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Abstract Radiotherapy treatments involving LINACs operating at accelerating potentials >10 MV generate (photo)neutrons which
deliver dose to patients also outside the target volume. This effect is particularly relevant for patients with cardiac implantable
electronic devices (CIEDs), which can be damaged by the therapeutic irradiation. In the last few years, there has been a rising
interest in this issue, and it seems that damage to CIEDs is primarily associated with the thermal component of the photoneutron
field. In particular, a recent study led by Politecnico di Milano considered CIEDs from various manufacturers and showed that
some of these devices can be damaged after an irradiation with a thermal neutron fluence of about 10° cm~2. The present work
results from a collaboration among Politecnico di Milano, the University of Pisa, the University of Trieste and three Italian hospitals
located in Lucca, Trieste and Varese, respectively, and it is primarily aimed at evaluating the thermal neutron fluence in CIED
region for some high-energy treatments delivered at 15 MV and 18 MV and to determine whether it is comparable to the critical
value given above, which has been experimentally determined to be potentially harmful for CIEDs. Thermal neutron fluence was
measured through CR-39 detectors and TLDs, which were housed inside a BOMAB-like phantom mimicking the patient’s trunk.
The experimental sessions involved two models of LINAC, Varian Clinac DHX (Varese hospital) and Elekta Synergy (Lucca and
Trieste hospitals). The experimental results show that the treatments considered in this study can lead to a thermal neutron fluence
in the cardiac region comparable to the critical value. Furthermore, detailed Monte Carlo geometries for the facilities involved in
this project were developed with the MCNP code (v. 6.2), and they were tested by comparing simulation results to measurements
considering some benchmark irradiation plans. Bubble detectors were also employed for fast neutron fluence measurements to be
compared to simulation outputs. These computational models stand out as promising tools for the investigations required in this
work, and they can be used for further studies also extending their use to analogous facilities hosting the same models of LINACs.

1 Introduction

As the number of patients with cardiac implantable electronic devices (CIEDs) undergoing radiotherapy increases, it presents
challenges for radiation oncologists, radiation therapists, cardiologists and medical physicists. The safety concerns and uncertainty
surrounding the optimal treatment planning, patient monitoring and device interrogations during and/or after radiotherapy create
challenges in managing these patients. Many of these challenges, however, have already been addressed in the literature as well as
in national and international guidelines [1-5].

The AAPM-TG 203 [1] practice guidelines for managing patients with cardiac implantable electronic devices (CIEDs) during
radiotherapy classify CIED patients into risk categories. These categories are determined not only by the cumulative dose to the
CIED and patient pacing dependency but also by the presence of (photo)neutrons during the delivery of radiation therapy.
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Table 1 Recommended Nuclide Resonance energy (MeV) FWHM (MeV) Omax (mb)
experimental GDR parameters for
selected LINAC nuclides (data Fe-54 19.35 5.50 147.00
referred to the total . Cu-63 16.43 4.84 79.79
photoabsorption cross section)
20.15 5.52 49.39
Cu-65 19.62 8.09 86.38
W-182 11.98 3.91 283.99
14.94 5.16 259.40
W-184 11.92 4.52 347.68
15.05 3.87 233.17
W-186 13.04 6.60 410.29
14.89 2.12 69.05
Data are taken from Table III of Pb-206 13.58 3.83 51245
[8]. For nuclides with a GDR Pb-207 13.55 3.95 479.80
composed of two peaks, two lines Pb-208 13.37 3.93 645.49

of data are given

Photoneutrons are produced via (y, xn) reactions between the primary photon beam and high-Z materials, including the main
components in the LINAC head such as target, flattening filter, primary collimator, upper and lower jaws, and the head shielding.
Neutrons are also produced in the patient’s body and the structures in the treatment room such as walls, floor and ceiling. Neutron
contamination can become significant for accelerating potentials above 10 MV [6]. The cross section accounting for all possible
photonuclear reactions of nuclei (total photoabsorption cross section) typically shows a broad resonance in the energy region from
~ 10 to 25 MeV with the shape of a single or double peak known as giant dipole resonance (GDR). This resonance is connected
to the collective oscillations of nucleons (protons vs neutrons), and it is also the main responsible for photoneutron production
[7]. The GDR parameters for the LINAC nuclides which are the predominant source of photoneutron are given in Table 1 — note
that for heavy nuclei photonuclear reactions basically mean photoneutron production [8]. A rich database of photonuclear data
can be found in [8]. The energy spectrum of neutron fluence at the isocentre within the air typically exhibits two distinct peaks.
The first, known as the fast peak, is centred at approximately 1 MeV and primarily comprises evaporation neutrons. The second
peak, referred to as the thermal peak, is composed of neutrons that have been undergone thermalization. Photoneutrons are initially
emitted as fast neutrons, while the thermal peak is generated through neutron moderation within the treatment room environment,
predominantly in the air and walls. The dominance of the thermal component increases with distance from the isocentre, as fast and
epithermal neutrons gradually lose energy through interactions with the surrounding medium, ultimately reaching thermal energies,
as referenced in [9, 10]. A similar phenomenon is observed when the isocentre is positioned in a low-Z target, such as the patient’s
body or a phantom, where hydrogen prominently contributes to the reduction of neutron energy (as noted in [11]). It is noteworthy
that at greater distances from the isocentre, the quantity of thermal neutrons in the treatment room remains relatively constant. This
constancy arises because fast neutrons experience reflection from room surfaces, emerging with epithermal and thermal energies —a
phenomenon known as the room-return effect [11, 12].

