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Age is a risk factor for both cardiovascular disease and cancer, and as such radiation oncologists frequently see a number of patients with cardiac implantable electronic devices (CIEDs) receiving proton therapy (PT). CIED malfunctions induced by PT are nonnegligible and can occur in both passive scattering and pencil beam scanning modes. In the absence of an evidence-based protocol, the authors emphasise that this patient cohort should be managed differently to electron- and photon- external beam radiation therapy (EBRT) patients due to distinct properties of proton beams. Given the lack of a PT-specific guideline for managing this cohort and limited studies on this important topic; the process was initiated by evaluating all PT-related CIED malfunctions to provide a baseline for future reporting and research. In this review, different modes of PT and their interactions with a variety of CIEDs and pacing leads are discussed. Effects of PT on CIEDs were classified into a variety of hardware and software malfunctions. Apart from secondary neutrons, cumulative radiation dose, dose rate, CIED model/manufacturer, distance from CIED to proton field, and materials used in CIEDs/pacing leads were all evaluated to determine the probability of malfunctions. The importance of proton beam arrangements is highlighted in this study. Manufacturers should specify recommended dose limits for patients undergoing PT. The establishment of an international multidisciplinary team dedicated to CIED-bearing patients receiving PT may be beneficial.
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1 Introduction

Proton Therapy (PT) is a highly advanced and promising form of particle therapy (1). PT has the potential for substantial healthy tissue sparing and can potentially increase survival and reduce toxicity in selected patients including those with malignant tumours of the thoracic region. Two comparative studies have investigated the efficacy of PT in oesophageal cancer patients and described noticeable enhancements in both progression-free survival and overall survival across 1 to 5 years compared to photon- external beam radiation therapy (EBRT) (2, 3). Xi et al. (2) demonstrated that 150-250 mega-electron volt (MeV) PT offered a superior target dose coverage, and more importantly, delivered a significantly lower dose to the heart compared to 6-18 megavolt (MV) photon-EBRT, representing 11.6 Gray Equivalent (GyE) versus 19.9 Gy respectively. Moreover, the 5-year follow-up revealed that patients who received PT had a significantly higher progression-free (34.9% versus 20.4%) and overall survival (41.6% versus 31.6%) compared to those irradiated with photon-EBRT.

The progressive increase in the aging population and the existence of common risk factors between cardiovascular disease and cancer means that a larger number of patients with cardiac implantable electronic devices (CIEDs) will require EBRT (4–7). However, studies have found that ionising radiation delivered during EBRT can cause malfunctions in CIEDs (8–12). These malfunctions appear to be related to device cumulative radiation dose, and interactions of secondary neutrons with the device particularly at photon energies ≥10 MV and electron energies of ≥ 20MeV. However, CIED malfunctions as a result of electromagnetic interference (EMI) have also been previously reported during photon-EBRT (13). The influence of EMI generated by linear accelerators vary in different modalities (14–16). PT not only produces a greater number of secondary neutrons, but also has a more complex EMI compared to linac-produced electron or photon beams, and may trigger sudden CIED malfunctions (17, 18). EMI can also alter the voltage in the cardiac pacing leads (19).

The effects of neutron radiation on the electrical properties of semiconductors, including damage and degradation in performance of diodes, integrated circuits, MOSFETs and batteries has been reported. It can also introduce pseudo-electric signals and pulses (20–23).

Given the potential for the use of PT for most diseases, some consideration needs to be given to the presence of CIEDs. The most common CIEDs, cardiac pacemakers (PMs; leadless or composed of 1-3 pacing leads), are inserted in the subcutaneous tissue of the upper chest region, normally the infraclavicular area, where they monitor and help control cardiac arrythmia. The pacing lead(s) are generally implanted either percutaneously or via venous cutdown inside the atria, ventricles or coronary sinus of the heart (24), see Figure 1. PMs are specifically programmed to constantly monitor and deliver electrical impulses on demand to the heart chambers in patients with bradycardia arrythmias (28). The frequency of pacing entirely depends on a patient’s underlying cardiac rhythm, dividing patients into pacing dependant and non-dependent categories (29). Implantable cardioverter defibrillators (ICDs) incorporate the functionally of PM with the ability to deliver simulated electrical shocks to the cardiac muscle which allows detection and correction of patient’s ventricular tachycardia arrhythmias (28, 29). ICDs are implanted in patients at higher risk of sudden cardiac arrest and they reduce the risk of mortality by providing anti-tachycardia pacing and defibrillation (28). Having said that, cardiac resynchronisation therapy (CRT) devices have also been developed to further support these high risk patients. In addition to the above, implantable loop recorders (ILRs) (also known as insertable cardiac monitors) are USB-sized diagnostic devices that are implanted subcutaneously in the left pectoral area (30). They continually record electrocardiogram (ECG) to examine syncope, palpitations, and other inexplicable cardiac symptoms for up to three years (29, 30).




