indicated as spill or
spill intervals. The events detected in the spill will be indicated as in-spill events, while the
events detected in the off-beam intervals will be indicated as inter-spill events. The events
acquired as a result of the irradiation due to the residual activity inside the phantom will be

indicated as post-irradiation events.

The scanned data is saved sequentially in a file and includes in-spill, inter-spill and post-
irradiation events. For each event the time stamp, there are given the energy released (some
techniques for the identification of the energy of the event include time-over-threshold,
peak detection, charge integration), the unique identifier of the photo-detector that has ac-
quired the event, and possibly the detection position in the photo-detector from which it is
possible to identify the scintillator crystal in which the photon has interacted. It is specified
that the invention is not limited to the use of crystal arrays, but can also be implemented
with continuous scintillating crystals in which the position of the annihilation photon inter-
action with the crystal is determined by processing the shape of the light distribution on the

photo-detector.

The distribution of the event rate as a function of time depends on the pulsed temporal

structure of the beam. The distribution is used to pre-process the data and identify the be-
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ginning and end of each spill, which allows the in-spill data to be separated from the inter-

spill data.

For the reconstruction of the PET image, events around the peak of annihilation of 511
keV are used. The selection of energy windows can be made taking into account the local
non-uniformities of the crystal, the photo-detector and the portion of front-end electronics
involved in the interaction. For this purpose, post-irradiation data are used and prompt co-
incidences are defined. Then, the energy spectrum is analysed and a Gaussian fit is applied
to the peak of 511 keV. The parameters of the Gaussian fit, mean p and standard deviation
o, are saved in separate files for each front-end electronics channel and used to define an
energy window around the peak (equal, for example, to u + 36) . The energy window is not
necessarily the same for each channel and is applied to the data in order to keep events
around the peak of 511 keV, discarding the rest. Note that it is possible to define other met-
rics to determine which events to filter, for example using both the phase value and the en-
ergy of each event, without necessarily resorting to a Gaussian fit. For example, events
with certain energies could be accepted on narrower time frames than events with other en-

ergies.

An initial analysis is performed using inter-spill and in-spill data. First the prompt coinci-
dences are calculated, determining for each coincidence the two positions of interaction

with the detector and the line connecting the two, called the response line.

The images are then reconstructed using a reconstruction algorithm, such as the "Maxi-
mum Likelihood Expectation Maximization" (ML-EM). Let's consider, for example, the
central slice in the x-z plane of the three-dimensional (3D) spatial distribution of the coin-

cidence events of the reconstructed image.

The one-dimensional activity profile (1D) is defined as the intensity of the voxel along the
beam direction of the 3D image slice that passes through the isocenter and is parallel to the
two sensing modules considered in this example. To reduce statistical fluctuations, the 1D
activity profile can be obtained by averaging several slices around the central slice along

the x direction. The activity range is measured from the 1D activity profile.
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It is known that the beam microstructure has a strong correlation with the radiofrequency
(RF) signal of the accelerator (Parodi et al., 2005, ibidem). Each spill is characterized by
bunches of tens of nanoseconds, at equal distance from each other over time according to
the RF period of the accelerator. Data are analysed separately for spill due to small differ-

ences in their internal microstructure.

For each spill, the fine grained event rate (FGER) is calculated, i.e. the number of events
that fall in very short time intervals, in the order of 1 ns. Although it is a highly inaccurate
estimate of the instantaneous event rate, the FGER still contains the temporal properties to
be extracted from the data. It can be expected that by analysing the frequencies of the
FGER, e.g. by applying a fast Fourier transform (FFT), a component corresponding to the
radiofrequency of the accelerator is found. The result of the FFT would show a peak at ze-
ro frequency, corresponding to the average event rate over the entire spill interval, and an-
other at the frequency fo corresponding to the accelerator radiofrequency. Once you have
found fo looking for the first FFT peak after the continuous level, you can estimate the
main RF period To=1/fo. Furthermore, based on the estimate, a phase value @i can be as-
signed to each event with respect to this period:

¢i = ti mod To, (1)

where t; is the timestamp of the i-th event and mod is the modulus operator. Know-
ing the phases of the events, we could calculate the histogram of these phases and derive
the probability of an event occurring in different phase intervals of the period, in a way that
resembles the intensity of the micro-bunch published in (Parodi et al., 2005, ibidem), Ran-
dom coincidences during in-beam PET measurements at microbunched therapeutic ion
beams, Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 545(1):446-458. The form of the mi-
cro-bunch thus derived depends strongly on the accuracy of the estimate of the period. In
fact, the error of drift on the estimation of the phases due to the inaccuracies of the period
accumulates over time and limits the ability to analyse long acquisition intervals together.
This effect can be mitigated by searching iteratively for the period Tj around To which
maximizes the peak-to-down ratio of the phases over the period. This was done on the ex-
perimental data by applying function (1) for different values of Tj in the interval [T¢-1),t],

where tr is reduced to each iteration j, and thus providing the best estimate of the micro-
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bunch period (Ts).

A phase offset is also added to confine the ascending and descending fronts of the same
micro-bunch in the period:

¢i = timod Ts, + ¢b, (2)

where ti is the time stamp of the i-th event, Ts is the best estimate of the micro-bunch
period and @b is the phase offset. The phase offset is selected so as to have the micro-bunch

substantially centred in the period.

It is known that the background noise induced by the beam cannot be separated from the
coincidentally usable events, originating from the decays of the B+ emitters, with the
standard techniques of correction of accidental coincidences. Consequently, in order to op-
erate in-spill, it is necessary to estimate the high number of random counts with a different

method.

According to the invention, in-spill data is filtered to remove the noise events that accumu-
late at the micro-bunch passing through the target. This is done in a similar way to what
has already been done in (P. Crespo et al., 2005, ibidem). Using the best estimate of the pe-
riod, Ts, a Gaussian fit is applied to the peak to represent micro-bunches of the spill. The
parameters of the Gaussian fit, mean p and standard deviation o, are saved for each spill. A
window is then established around the peak of the spill. In this way, the coincidence events
that occur in the micro-bunches, in the defined window, are removed and only the events
during the pauses between the micro-bunches are selected, which will be indicated below

as inter-bunch in-spill data.

The FGER is presented in figure 3. As already mentioned, the detected events are tempo-
rally scattered, and consequently the number of events in each container will be extremely
small. This is shown in figure 3a, which shows that the maximum number of counts per
sampling interval is three. In figure 3b, which shows an enlarged part of the FGER, it is

shown that a significantly large number of containers do not contain any event.

The result of the FFT implementation of FGER is shown in figure 4. The highest peak at
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non-zero frequency is the one which gives the main frequency fo, which in the selected
spill is equal to fo=1.666 MHz and is compatible with the frequency of the accelerator

used. Consequently, the period To=1/fo is equal to To=600.2 ns.

This value is used as the starting value for the calculation of the micro-bunch histogram.
Thus, the algorithm searches around To in the interval [Tox 200 ps], using a step of 0.5 ps
to maximize the peak of the histogram. Note that the magnitude of the search interval of
the optimal period and the search step can be varied to optimize the search times and the
accuracy of the result. Figure 5a shows the micro-bunch obtained using the period To=
600.2 ns as directly calculated by the FFT. Figure 5d shows the best estimate of the period
with a seven-digit precision, Ts=600.2165 ns. the optimization of the period leads to the
minimization of the FWHM of the micro-bunch distribution. Figures 5b and 5c show the
representation of the micro-bunch in two intermediate estimates of the period, Ti=600.21

ns and T>=600.216 ns.

Figure 6 shows a Gaussian fit applied to the peak as described above. The window around
the peak of the spill is equal to p + 26. Discarding data within this window removes more

than 65% of the total coincidence events in the spills.