Several studies [13, 14] have investigated the photoneutron characteristics in high-energy photon beams.

Neutron contamination leads to the production of high-linear-energy-transfer (LET) secondary particles which can have adverse
effects on the memory and microprocessor circuits of CIEDs. The incidence of soft errors in CMOS is typically associated with
thermal neutrons, whereas latch-up events are more commonly associated with fast neutrons [1, 15, 16]. Nonetheless, it appears that
malfunctions in CIEDs primarily stem from thermal neutrons, and this can be attributed to two principal factors: (1) their elevated
fluence within the patient’s body, encompassing the CIED vicinity, when compared to that of fast neutrons, and (2) their effective
capture by isotopes such as boron-10 (B-10) and lithium-6 (Li-6), which are present in the components of CIEDs [17]. In fact, glass
film made of boron silicate is used for protecting semiconductor surfaces, making these devices prove to thermal neutron-induced
radiation damage [18].

Single event occurrences are stochastic in nature, with the probability of these events increasing as the flux of high-LET particles
increases. Consequently, the probability of neutron-induced damage rises with increasing photon energy, leading to higher neutron
fluences. For instance, at 18 MV the neutron fluence is roughly two and ten times higher than that at 15 MV and 10 MV, respectively
[1, 16].

Different authors have focused on the causes and mechanisms of CIED malfunctions during neutron-producing radiotherapy
treatments [1, 14—17, 19-22]. In particular, the studies by Mathew and Zecchin [14, 17] have proposed the secondary photoneutron
field present in the treatment room as a potential cause of device damage even when the devices are not situated in close proximity
to the treatment field.

The present study builds upon an important finding from collaborative research led by Politecnico di Milano [23]. In this research,
a sample of 95 CIEDs underwent irradiation at the NEUTRA station of Paul Scherrer Institut (PSI) with a thermal neutron fluence
of approximately 10° n/cm? [23, 24]. An evaluation of CIED performance was conducted before and after the irradiation, revealing
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that a fair number of the test devices experienced damage, such as battery discharge, re-initialization, standby mode disruption and
other soft errors.

Therefore, the main objective of this study is to assess the thermal neutron fluence @, ¢, resulting from conventional radiotherapy
treatments utilizing high-energy photons (15 and 18 MV treatments) in the region where CIEDs are typically implanted. This
evaluation will be accomplished by means of a combination of measurements and Monte Carlo simulations. The aim is to determine
whether the obtained thermal neutron fluence is comparable to the critical value mentioned above, for which it has been experimentally
observed that damage to CIEDs may occur.

2 Materials and methods

All measurements of neutron fluence were taken at three radiation therapy centres: the ‘Ospedale di Circolo e Fondazione Mac-
chi — Azienda Socio Sanitaria Territoriale (ASST) dei Sette Laghi’ hospital in Varese; the ‘San Luca — Azienda USL Toscana Nord
Ovest’ hospital in Lucca; and the ‘Ospedale Maggiore — Azienda Sanitaria Universitaria Giuliano Isontina (ASUGI)’ hospital in
Trieste. The Varese hospital houses a Varian Clinac DHX (Palo Alto, California) LINAC, while the accelerator used at the Lucca
and Trieste hospitals is an Elekta Synergy (Crawley, United Kingdom) LINAC. The experimental set-up was carefully designed
to replicate the conditions of actual therapy sessions using a BOMAB-like phantom. Passive detectors were strategically placed
within the phantom to evaluate &, . The subsequent sections provide a comprehensive description of all the devices and methods
employed throughout the experimental campaign.

2.1 Detection systems
2.1.1 Politecnico di Milano (PoliMi)
2.1.2 CR-39 detectors

Solid-state nuclear track detectors (SSNTDs) made of poly-allyl diglycol carbonate (PADC), commercially known as CR-39, coupled
to thin layers of boron carbide (B4C) converter, enriched to 99% in 108 were used (Fig. 1). Hence, the detection of thermal neutrons
is made possible via the 10B(n, «)”Li reaction (on,tn = 3840 b).