Figure 1 | Schematic of a transvenous PM system consisting of the main device and the pacing leads. (A) in this approach, the leads are implanted endovascularly within the right atrium, and the right/left ventricles. (B) the main device comprised of a hermitically sealed titanium or stainless-steel case encompassing the battery and the circuitry. The reed switch, capacitors and resistors are intricately linked to complementary metal-oxide semiconductor (CMOS) chips. (C) two types of fixation mechanisms: the electrodes are attached to the appropriate chambers via tines (passive fixation) or screw (active fixation) (25–27).



In patients who are pacing-dependant, damage to the CIED can cause shortness of breath, vertigo, syncope and may lead to cardiac arrest (31–34). The American Association of Physicist in Medicine Task Group 203 (AAPM TG-203) report highlights that even temporary CIED malfunctions resulting from dose rate effects can cause vertigo and syncope in pacing-dependent patients (33). This report recommends that patients with a CIED dose of >5 Gy or those receiving neutron producing beams should be monitored in the high risk category. A report for management of photon-EBRT patients with CIEDs was published by the Japanese Radiation Research Society and Japanese Society for Radiation Oncology (JASTRO/JCS) in 2021 (17). It classified patients receiving photon energies of ≥10 MV or CIED dose of >10 Gy as high risk regardless of their pacing dependency status. Discussion with a cardiologist before commencing treatment is recommended especially regarding the frequency of CIED function checks, intra-fractional monitoring, and even consideration of temporary external cardiac pacing during irradiation if required.

To further mitigate CIED malfunctions, manufacturers have been utilising more safety measures in their products; for example, hermetically-sealed metal shielding, signal filtering and nanomagnetic insulation (25, 35). Despite these improvements, several studies (36–44) have indicated that CIED malfunctions can occur via direct or indirect proton beams and their secondary neutron particles manifesting a series of hardware and software malfunctions. Hardware malfunctions represent permanent irreversible damage (including battery issues) to the hardware of the device and require replacement (17, 45). Software malfunctions are classified into: a) power-on reset (POR) which in most cases requires reprogramming by a technician (the most critical software error, overwrites the programmed data and reverts back to the safety backup mode/default factory setting) b) partial electrical reset (PER) which does not require reprogramming (the moderate software error, such as incomplete loss of memory) and preserves the programmed pacing mode c) transient or minor error (TE) which occurs only during irradiation (such as under- and over-sensing, noise) which is recorded in the device data log and only detectable during interrogation (37, 45, 46).

Previous reports have stated that inclusion of the main body of a CIED in the direct proton beam should be avoided (17, 33). The primary cause of CIED malfunctions during PT appears to be the increased production of secondary neutrons and their interactions with various components of CIEDs, particularly the complementary metal-oxide semiconductor (CMOS) chip. During PT, secondary neutron particles are produced due to the inelastic collision of incident protons with the atomic nuclei of the patient or beam modifying devices (e.g., collimators, range modulators, and compensators) (47). The amount of neutron production predominantly depends on PT delivery modes, radiation energy and different beam lines/manufacturers (48). For instance, in the passive scattering (PS) mode, a larger number of neutrons are inevitably scattered both inside the treatment room and within the patient body (due to a greater number of beam modifiers) increasing the risk of secondary malignancies (48, 49). In the pencil beam scanning (PBS) mode, neutron production is substantially reduced outside the patient’s body, yet a considerable number of neutrons are still generated within the patient body (13, 50).

CIED malfunctions have been previously detected during high energy photon-EBRT as the result of following:

	1) Nuclear reaction 10B(n,α)7Li, resulting from the interaction of neutrons with boron-10 used in BPSG (borophosphosilicate glass) of dielectric layers used on CMOS which generates α particles that disrupt electric current (51, 52);

	2) Loading the silicon and the silicon dioxide (SiO2) insulator of CMOS with excess electron-hole pairs further accumulating a net positive charge on the insulator which can result in aberrant electrical pathways (14, 53, 54);

	3) Ionisation of internal CIED contents which generates static field between the main body of CIED and its inner circuitry; which then gradually dissipates by leakage currents inside the CMOS (15, 55);

	4) Interaction of scattered neutrons with the hydrogen-rich elements covering the CMOS which disturbs the circuitry (56);

	5) Radiation-induced structural damage to the CIED pacing leads (composed of high-Z materials) resulting in shock coil failure (57).