Figures 7a and 7b show the reconstructed images of inter-spill and in-spill data. The beam
enters from the left side. The in-spill distribution is noisier than inter-spill distribution.
This happens because of the limited statistics during the spill, which occupies a fraction
equal to 20% of the entire acquisition time in the image. In particular, in figure 7b it can be
seen that coincidence events are present before the input surface of the PMMA phantom,
i.e. outside the activated area. Coincidence events are also observed beyond the distal part

of the activated area.
After filtering the in-spill data according to the procedure described above, the in-spill in-
ter-bunches data allow obtaining the image shown in figure 7c, where the noise is signifi-

cantly suppressed.

Figure 8 shows the 1D activity profiles for the inter-spill, in-spill and in-spill inter-bunch
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coincidence events (after filtering). In the in-spill case (figure 8b), the background radia-
tion noise is visible in the high activity before the input surface of the phantom and in the
tail at the end of the activity range. In figure 8c, the number of coincidence events before
the input surface of the phantom decreases significantly while the tail at the end of the ac-

tivity range does not change significantly.

According to some authors, the activity before the input surface of the phantom is originat-
ed by neutrons detected some nanoseconds after the interaction of the beam with the cores
(M.A. Piliero et al., 2016, "Full-beam performances of a PET detector with synchrotron
therapeutic proton beams", Phys. Med. Biol. 61, N650). The signal-to-noise ratio (SNR),
given by the activity peak in the phantom divided by the background level, in the inter-
bunch in-spill signal is improved by a factor of about 4.8 with respect to the in-spill signal.

The tail is probably due to the high range of the short-lived positrons of the B+ emitters.



10

15

20

25

30

WO 2019/138384 PCT/IB2019/050258
13

CLAIMS

1. Apparatus for acquiring positron emission tomography data when irradiating a tar-
get (20) with a hadron beam (B), said apparatus comprising:

a plurality of detectors (10) configured to detect radiation emitted by the target (20)
when irradiating it with the hadron beam (B), and provide detection data; and

a data processing system (12, 15) configured to reconstruct positron emission to-
mography imaging data from the detection data provided by the detectors (10), and deter-
mine the penetration range of the hadron beam (B) in the target (20);

characterized in that the data processing system (12, 15) is configured to process
the detection data according to the following steps:
determining a time distribution of the rate of coincidence events acquired by the respective
detector (10), said time distribution having a succession of spill intervals correlated with a
pulsed time structure of the hadron beam, each spill interval having a micro-structure
formed by a succession of micro-bunches correlated with
a radiofrequency signal of the hadron beam;
B) sampling each spill interval with a sampling frequency of the order of magnitude of
GHz to obtain a respective fine grained event rate distribution;
¢) for each spill interval:
- cl) analysing frequencies of the fine grained event rate distribution to find an initial fre-
quency value fo compatible with the radiofrequency signal of the hadron beam;
- ¢2) from the initial frequency value, estimating period Ts of the micro-bunches and trans-
forming time values of the coincidence events in the spill interval into values of phase rela-
tive to an arbitrary phase, based on the estimated period of the micro-bunches; and
- ¢3) at each micro-bunch of the spill interval, executing filtering to remove coincidence
events around a peak associated with background noise induced by the hadron beam and

keep the remaining coincidence events of the micro-bunch.

2. Apparatus according to claim 1, wherein the step ¢1) comprises
calculating a fast Fourier transform of the fine grained

event rate distribution.
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3. Apparatus according to claim 2, wherein the step ¢2) comprises

determining, in the fast Fourier transform, the frequency fo of the first peak with
non-zero frequency;

determining an initial value To of the period, where To = 1/fo;

assigning to each coincidence event a phase value ¢i based on the initial value To of
the period such that

¢i = ti mod To, (1)

where ti is the timestamp of the i-th event and mod is the modulus operator; and

iteratively searching for the period Tj around To that maximizes the peak-to-valley
ratio of the event rate over the period, to obtain the best estimate Ts of the period of the mi-

cro-bunches.