Boron nuclei absorb neutrons and emit secondary high-LET charged particles (o and 7Li), which release energy within the
sensitive volume of the CR-39. This breaks molecular bonds along the ions’ paths, resulting in ‘latent tracks’. To observe the tracks,
a chemical treatment called efching is necessary to enlarge and fix them in the material. The etching used consisted in a bath in a
6.25 mol/L aqueous solution of sodium hydroxide (NaOH) at 97.3 & 0.1 °C for 40 min. After that, the nuclear track densities are
analysed using the Politrack® system [25].

To isolate only the thermal component of the neutron spectrum, the measurements were repeated, in one case covering the
detectors with cadmium plates. The signal from thermal photoneutrons is then shielded out and can be subtracted from the total one
(thermal + epithermal + fast) measured without Cd plates.

Accordingly, the mean track density due to thermal photoneutrons (TDy,) [cm™2] is converted to the quantity of interest, thermal
neutron fluence &, using a conversion factor (fccr-39 [n trk—1]), after subtraction of the average background track density
(TDgko):

&y = (TDgy, — TDgkG) - fe,cR-39 (1)

The conversion factor (f¢ cr-39) was estimated through detectors calibration at Politecnico di Milano using a thermal neutron source
obtained by moderating AmBe (¢, = 492 cm ™2 s~ !4+ 6%, k = 2) inside a cylinder of polyethylene (ESTHER facility [26]). f. cr-39
varies according to different batches of CR-39 and to different CR-39 manufacturers. For this study, CR-39 s from two batches, one
from RTP (Reinforced ThermoPlastics Company) and one from 7ASL (Track Analysis Systems Ltd), were used, and the calibration
procedure yielded a calibration factor (f;) of, respectively, 143 £ 8 n trk=! (k =2)and 130 &+ 7 n k! (k = 2).

The detection system used in this study showed a very high sensitivity to thermal neutrons (1 track per ~ 200 neutrons) attributed
to the significant enrichment of '°B in the converter. It enables the measurement of thermal fluences on the order of 10* n cm~2.

2.1.3 TLDs

Pairs of 4 7LiF:Mg,Ti (TLD700) and 4 °LiF :Mg,Ti (TLD600) thermoluminescent detectors (TLDs) were utilized, as shown in Fig. 2.
The former TLDs are enriched to a purity of 99.9% in Li-7 and serve the purpose of photons detection, while the latter TLDs are
enriched in Li-6 to a purity of 95.6% and serve the dual purpose of detecting photons and neutrons via the ®Li(n, o)’ H reaction. It
is noteworthy that the neutron absorption cross section of Li-7 is significantly lower in comparison with the cross section of the (n,
o) reaction on Li-6, which are approximately 5 - 1072 b and 950 b at thermal energies, respectively. Additionally, the quantity of

@ Springer



1003  Page 4 of 15 Eur. Phys. J. Plus (2023) 138:1003

Fig. 1 3D rendering of the

detection system obtained using

the software SOLIDWORKS. The CR39
SSNTD, on which the Cd plate
identification code is engraved, is
coupled to the boron converter
and, on the right image, is covered
with two cadmium plates. Images
are not to scale

10B Jayer

Fig. 2 Pairs of LiF:Mg,Ti and
SLiF:Mg,Ti TLDs. TLDs were
wrapped in tinfoil to shield them
from ambient light

Li-6 present in Li-7-enriched TLDs is minimal when contrasted with that in Li-6-enriched TLDs. Consequently, the neutron signal
generated by Li-7-enriched TLDs is negligible in comparison with that of Li-6-enriched TLDs [27].

In this case, the thermal neutron fluence signal is obtained by subtracting the TLD700 signal (L700) from the TLD600 one (Leoo)
and multiplying it by the conversion factor f. T.p [em™2.nC~!]:

D = (Leoo — L700) - fe,TLD )

In doing so, each TLD reading was compensated by accounting for the corresponding sensitivity factor (i.e. a multiplicative factor
leading to the average reading of the whole TLD set considered — the TLD600 set or the TLD700 one). For the TLD700 set,
sensitivity factors were computed irradiating the crystals (placed behind a PMMA layer, to achieve charged particle equilibrium)
with a reference 37Cs source hosted at the Calibration Laboratory LAT n°104 of Politecnico di Milano, while for the TLD600 set
these factors were evaluated irradiating the crystals in the n+y field of the moderated AmBe source of the ESTHER facility.

The conversion factor f tp was calculated at the ESTHER facility, under the same conditions used for the CR-39s, and it is
equal to 1.63 - 10° (cm~2 - nC~!) with a relative uncertainty of about 5% (k = 2). The TLD reader employed was a Harshaw 5500
reader, with a thermal cycle consisting in a temperature ramp from 100 °C to 400 °C.