Practical guidelines and protocols have speculated the impact on CIEDs of delivering PT based on small cohort studies and mainly the neutron producing characteristics of electron- and photon beams (31–34, 58, 59). However, the secondary neutrons produced during PT have significantly higher energies (i.e., greater penetrating power) compared to those generated during the former types of EBRT (48). Hence, it is extremely important to consider such discrepancies when establishing the safety of PT for CIED-bearing patients. This study has been conducted to quantify the risks associated with CIED malfunction in cancer patients undergoing different modes of PT and to provide recommendations for future practice and reporting.




2 Methods

A search was performed in November 2022 using the PubMed and the Web of Science databases to obtain available work written in the English language reporting on CIED malfunctions in patients treated with PT. The search included the following article types: systematic reviews, meta-analyses, randomised controlled trials, case series, experimental and observational studies between January 2002 and November 2022. The search details were as follows: “proton therapy” OR “proton beam” AND (“cardiac device” OR “implantable” OR “defibrillator” OR “pacemaker” OR “loop recorder”) AND (“malfunction” OR “error” OR “failure”). The publications were screened to find pertinent studies based on their title and abstract, searching for keywords such as ‘proton therapy’, ‘cardiac implantable device’, ‘malfunction’, and ‘neutrons’. All in vivo/in vitro studies investigating the impact of PT on CIEDs were considered for inclusion. Studies utilising fast neutron therapy, proton- or neutron-boron capture therapy, hadron ion therapy (e.g., helium, carbon) and other types of EBRT such as photons and electrons were excluded given their distinct physical properties. This study was performed in accordance with PRISMA (60). Data extraction was conducted by the corresponding author.

This review was designed to systematically classify and evaluate all recent studies investigating CIED malfunctions and their associated risks in cancer patients undergoing PT. In this review, the word ‘risk’ refers to the probability of cardiac symptoms which may arise during or post PT delivery as a result of CIED malfunctions. Notably, there were no randomised controlled trials that measured these risks in this patient population. Thus, the references of selected articles were manually screened for additional practical guidelines and reports based on clinical relevance.




3 Results

The PubMed and the Web of Science databases retrieved a total of 110 publications that were subsequently assessed for eligibility. Assessment of these publications is depicted in Figure 2 using the flowchart by PRISMA (60). One hundred and one articles were excluded as they did not suit the inclusion criteria for this review. Wootton et al. (61) was not included in the table of results because their study focused on proton dose perturbations caused by the presence of an in-field CIED pacing lead (i.e., the effect of pacing lead on PT dose delivery) rather than assessing the lead’s functionality during or post PT. The references of the nine remaining articles were thoroughly screened for additional publications. The investigation identified a total of nine articles (36–43) which met the inclusion criteria for this review. Details of these studies are described in Supplementary Table 1.




Figure 2 | PRISMA flow chart of the selection process for articles to review (60).





3.1 In vivo studies

Five retrospective studies (36, 38–40, 42), from April 2001 to 2021, provided reports of a total of 114 cancer patients with CIED (age range between 66 and 90 years old) having received PT in ten institutions worldwide. Information about patient characteristics, cancer types and PT modes are listed in Table 1.


Table 1 | Patient characteristics and cancers.



94/114 patients (82.5%) were treated with PS mode, the remaining 20/114 (17.5%) received PBS mode. There were 18 males, 3 females, and 93 unspecified genders. Of 114 patients, 96 patients (84.2%) carried a PM, 17 patients (14.9%) had an ICD, 1 patient (0.9%) a CRT-D, and none had an ILR. Only one study (36) specified the implanted year of CIEDs. Information about the presence of CIED pacing leads were provided only by two studies (36, 39); 6/96 PMs definitely had pacing leads while the remaining devices could not be confirmed.

In terms of pacing dependency status, 10 patients (8.8%) were classified as pacing-dependent, 40 (35.1%) as non-dependent while the remaining 64 patients (56.1%) could not be identified. Overall, 47 patients (41.2%) received PT to the thorax (all except 2 patients were treated by PS mode), 30 patients (26.3%) to the abdomen, 25 patients (21.9%) to the pelvis, 3 patients (2.6%) to the head and neck region, and 9 patients (8%) were unclassified.