4. Apparatus according to any of the preceding claims, wherein the step ¢3) comprises

determining mean p and standard deviation ¢ of a Gaussian fit applied to the peak
associated with background noise induced by the hadron beam; and

removing the coincidence events comprised in the interval p + ko where k is an ad-

justable parameter.

5. Apparatus according to any of the preceding claims, wherein the sampling frequen-

cy is comprised between 0.01 and 100 GHz.

6. Method for acquiring positron emission tomography data when irradiating a target
(20) with a hadron beam (B), said method comprising:

detecting radiation emitted by the target (20) when irradiating it with the hadron
beam (B), and providing detection data; and

reconstructing positron emission tomography imaging data from the provided de-
tection data, and determining the penetration range of the hadron beam (B) in the target
(20);

characterized in that the detection data are processed according to the following
steps:
a) determining a time distribution of the rate of acquired coincidence events, said time dis-

tribution having a succession of spill intervals correlated with a pulsed time structure of the
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hadron beam, each spill interval having a micro-structure formed by a succession of micro-
bunches correlated with a radiofrequency signal of the hadron beam;

b) sampling each spill interval with a

sampling frequency of the order of magnitude of GHz to obtain a respective fine grained
event rate distribution;

¢) for each spill interval:

- cl) analysing frequencies of the fine grained event rate distribution to find an initial fre-
quency value fo compatible with the radiofrequency signal of the hadron beam;

- ¢2) from the initial frequency value, estimating period Ts of the micro-bunches and trans-
forming time values of the coincidence events in the spill interval into values of phase rela-
tive to an arbitrary phase, based on the estimated period of the micro-bunches; and

- ¢3) at each micro-bunch of the spill interval, executing filtering to remove coincidence
events around a peak associated with background noise induced by the hadron beam and

keep the remaining coincidence events of the micro-bunch.

7. Method according to claim 6, wherein the step c1) comprises

calculating a fast Fourier transform of the fine grained event rate distribution.

8. Method according to claim 7, wherein
step c2) comprises

determining, in the fast Fourier transform, the frequency fo of the first peak with
non-zero frequency;

determining an initial value To of the period, where To = 1/fo;

assigning to each coincidence event a phase value ¢i based on the initial value To of
the period such that

¢i = ti mod To, (1)

where ti is the timestamp of the i-th event and mod is the modulus operator; and

iteratively searching for the period Tj around To that maximizes the peak-to-valley
ratio of the event rate over the period, to obtain the best estimate Ts of the period of the mi-

cro-bunches.

9. Method according to any of claims from 6 to 8, wherein the step ¢3) comprises
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determining mean p and standard deviation ¢ of a Gaussian fit applied to the peak
associated with background noise induced by the hadron beam; and
removing the coincidence events comprised in the interval p + ko , where k is an

adjustable parameter.

10.  Method according to any of claims from 6 to 9, wherein said filtering is further op-

erated as a function of detected energy of the individual coincidence events.

11.  Method according to any of claims from 6 to 10, wherein the sampling frequency 1is

comprised between 0.01 and 100 GHz.



WO 2019/138384 PCT/1B2019/050258
147
15
- , : 12 '
e d 2 \ ;
z, i
12 \ 30 |
A {11bi11a St 11al11b
X Y
10 10
20
EVENT
PERIOD | TIME/PHASE EVENT
RATE FFT TICALCULATION™™ conversion] ™™ FiLTERING

| SAMPLING

FIG. 2




PCT/IB2019/050258

WO 2019/138384

247

(a)

A A s

e e s e e o)

T ey
g )

Ol

SIUNOT

14

12

[}

1
¢

Time {ms)

(b)