Also in this case, measurements were repeated shielding the instruments between Cd plates, to subtract the contribution from
epithermal and fast neutrons. As the detectors have a sensitivity of about 1.6 - 10~® nC per unit of thermal neutron fluence but the
reader used for the measurements has a minimum detectable signal of a few nC, the minimum detectable thermal fluence is of the
order of 10° cm—2.
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Fig. 3 Pellets of GR-206A on the
left and GR-207A on the right

2.1.4 Universita di Pisa (UniPi)
2.1.5 TLDs

Thermoluminescent detectors used for the purpose of this study are in the form of crystals (Fig. 3). Due to the presence of neutron
and gamma field, GR-206A and GR-207A sintered crystals (0.8 mm thick and 4.5 mm diameter) were selected, exploiting their high
sensitivity and effective atomic number (8.2) very close to soft tissue. They are made of lithium fluoride doped with magnesium,
copper and phosphorus (LiF:Mg,Cu,P) and are enriched with °Li and "Li, respectively. The light output of the GR-207A is determined
by the gamma ray component alone, as the neutron contribution can be disregarded for the aforementioned reasons. In contrast,
the signal from the GR-206A is attributable to both gamma rays and neutrons, with a predominant influence from low-energy
neutrons primarily due to the //v behaviour exhibited by the ®Li(n, a)3H cross section. For both crystals, the TL annealing cycle
was performed at a temperature of 240° for a time of 35 min, and the readout step was divided in two steps: a preheating phase
(20 s at 160 °C) and an acquisition phase (20 s at 240 °C). The reader was a Harshaw mod.4500 TLD Workstation connected to a
computer for data storing and processing.

To characterize the response to photon radiation, both TLD types (GR-206A and GR-207A) were firstly irradiated in packages
coated with solid water (to ensure the charged particle equilibrium) with a calibrated %°Co source (1.253 MeV, source uncertainty
4 6%, k = 2). The individual correction factor (sensitivity) of the crystals was determined with a dedicated gamma irradiation.
Subsequently, to characterize the response to thermal neutron irradiation, the GR-206A and GR-207A crystals were irradiated at
the ESTHER facility of Politecnico di Milano. Since the aim of this work is to measure the thermal neutron fluence, the following
steps were performed:

e Determination of the thermal neutron conversion factor Fe rrp (6.04 - 103cm2nC! £2%, k =2) through:

q>n,'Lh,rf:f

3

Ferp =
¢ Lcr 206a — LaRr 2074
where ®p i, ref 1 the reference thermal fluence [em™2], LG R 2064 is the average reading [nC] of GR-206A crystals and Lgr 207a
is the average reading [nC] of GR-207A crystals.
e Determination of the thermal neutron fluence of the field through:

_ (LGr206a — LGR 207A)
B MU

where Lgr 206A and Lgr 2074 are the readings of GR-206A and GR-207A in the field and MU is the monitor unit relative to the
exposure. The sensitivity factor of each crystal was considered in each calculation.

NN FetLp 4)

2.1.6 Bubble detectors

Finally, as anticipated in the introduction, bubble detectors for the measurement of fast neutron fluence were employed (Fig. 4).
The detectors used in this study were superheated droplet (bubble) detectors manufactured in Yale University [28]. These detectors
consist of a homogeneous dispersion of halocarbon droplets in a gel matrix. The halocarbon used was octafluorocyclobutane (C-318).
They are contained in vials approximately 4.5 mL in volume, with an internal diameter of 14 mm and a height of 30 mm. Each
detector contains 1.5 mL of active region, which consists of a neutron-sensitive emulsion with tens of thousands 60 um droplets
suspended in a glycerin-based gel, while the top of the detector is composed solely of inert gel.

To characterize the response to fast neutrons, bubble detectors were calibrated free in air with an AmBe neutron source (6.7 -
10* n/s emission, source uncertainty & 3%, k = 2). Subsequently, the number of bubbles generated in the detectors was quantified
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Fig. 4 Bubble detectors before
(a) and after (b) irradiation

Fig. 5 3D rendering of the
BOMAB-like phantom developed
by the University of Pisa. The
devices used in the experiments
were positioned in channels 1
(blue), 3 (orange), 5 (purple) and 8
(green)

22¢cm

using the open-source software ImageJ, and a conversion factor Fgp = 6.67 - 103 cm™2/bubble & 20% (k = 2), fast neutron fluence
for bubble, was determined. The fast neutron fluence in the field was found through:
NField + FBD
() = 5
fast neutrons MU ( )
where NFielq is the number of bubbles counted in the field, Fgp is the conversion factor found in the calibration and MU is the
monitor unit of the treatment.

2.2 BOMAB-like phantom

Throughout the experimental campaign, a BOMAB-like (BOMAB: BOttle Manikin ABsorption) phantom was utilized (Fig. 5).
This phantom, originally developed by the University of Pisa, is specifically designed to simulate the trunk of a patient.