PT energies were not reported in two studies (38, 40). In other studies (36, 39, 42), the PT energy ranged from 150 to 250 MeV with the median energy at approx. 200 MeV. With the limited information available, the median prescribed treatment dose was about 66.0 GyE (range 36.6 – 88.0 GyE), while dose per fraction ranged from 2.0 to 6.6 GyE. None of the studies except for Oshiro et al. (36) reported the PT dose rate. In their study, the median dose rate was 2.45 GyE min-1 (range 2.06 – 3.00 GyE min-1).

Based on the available data, most of the CIEDs were manufactured by St. Jude Medical (7 PMs), Medtronic (6 PMs, 1 CRT-D), Biotronik (2 PMs, 1 ICD), Boston Scientific (2 PMs). In addition, there were two PMs (1 Guidant, 1 Intermedics) and other unknown CIEDs (3 PMs, 2 ICDs). Except for Hashimoto et al. (42) that did not clarify whether they maintained the manufacturer recommended CIED dose limits; all studies avoided direct irradiation of CIEDs, and the maximum doses to the device were restricted to ≤ 2.0 GyE.

Hardware malfunctions were not observed. A total of 21 software malfunctions (electrical resets and over sensing) were reported in 94 patients that were treated by PS-PT, and no malfunction occurred in the remaining 20 patients that received PSB-PT (overall incident 18.4% of patients treated with PT). Of 14 malfunctioned CIEDs, four PMs and one ICD had multiple electrical resets at different fractions. Six PMs, one ICD, and one CRT-D had a single reset each, and one ICD had three TE.

As shown in Figure 3, it has been concluded that the majority of software malfunctions (85.7%) were electrical resets (11 PORs, 7 unspecified resets) and the remaining 3/21 (18.3%) were of TE type. All CIEDs were successfully reprogrammed when necessary and they continued functioning properly post interrogation.




Figure 3 | Distribution of software CIED manufacturers in different CIED manufacturers, based on in vivo studies (36, 38, 39, 42).



It is important to note that, Gomez et al. (38) reported an elective replacement indicator (ERI) event (i.e., battery change message due to decreased battery voltage) in one ICD which was predicted in their pre-treatment interrogations, hence was not caused by PT. Seidensaal et al. (40) reported an increased impedance of the CIED pacing leads (fluctuation) in one patient during treatment, but they clearly stated that it already existed prior to treatment. Therefore, in order to avoid potential errors, these two pre-existing events were not included in the evaluations.

Overall, none of the retrospective studies (36, 38–40, 42) reported any morbidity or mortality. PT was safely delivered to all patients, and they remained asymptomatic in the event of software malfunctions. The majority of malfunctions were observed in thoracic patients 8/47 (18%) and upper abdominal 5/30 (16.7%), followed by head and neck 1/3 (33.3%). The overall incident of malfunction according to the CIED type was 10/96 (10.4%), 3/17 (17.6%), 1/1 (100%) for the PM, ICD and CRT-D respectively.

None of the five retrospective studies (36, 38–40, 42) specified PT beam arrangements. Most studies lack information essential to fully understanding the situation (e.g., PT energy, dose rate, field size, presence of pacing leads within field, CIED to field distance, CIED model/manufacturer, CIED implanted year, proton/neutron doses to the CIEDs and leads).




3.2 In vitro studies

To date, three in vitro studies (36, 37, 41) have investigated the effects of PT on CIED malfunctions. A total of 66 CIEDs (26 PMs, 22 ICDs, 12 CRT-Ds, 6 CRT-Ps) and 1 pacing lead were exposed to different modes of PT. Overall, 5 hardware malfunctions (battery power depletion) and 90 software malfunctions (69 PORs, 7 PERs, 14 TEs) were identified in these devices. Remarkably, the hardware malfunctions only occurred during PBS-PT.

Only one study (36) specifically investigated the impact of PT on CIED pacing leads. The researchers directly irradiated the pacing lead of a Medtronic PM with a 200 MeV PS beam while the lead was located at the ‘centre’ of the 10.0cm long spread-out Bragg peak (SOBP). The pacing lead received a total dose of 35 GyE. Their experiment revealed that direct PS beam to the lead did not alter the pulse intervals or voltage at that dose range.