SN0

Time (ms}

FIG. 3



WO 2019/138384 PCT/1B2019/050258
i
BODD [
2500 f,=1.666 MHz
“T,=600.2 ns
o 2000 -~
o
B 1500
£
<
1000
500
g 2 4 6 8
Frequency (MHz)
% ariod = 600.2 ns - eriod = 600.21 ns
2)3000 -t B} 3000 P
2900 | 2900 A
I | A
@ 2800 M i 2800 gAfw v
S oob 1A AVTATR g TP
2 2700) f\;\f\\u Wi | 52700 w [ )
WA g2 W,
gaasy V‘%y 2eeaﬁyy | % N
2500 2500 WY
‘ , | 2
2800 567550 300 400 500 600 400 1567360 300 400 500 600
Time {ns) Time (ns)
c) period = 600.216 ns d) period = 600.2165 ns
6000 8000 y
A ‘
5000 AN 7000 /
| N L 6000 J
5 3000f / \\ 5 4000 /
S 2000 fj s O gggg /
1000}~ \\x_% 1606 s

0
0 100 260 300 400 500 &00

Time {ns)

FIG. 5

0 100 200 300 400 500 600

Time {ns)



WO 2019/138384 PCT/IB2019/050258

417

period = 600.2165 ns

8000
7000
6000
5000
4000
3000
2000
1000

Counts

0 100 200 300 400 500 600
Time (ns)

FIG. 6




WO 2019/138384
87

PCT/IB2019/050258

30

Z o)

i

4
7 #10

10

el uF A bl

ALISNZLINI 30V

FIG. 8a



WO 2019/138384 PCT/IB2019/050258
B8/7
&
fapesun W
3
£
R
<3
B
]
&
(24
Leed
&
h=
! i ! { i : i o
8 8 & f Low] fan =
g § § § § § §& ¢

ALISNILNI SOV

FIG. 8b



WO 2019/138384 PCT/IB2019/050258
77
...... o t i
0
Q
oy
Ly
i
=
&3
A
&
:-é:
¢
&
&
€
E
™
- 2
&
i : i { i i o
% o @ £ & ) ey =]
2 2 & g % 8 g

ALISNILNI 3OV

FIG. 8¢



INTERNATIONAL SEARCH REPORT

International application No

PCT/IB2019/050258

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO1T1/29 A6IN5/10
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO1T A61IN

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, INSPEC, COMPENDEX

Electronic data base consulted during the international search (hame of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A LESTAND LOIC ET AL:

Electronics",
MEDICAL SCIENCES, IEEE,

, pages 87-95, XP011642479,
ISSN: 2469-7311, DOI:
10.1109/TNS.2016.2635584
[retrieved on 2017-03-06]
abstract; figures

page 87, paragraph I.

"In Beam PET
Acquisition on 75 MeV. $\text {u}~{-1}%
Carbon Beam Using Sampling-Based Read-Out
IEEE TRANSACTIONS ON RADIATION AND PLASMA

vol. 1, no. 1, 1 January 2017 (2017-01-01)

page 88, paragraph II.B - page 89
page 90, paragraph II.E - paragraph II.F

1-11

_/__

Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

18 March 2019

Date of mailing of the international search report

10/04/2019

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Eberle, Katja

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/IB2019/050258

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A PARODI K ET AL: "Random coincidences
during in-beam PET measurements at
microbunched therapeutic ion beams",
NUCLEAR INSTRUMENTS & METHODS IN PHYSICS
RESEARCH. SECTION A, ELSEVIER BV *
NORTH-HOLLAND, NL,

vol. 545, no. 1-2,

11 June 2005 (2005-06-11), pages 446-458,
XP027781751,

ISSN: 0168-9002

[retrieved on 2005-06-11]

abstract; figures

page 452, paragraph 4. - page 453

A BARTHEL T ET AL: "Suppression of Random
Coincidences During In-Beam PET
Measurements at Ion Beam Radiotherapy
Facilities",

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, IEEE
SERVICE CENTER, NEW YORK, NY, US,

vol. 52, no. 4, 1 August 2005 (2005-08-01)
, pages 980-987, XP011137769,

ISSN: 0018-9499, DOI:
10.1109/TNS.2005.852637

abstract

1-11

1-11

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




	Bibliography
	Description
	Claims
	Drawings
	Search report