The phantom used in the experimental study is an elliptic cylinder with walls constructed from polymethyl methacrylate (PMMA)
that are 0.5 cm thick. It contains a 3 x 5 matrix of through PMMA pipes, each with a diameter of 2 cm and a wall thickness of 2 mm,
arranged in a square lattice geometry. These pipes are designed to accommodate dosimeters or PMMA spacers. The phantom has
dimensions of 60 cm in length, with the major and minor axes of the ellipse measuring 30 cm and 22 cm, respectively. The phantom
consists of two bases, each 1 cm thick, which are made of polycarbonate. During the experiments conducted in Varese, the phantom
was filled with water, while in Trieste and Lucca, it was filled with paraffin.

2.3 Irradiations

In Varese, the experimental set-up aimed to simulate an 18 MV treatment targeting a vertebra near the cardiac area. The irradiation
field was set at 10 x 10 cm?, with the multileaf collimator (MLC) fully open. The isocentre was positioned 16 cm from the upper
base of the phantom, centred horizontally. The treatment plan was repeated three times, gradually increasing the dose at the isocentre
to validate the linearity of the response of the measuring devices. The detectors were placed in the upper left channel of the phantom
(No. 1, marked in blue in Fig. 5), located 16 cm from the upper base of the phantom.

It is important to note that Cd plates were unavailable during these experiments, which prevented the measurement of the
contribution associated with the epithermal component of the neutron spectrum and its subsequent subtraction from the total
measurement. However, the obtained results remain significant for two primary reasons: first, the boron absorption cross section
experiences a significant reduction in the range of epithermal energies following the 1/v law, resulting in decreased sensitivity of the
device to epithermal neutrons; and second, the thermal component of the neutron spectrum dominates the epithermal component
within the water phantom, as confirmed by MCNP simulations.
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Table 2 Experimental results obtained using CR-39 detectors from Politecnico di Milano in terms of thermal neutron fluence per MU measured at CIED
position

Hospital Treatment area Energy [MV] MU delivered at isocentre No. of detectors Dp th [m] Relative uncertainty (%)
Varese Vertebra 18 20 8 1.75 - 109 4
40 4 1.63 - 10° 5
100 4 9.03-10*P 3
Trieste Tliac wing 15 502 1 6.24 - 104 3
Lucca Tliac wing 15 502 2 6.81 - 10% 9

4 The total dose delivered to cadmium-shielded devices was 300 MU in Trieste and 200 MU in Lucca in order to obtain a measurable signal, which has been
subtracted to the total one, once converted in em—2 MU~ !

YThe neutron fluence is underestimated at the maximum dose value (100 MU) due to device saturation caused by high track density (> 60 000 tracks/cmz).
Therefore, this outlier value was excluded from further analyses

In Trieste and Lucca, the same 15 MV treatment plan targeting the iliac wing was simulated. The objective of these experiments
was to investigate the thermal neutron fluence at the site of a CIED when the isocentre of a linear accelerator is located distally from
the CIED implantation site. Therefore, the isocentre was placed 15 cm from the lower base of the phantom, horizontally centred.
Detectors were arranged inside the upper right channel (No. 5, indicated in purple in Fig. 5) of the phantom, situated 13 cm from
the upper base of the phantom.

Furthermore, in Trieste and Lucca, a 15 MV treatment with a fixed field size of 30 x 30cm? at the isocentre was used as a
benchmark for the Monte Carlo (MC) models. Additional information regarding these tests can be found below.

3 Results and discussion
3.1 Experimental results

Tables 2 and 3 show the results of the measurements related to the CR-39 s and TLDs from PoliMi, respectively, while Table 4
presents the ones related to the TLDs from UniPi. They are expressed in terms of thermal neutron fluence ($p ) per monitor unit
(MU) delivered during the treatment (100 MU =~ 1Gy). Note that, to achieve a better statistics, some measurements were repeated,
changing the detectors every time. Relative uncertainties reported in the tables correspond to one standard deviation (1 o).

3.1.1 Politecnico di Milano (PoliMi)
3.1.2 CR-39 detectors

To enhance the signal statistics, two separate detectors at a time were utilized by employing two CR-39s that faced a single '°B
converter in a sandwich configuration. However, this approach was not feasible for the measurements performed at the Trieste
hospital because of the insufficient number of detectors available.

Results presented in Table 2 indicate a thermal neutron fluence of the order of 10° cm~2 MU~ for a 15 MV treatment targeting
a distal tumour with respect to the CIED (iliac wing). It is worth noting that there is a satisfactory agreement between the results
obtained using Elekta Synergy accelerators of the same model but located in different facilities (Lucca and Trieste hospitals)

When treating an area adjacent to the CIED (vertebra) with higher-energy photon beams (18 MV), the neutron fluence significantly
increases by about a factor of 2. To conclude, considering that typically a complete radiotherapy cycle requires doses ranging from
20 to 60 Gy, for the treatments analysed in this study, the measured thermal neutron fluence attains values comparable to the critical
one reported in the introduction.