Hashimoto et al. (37). observed a total of 29 software malfunctions (14 TEs, 8 PORs, 7 PERs) occurred over 40 fractions (incidence 73% per fraction) in four Medtronic ICDs. The POR events were presented by sudden device failures, altered pacing rate, and switched over to safety back up mode; while PER and TE events did not impact the function of devices. POR occurred at a rate of ~1 per 50 GyE, while ~1 software error was detected in every 15 GyE. The predicted ICD neutron dose per 1 GyE proton was ~2.7mSv (1.3-8.9 mSv/GyE inside phantom). They highlighted that these events were unpredictable and did not increase with accumulated radiation dose.

In the largest in vitro study, Bjerre et al. (41) reported a total of 5 battery depletions (all Medtronic ICDs) and 61 POR (60 Biotronik, 1 Boston Scientific) in 1728 fractions delivered using PBS mode. The overall incident of POR for PMs and ICDs was (2.3%, 2.5%), (0.7%, 2.1%) and (0.2%, 1.4%) per fraction at lateral distances of 0.5cm, 5.0cm, and 10.0cm, respectively. More specifically, in Biotronik devices, the probability of POR per fraction was estimated to be 19.4%, 5.1%, and 3.2% in the 0.5, 5.0, and 10.0cm setups, respectively. The risk of POR was significantly higher in ICDs than PMs in the 5.0 and 10.0cm setups. Except for one Boston Scientific PM which had a critical POR and was permanently locked in the safety mode; all Biotronik devices were successfully reprogrammed by technicians.

Furthermore, 14 CIEDs showed major battery fluctuations of which 9 devices had a complete battery recovery at 30-day follow-up. However, 5 Medtronic ICDs represented with clinically significant battery power depletion which was unrecoverable. Remarkably, TEs such as noise, pacing inhibition, over-sensing etc. did not occur during the live monitoring experiment of 13 CIEDs (with leads connected) receiving a total of 362 fractions. The estimated maximum neutron doses to CIEDs were 6.94mSv, 3.71mSv, and 1.91mSv per fraction in devices at 0.5cm, 5.0cm, and 10.0cm distances, respectively. Secondary neutrons increased the relative risk of POR in CIEDs by 55% per mSv.




3.3 Decision algorithm

Based on the maximum secondary neutron dose of up to 7mSv reported by the previous study (41), Stick et al. (43) developed decision algorithms to further improve clinicians understanding of selecting CIED-bearing patients with breast and head and neck diseases undergoing PBS-PT. Remarkably, none of the patients that received PBS-PT had a real CIED; instead, devices were retrospectively delineated in the planning system for dosimetric comparison.

For eight breast patients with contralateral virtual or real CIEDs, the clinical target volume (CTV) volumes ranged from 281cm3 to 2977cm3 (median 1264.5cm3). The distance from the CIED to CTV ranged from 8.4cm to 13.0cm (median 8.4cm). In patients that received 2 GyE/Fx, the maximum neutron dose to CIED ranged from 1.3mSv to 8.0mSv (median 4.9mSv); for the 2.67 GyE/Fx group, it was between 1.7mSV to 10.6mSv (median 6.5mSv); and for the 5.2 GyE/Fx group dose ranged from 3.4mSv to 20.8mSv (median 12.6mSv). The two breast patients with an ipsilateral real CIED had CTV volumes of 412cm3 and 955cm3 with CTV to CIED distances of 2.0cm and 3.1cm, respectively. The maximum neutron doses for the 2 GyE/Fx were 5.6mSv and 7.2mSv, for the 2.67 GyE/Fx were 7.4mSv and 9.6mSv, and for the 5.2 GyE/Fx were 14.5mSv and 18.6mSv.

For breast patients with contralateral CIED, the maximum neutron dose to CIED+5mm was less than 7.0 mSv for patients with CTV < 1500cm3 receiving 2 GyE/Fx, and similarly for those with CTV < 1000cm3 receiving 2.67 GyE/Fx.

For the five head and neck patients with ipsilateral virtual CIEDs, the device to CTV distances ranged from 2.7cm to 5.5cm (median 5.0cm). Maximum neutron doses to CIEDs were between 2.4mSv to 4.9mSv (median 2.7mSv), and for the CIED+5mm was below 7mSv.





4 Discussion

To the authors’ knowledge, this is the first review focusing on the influence of proton beams on different types of CIED malfunctions. Potential risks of PT for patients implanted with the new generation CIEDs (i.e., fabricated with distinct insulating materials and intricate circuitry) is still ambiguous. Direct beams to the body of CIEDs should be avoided in PT (17, 33). Nonetheless, indirect proton beams can still generate significant amounts of scattered neutrons that can interfere with the sensitive electronic circuitry (the main contributing factor for CIED malfunctions) leading to potential cardiac symptoms in patients. Furthermore, the nuclear interactions between direct PT beams and the modern CIED pacing leads or electrodes at higher energies (>50 GyE) might also influence clinical consequences.