3.1.3 TLDs

For the vertebra treatment, the thermal neutron fluence is in the order of 10° cm™2 MU™!, consistent with the CR-39 data. The
results for the iliac wing treatment delivered by LINACs of the same model at two different sites are comparable and similar to
those of Table 2, but not as accurate as the CR-39 measurements, due to greater uncertainties resulting from the lower sensitivity of
devices. Therefore, also in this case it is possible to conclude that values of thermal neutron fluence comparable to the critical one
are achievable in a complete therapeutic cycle.
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Table 3 Experimental results obtained using TLD dosimeters from Politecnico di Milano in terms of thermal neutron fluence per MU measured at CIED
position

Hospital Treatment area Energy (MV) MU delivered at isocentre No. of detector pairs d’ﬂ»“{ﬁ} Relative uncertainty (%)

Varese Vertebra 18 20 20 1.84 - 10° 8
40 12 2.02-10° 5
100 8 2.08 - 10° 13

Trieste Tliac wing 15 3002 4 7.40 - 10% 5

Lucca Tliac wing 15 3002 4 5.91-10% 17

4The total dose delivered to cadmium-shielded devices was 500 MU in Trieste and 400 MU in Lucca in order to obtain a measurable signal. It has been
subtracted to the total one, once converted in cm—2 MU~}

Table 4 Experimental results obtained using TLD dosimeters from University of Pisa in terms of thermal neutron fluence per MU measured at CIED position

Hospital Treatment area Energy [MV] MU delivered at isocentre No. of detector pairs D, th [c# . MU] Relative uncertainty (%)

Varese Vertebra 18 20 3 2.76 - 10° 17

40 3 1.59 - 10° 30
Trieste Iliac wing 15 500 3 534104 21
Lucca Iliac wing 15 20 3 7.96 - 10% 41

3.1.4 Universita di Pisa (UniPi)
3.1.5 TLD

The TLD UniPi measurements presented in Table 4 for both vertebra and iliac wing treatments demonstrated a response similar to
the TLD PoliMi measurements presented in Table 3. Also, with this TLD type the results obtained for the iliac wing treatment at
two different facilities using the same LINAC model were not accurate as those obtained from CR-39 measurements. One possible
explanation for this inaccuracy could be the higher uncertainties associated with TLD UniPi measurements.

3.2 Monte Carlo simulations

In this study, two Monte Carlo models of an Elekta Synergy and Varian Clinac DHX accelerator heads were developed using the
Monte Carlo N-particle extended code [29].

The Elekta Synergy model was initially modelled by the Trieste University group for studying photon and neutron out-of-field
doses, fluence and energy spectra [16]. The Varian model, on the other hand, was developed by the PoliMi group exclusively for
this research.

To construct a comprehensive representation of the set-up at the Trieste hospital, a 3D model of the LINAC head components
(including bending magnets, flight tube, target, primary scatter filter, primary collimator, secondary flattening filter, ceramic ion
chamber, backscatter plate, and diaphragm) as well as the LINAC bunker and BOMAB phantom were designed using AutoCAD
software in SAT format. The SAT file was then converted into an MCNP input file using the MCNP visual editor (MCNPXVised,
version 2.6). Material compositions and densities for each LINAC component were defined based on the manufacturer’s docu-
mentation. Shielding materials for the LINAC head were selected from available literature, considering the similarity of materials
typically used by manufacturers [16]. The initial parameters for the Gaussian energy spectrum, propagation direction and spot size
of the electron beam striking the target were chosen based on estimated values provided by the manufacturer. The phantom was
implemented directly in the MCNP input file by the PoliMi group.

The model of the Trieste facility was also extended to the Lucca facility being the LINAC model the same and the structure of
the bunker similar.

As for the Varese hospital set-up, the LINAC model (head components and materials) was implemented using confidential
documents by Varian Medical Systems dedicated to MCNP simulations of the Varian LINACs. A uniform disc of 18.3 MeV
electrons, aligned in the vertical direction, was used as source term [30]. The bunker was built according to layout sketches from
the Varese hospital.

Figure 6 presents some details of the geometrical model simulated with MCNP. To ensure accuracy and consistency of the
developed models and their results, benchmark treatments were replicated through both simulations and experiments. The comparison
between the thermal neutron fluence (®, ¢) at a specific point in the phantom and the absorbed photon dose at the isocentre (doseph)
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Fig. 6 On the left, 2D visualization of the Lucca and Trieste treatment room in the xy and xz planes (a) and the Elekta Synergy LINAC head components
and phantom in the xz plane (b). On the right, xy view of Varese hospital bunker (¢) and Varian Clinac DHX LINAC head components and phantom (d).
Images acquired with the Visual Editor (Vised v.22S5) associated with MCNP

was used as the basis for evaluation. ®, , was obtained by integrating the neutron fluence calculated with tally F4:n within the
energy bins corresponding to thermal energies. Tally volumes were cylindrical volumes of air with a radius equal to that of the
phantom channels (1 cm) and a height of 3 cm (for the Trieste/Lucca model) or 5 cm (for the Varese model). The dose at the isocentre
was calculated using tally F6:e within a spherical region of volume 1 cm?® centred around the isocentre.