In the last 10 years, a limited number of studies have investigated CIED malfunctions during PT (36–43). The focus of these studies has always been on the sensitivity of PMs and ICDs to PT. Yet, the impact of PT on CRT and ILR devices as well as its potential effects on CIED leads and electrodes have not been thoroughly investigated. There is an inconsistency in the way some of these studies reported their results. Some failed to provide essential information such as proton energies, neutron dose to CIED, dose rate, field size, field-to-CIED distance, beam arrangements, and most importantly CIED model/manufacturer. Therefore, it is still questionable to what extent these studies are reliable, and if not, which aspects should be measured in future research.

The PS mode of PT has been the main focus of literature primarily because it is a commonly used modality, though it also leads to a greater secondary neutron production compared to PBS mode. A recent study proved that CIED malfunctions can still occur during PBS-PT even at 10cm distance from the edge of radiation field (41). Considering the risk of malfunctions can be significantly reduced by utilising PBS instead of PS mode (62, 63), remarkably, the CIED malfunction predictive model proposed by Matsubara et al. (64) revealed that device error might still occur even in prostate patients (CIED-to-field distance of 50cm) undergoing PBS-PT depending on the type of CIED.



4.1 Effect of proton beam arrangements on the neutron fluence in different modes of delivery

Considering the limited available data, the analysis in this study showed that 75% of CIED malfunctions during PS mode seem to have occurred at neutron doses of above 14.0 mSv/Fx at CIED-to-field distances of between 0.3 to 8.0cm. This is twice the maximum CIED neutron dose (6.94 mSv) reported in a PBS study, while the devices were located at 0.5cm distance from the beam (41). In PBS mode, neutron doses of >14.0 mSv/Fx were only reported in breast patients (CIED-to-CTV distances < 10.0cm) planned to 5.2 GyE/Fx (43).

Several studies have measured secondary neutrons in different modes of PT (62, 65–68). Proton beam arrangements have been shown to have a direct effect on the secondary neutron fluence and CIED malfunctions. Wang et al. (65). highlighted in their work that the magnitude of scattered neutrons in PS mode varies at different positions relative to the proton beam axis (θ). This means that neutron doses to CIED can fluctuate depending on the device angular position relative to the beam axis. Previous studies (66, 69) stated that secondary neutron doses in PS mode are higher for increasing angles. A linear correlation appears to exist between the position of secondary neutrons relative to the beam axis and their spectra at that position. Shin et al. (70) reported neutron doses of between 0.088 to 1.590 mSv/GyE in the direction of the beam axis (θ=0). But under similar conditions, it was found to be the highest (3.88 mSv/GyE) off the beam axis (θ=135) at 25cm from the isocentre. Their findings support Carnicer et al. (69) study which also claimed that secondary neutrons produced during PS mode have lower energies at angles closer to the beam axis.

It is true that PBS mode reduces the production of secondary neutrons by approximately a factor of ten further minimising the radiation dose outside of the treatment field (62). Nevertheless, neutron production is still considerable within the patient body and this production cannot be easily eliminated by shielding. A comparative study assessed secondary neutron doses to the fetus in two different head and neck PBS plans (50). Three proton beams with energies 72.5-146.9MeV were used in each plan. The beams (gantry angles ranging 50-300°) that were perpendicular to the patient body axis (couch angle 0) generated the least number of neutrons (1-2 μSv/Fx). While one of the beams called the “vertex field” (gantry 290°, couch 90°) resulted in a significantly greater magnitude of neutrons (41.1 μSv) compared to all the other beams combined (7x μSv). They concluded that this is largely due to the beam arrangements as neutron values were significantly greater at closer angles relative to the beam axis. Unlike PS mode, high energy neutrons generated during PBS appear to scatter in a more forward direction depending on beam energy (68).

In conclusion, it can be assume that reducing the production of secondary neutrons and consequently minimising CIED malfunctions might be clinically feasible by utilising appropriate beam arrangements with respect to organs at risk and dosimetry protocols for different treatment sites. Paganetti et al. (71) have suggested that certain beam angles should be avoided in proton treatment planning due to range uncertainties and clinical implications. They have emphasised that utilisation of beam angle as an optimisation parameter in an LET-based optimisation module could enhance proton treatment planning. Development of a beam arrangement optimisation algorithm may be beneficial for planning patients with CIEDs undergoing proton therapy. This optimisation strategy would provide the safe beam angles (coplanar/non-coplanar) and beam energies depending on the angular position of CIED relative to the beam axis; and exposure of CIED to maximum neutron fluence produced.




4.2 Cumulative proton dose and dose rate effects

The AAPM-TG203 claims that cumulative proton doses are concerning only when the CIED is located within the proton beam, and that dose rates <0.01 GyE min-1 should be considered as low risk (33). The analysis in the present work revealed that PT-induced malfunctions occurred at a wide range of proton doses, did not increase with cumulative doses and were highly dependent on secondary neutrons as being the primary cause of malfunctions. Bjerre et al. (41) found that the risk of malfunction during PBS-PT is independent of accumulated radiation dose up to 72 GyE but dependent on secondary neutron dose per fraction. Hashimoto et al. (42) stated in their recent paper that the incident of CIED malfunctions were relatively lower in total doses of <60 GyE during PS-PT. Interestingly, the analysis in the present work showed that more than 80% of malfunctions during PS mode have occurred at radiation doses of between 15 to 55 GyE.

Previous studies on photon-EBRT expressed concerns about the influences of high dose rate and cumulative dose on CIED malfunctions (16, 72, 73). Matsubara et al. (73) have categorised high dose rate and large cumulative dose as secondary and tertiary risk factors, respectively, while scattered neutrons are considered the primary cause. Cumulative radiation dose can generate irreversible critical malfunctions in CIEDs such as battery depletion (classified as hardware malfunction) and altered telemetry capability due to the accumulation of aberrant charges in the battery and electronic circuitry (72). Moreover, high dose rates can charge the circuitry of CIEDs to a higher voltage, further introducing pseudo signals which can cause TEs during irradiation. In a clinical setting, three TEs were reported during delivery of 155MeV PS-PT to a lung patient (70 GyE/35Fx) with Biotronik ICD which was located at 15-20cm from the treatment field (42). Hashimoto et al. (37) observed 14 TEs in four Medtronic ICDs but they utilised a much larger fractional dose of at least 10 GyE.

Unfortunately, only two studies (36, 37) concerning the effects of PT on CIED malfunctions reported dose rates (ranging 2-3 GyE min-1) for the malfunctioned devices. Regarding the relationship between dose rate and CIED malfunctions during photon-EBRT, Mouton et al. (74) reported 0, 4, 14 and 68 out of 96 PMs, for dose rates ≤0.2, ≤1.0, ≤4.0 and ≤8.0 Gy/min, respectively. These outcomes highlight that dose rate can also play an important role on determining the risk of CIED malfunction, considering it is highly dependent on the radiation source, energy, and type of linear accelerator. Hence, understanding the relationship between PT dose rates and the probability of CIED malfunctions can be quite complex and require further investigation. Of particular interest are the potential technical challenges in FLASH PT which seems to be a promising modality for future cancer treatment (75, 76).




4.3 CIED distance and field size

Hashimoto et al. (42) in their study stated that only 2 of the 15 lung patients (13.3%) treated with PS mode had CIED malfunctions; in both cases, the devices were located 15-20cm from the treatment fields. Only one of them (wearing an unknown PM) had electrical resets. Surprisingly, none of the seven patients with CIEDs located at shortest distances (0-15cm), or three patients with devices at greatest distances (20-25cm) experienced device malfunctions. Contrary to their results, none of the other in vivo studies concerning PS mode reported any malfunctioned devices at 10-20cm distance from the field. The present study revealed that 5/8 (62.5%) of these malfunctioned devices (3 PMs, 2 ICDs) were located at <10cm distance from the proton field, while the remaining 3 PMs (37.5%) at 24-30cm. It should be emphasised that apart from one unknown PM which discussed earlier, malfunctions were not observed at 10-20cm or >30cm distances (Figure 4).




Figure 4 | Relationship between CIED-to-field distance and dose at malfunction in PS-PT. Data obtained from in vivo studies (36, 38, 39, 42).



Understanding the relationship between CIED-to-field distance and the probability of malfunction is quite complex in PS-PT. Undoubtably, the secondary neutron dose reduces with the distance from the edge of the field (77). With respect to the main contributing factors, it was revealed that malfunctions during PS mode have occurred at a median distance of 7 cm (range 0.3-30cm). This is the same median distance for devices with resets reported by Gomez et al. (38).