To achieve a better statistics for the results, variance reduction techniques were used: the BBREM card was used to enhance the
production of photoneutrons, and the neutron importance was increased in the phantom and in the tally region.

As for the accuracy of the results, the most updated libraries available for the photon, neutron and electron cross sections were
employed, as well as the cards needed for the correct thermal neutron scattering treatment in the light materials of interest (e.g.
Iwtr.20t for water).

During the experiments, ®,, ¢, was measured by passive detectors, while the dose value was calculated by the Treatment Planning
Systems.

The 18 MV treatment plan for the vertebra, previously described, was used to validate the model of the Varian Clinac in Varese.
The irradiation layout is sketched in Figs. 7 and 8. The outcomes of simulations, which involved the use of 3 - 10® primary electrons,
are shown in Table 5, compared to the results of experimental measurements. The last column is an indication of the distance between
simulated and measured data.

The comparison between computed and measured data shows a good level of agreement, indicating that the model accurately
reproduce the behaviour of the real system. The differences observed can be attributed to measurement errors and/or uncertainties in
the model parameters. Overall, these results validate the use of the simulation model as a reliable tool for predicting the experimental
results obtainable with CR-39 detectors or TLDs.

The computational model of the Elekta Synergy accelerator in Trieste and Lucca hospitals was tested using a 15 MV treatment
with a fixed field size of 30 x 30 cm? at the isocentre, centred at 15 ¢cm from the bottom of the phantom, 4.5 cm deep from the
surface and a source—surface distance (SSD) set to 100 cm. In this case, 9 - 10® primary particles were used. Figures 7 and 8 show
the detectors set-up, while Tables 6, 7 and 8 compare the measured and simulated ratios for the various positions occupied by the
detectors. It is important to underline that the measurement in position A’ in Table 7 is affected by a ~ 100% uncertainty as the
detector was positioned too close to the isocentre so that the photon signal hides completely the neutron one.
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Fig. 7 PoliMi detectors
arrangement during the
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computational models and which
was reproduced in MCNP
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CR-39
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(Trieste) (Lucca)
C
15 cm
B
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30 cm
14.5cm
A
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TLD PoliMi 1.94 - 107 5 —20%
TLD UniPi 2.17 - 107 17 — 34%

In general, the MC code tends to overestimate the experimental results. Nevertheless, the agreement is reasonably good for the
various positions considered, with the order of magnitude remaining always the same. Additionally, the code predicts the anticipated
decreasing trend of the investigated quantity as one moves away from the isocentre.

InFig. 9, the spectra of photoneutrons computed at various locations within the phantom are shown. Both spectra exhibit two main
peaks: the first at thermal energies (~ 10~! eV) and the second, relatively smaller, in the fast energy range (~ 10° eV). This indicates
that the thermal component of the neutron field within the patient’s body is dominant over the epithermal and fast components,
deduction supported by experimental results obtained by bubble detectors (Table 9). Additionally, the simulation results confirm
that this spectrum does not undergo significant changes when measured at different points along the main axis of the phantom,
confirming the experimental measures, except for a minor increase at the isocentre. Note that the spectra related to the Lucca and
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Fig. 8 UniPi detectors TLD UniPi

ASST Ospedale San Luca
(Lucca)

arrangement during the

measurements for validating the
computational models and which (Varese)
was reproduced in MCNP

simulations
16 cm

49 cm

15 cm

Bubble detectors UniPi

ASST ASUGI
(Varese) (Trieste)

13cm
13 cm
18cm
15 cm

Trieste facilities refer to 9 - 108 primaries and the relative uncertainty (1 o) of the fluence values is about 2% in the thermal and
epithermal region, while it is around 15% in the fast region; for the Varese facility, 3 -108 primaries were employed, and the relative
uncertainties (1 o) of the fluence values are about 3%, 5% and 30% for the thermal, epithermal and fast region, respectively.

16 cm

3.2.1 Bubble detectors

The results presented in Table 9 indicate that the vertebra treatment resulted in a higher component of fast neutron fluence, with a
magnitude of 10* cm™2 MU', compared to the iliac wing treatment, which showed magnitudes of 10? and 10> cm?> MU™! in two
different positions. This difference in magnitude can be attributed to the different energy used, as it is well established that higher
energy levels result in an increased photoneutron production. The results obtained from bubble measurements are consistent with
the simulated spectra presented in Fig. 9, as they indicate a lower component of fast neutron fluence compared to thermal neutron
fluence that was also obtained from CR-39 and TLDs dosimeters. Moreover, it can be noted that the fast neutron fluence decreases
moving away from the isocentre, as predicted by the simulations.
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Table 6 Comparison between the results obtained by Monte Carlo simulations and through measurements with CR-39 detectors at ASUGI (Trieste) and
San Luca Hospital (Lucca)

P HMCNP

Position dos"e’i%p [Cmg Gy] Relative uncertainty (%) dosne;ﬁ [ﬁ] Relative uncertainty (%) Dg;’t;i/t[icol\r;],lzodawexp
datapicNp }
A 3.84 - 10° 3 9.98 - 10° 2 62%
B 1.27 - 10° 3 5.05 - 10° 3 75%
C 1.60 - 100 3 1.97 - 100 3 19%
D 1.07 - 10° 5 425100 3 75%
E 2.26 - 10° 4 3.03 - 10° 2 32%
F 5.03 - 10° 3 5.97-10° 2 16%
¢ 6.35-10° 3 8.29 - 100 2 23%

Table 7 Comparison between the results obtained by Monte Carlo simulations and through measurements with TLD detectors from PoliMi at ASUGI
(Trieste) and San Luca Hospital (Lucca)

exp <I>MCNP

[ n,th n . . n,th n . . ol
Position dose;,;lp [sz_ Gy] Relative uncertainty (%) 7‘1056?),5” [7““2 Gy] Relative uncertainty (%) Dgz;ﬁlg\r]lp%;dmacxp
datapicNp :|
A 223100 ~ 100 6.57 - 106 3 66%
B’ 2.18 - 10° 42 4.47 -10° 3 50%
c 1.25 - 10° 15 1.97 - 100 3 36%
D 1.17 - 100 30 425100 3 72%
E 2.70 - 10° 18 6.46 - 100 3 58%

Table 8 Comparison between the results obtained by Monte Carlo simulations and through measurements with TLD from UniPi at San Luca Hospital
(Lucca)

€Xp HMCNP

e n,th n . . n,th n p . Lo dataMCNP—dataexp}
Position 7(10563? [7cm2- Gy} Relative uncertainty 7(10863,}[10\“) [7m2' Gy] Relative uncertainty Deviation % [7(1 ATaNCNp
D 2.74 - 100 30% 425 10° 6% 36%

Table 9 Experimental results obtained using bubble detectors in terms of fast neutron fluence per MU measured

Position Hospital Treatment area Energy (MV) MU delivered at No. of detectors % |:+MU] Relative uncertainty
isocentre o

I Varese Vertebra 18 20 3 2.84. 104 40%

L Trieste Benchmark treatment 15 100 1 2.69 - 103 16%

M (fixed field 1 5.00 - 102 29%

30 x 30 cm?)

4 Conclusions and perspectives

High-energy radiation therapy treatments can pose a risk to patients wearing a cardiac implantable electronic device. The major
problem seems to be linked to the thermal component of the secondary photoneutron field generated in the treatment room, which
can interfere with such devices leading to temporary or permanent malfunctions.

Therefore, the present work aims at characterizing this field, examining the area around the heart where a CIED is implanted. The
measured value of thermal neutron fluence in this area was compared to the critical value for which malfunctions (soft errors) were
experimentally observed to possibly occur, which is approximately 10° ﬁ [23]. Passive detectors such as CR-39 SSNTDs coupled
to 1B converters and TLDs pairs were used to measure the quantity of interest inside a phantom that mimicked the human trunk,
during simulated realistic treatment plans delivered at 15 MV and 18 MV. The results showed that the measured value was of the

order of 10° sznMU. Hence, it is comparable to the critical value previously mentioned, assuming a complete course of conventional
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radiotherapy (i.e., neither hypofractionated nor stereotactic therapy) where a patient receives a total dose of about 20 Gy to 60 Gy (~
2-103-6 - 103> MU). This result shall warn against possible damage to the CIEDs when such treatments are delivered, and further
motivate research in this area, even if it must be noted that high-energy radiotherapy treatments are being progressively abandoned
(especially the 18 MV ones). The present study paves the way to further investigations involving different, more complex treatment
plans and accelerator models, and to studies of possible strategies to reduce the thermal neutron fluence on the devices (e.g. Cd
shielding).
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In any case, it is essential to better analyse and understand the damage to CIEDs as a function of the neutron fluence to be able
to properly determine the level of risk posed by the secondary photoneutron field.

Additionally, computational models have been developed and tested using experimental measurements. The MCNP 6.2 code
was used to recreate the geometries of the accelerator heads, the phantom and the facility bunkers. The obtained results from the
simulations are encouraging, as they accurately describe the radiation transport problem, and these models proved to be a promising
tool to expand the study to other situations related to similar facilities. As a future development in this direction, the computational
models could be improved by replacing the phantom model with a more realistic anthropomorphic voxel phantom and utilizing it
to simulate actual treatment plans.
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