Furthermore, two studies (36, 39) have reported the distances of non-malfunctioned devices (all PMs, median 17.0cm). Remarkably, 8/10 of non-malfunctioned PMs (80%) were located at distances of 10-20cm, while the remaining two devices (20%) were at distances of >50cm. Hence, it is evident that CIED malfunctions in PS mode become quite significant at <10cm distance, particularly in ICDs. On the other hand, no malfunctions were observed in 20 patients treated by PBS mode (38, 40). Remarkably, more than half of these patients received treatment to the pelvis region meaning that CIEDs were located at greater distances (~50.0cm) from the treatment field. Guaranteeing the complete safety of PBS-PT for CIED-bearing patients is quite difficult considering such a small patient cohort. Interestingly, only one study (40) specifically reported the median distance from CIED to the planning target volume (PTV), and CIED to 10% isodose line which were 13.4cm (range 4.1–17.9 cm) and 11.6cm (range 2.4–17.1 cm), respectively. Nevertheless, in the largest in vitro study by Bjerre et al. (41), 60 out of 61 software malfunctions occurred in 13 devices from one manufacturer at distances of 0.5-10cm over 1728 fractions. All devices except one (Boston Scientific PM) were successfully recovered, they highlighted that treating patients with PBS is manageable and risks are acceptable considering the superior advantages of PBS mode.

In terms of field size in PS mode, Hashimoto et al. (40) found that larger field sizes are associated with increased device error (caused by secondary neutrons) but the test for trends was not statistically significant (p = 0.196). None of the other in vivo studies on interactions of PS mode with CIEDs have provided us with information about field sizes.

In PS-PT, the relationship between neutron yield and field size is influenced by factors such characteristics of the proton beam (and their energy) entering the treatment head, the modulator wheel, and the material in the double scattering system (77). It is evident that the treatment head is the major neutron source compared to the patient contribution (78). A significant percentage of proton beams may be attenuated in the patient-specific aperture/collimators; causing the number of secondary neutrons (and their energy) to be dependent on the ratio of proton field size and aperture (77, 78).

Mesoloras et al. (79) found that the neutron dose equivalent mSv/GyE decreases with increasing aperture size. Zacharatou-Jarlskog et al. (77) stated that the neutron yield from the treatment head typically decreases with increasing field size (i.e., as the field size gets larger, less blocking aperture material). However, in the patient, neutron yield increases with proton beam energy and treatment volume. Larger treatment volumes located deeper in the patient result in significantly higher neutron equivalent doses. Due to: a) greater proton beam energies are required to reach deeper target volumes, b) for treating a larger volume, greater proton fluence is required to cover the entire target with the specified dose.

According to Hashimoto et al. (42), the relationship between neutron yield and field size is complicated and it depends on the balance of contribution from the treatment head and from the patient. It is important to note that, even for the same facility, there are significant variations from field to field, due to the geometry of treatment head and how the beam characteristics in PS mode are patient field specific (79). On the other hand, in PBS mode, the use of a range shifter to cover superficial target volumes will result in an increased amount of scattered secondary particularly for larger clinical CTVs (43). Stick et al. (43) concluded that a thinner range shifter of <57 mm water equivalent thickness would reduce the number of secondary neutrons. However, they stated that the CTV volume and dose per fraction were the most significant contributors to neutron production in breast patients undergoing PBS-PT. Whereas, in head and neck patients with ipsilateral CIED, the distance between CIED to CTV play an important role in the amount of neutron production.




4.4 CIED manufacturers and proton-specific dose limits

As illustrated in Table 2, there is a discrepancy in the recommended CIED dose limits among manufacturers. Most importantly, these recommendations are based upon electron- and photon-specific energies and their distinct secondary neutrons rather than PT-induced neutrons. Previous studies have revealed that the risk of device malfunction is significantly higher in ICDs and CRTs compared to PMs due to their complex configuration and electrical circuitry. Interestingly, it was found in this study that ICDs and CRTs are more likely to have POR type malfunction. Moreover, the findings of this study are in agreement with previous reports in the literature in that the probability of malfunction varies depending on the type of manufacturer (41, 45).


Table 2 | Electron- and photon-EBRT dose recommendations and specifications indicated by the most common CIED manufacturers (17, 45).



The present study shows that software malfunctions have occurred more frequently in Biotronik devices. Although Medtronic devices seldom had software malfunctions, their ICDs appear to be more susceptible to hardware damage such as battery depletion (41). Although, these findings are based on limited number of cases, however, this could be due to the battery chemistry which may contain certain elements (such as lithium) which interact with protons and neutrons (87).

This study investigates the possibility of proton-induced nuclear interactions in the hybrid batteries of Medtronic ICDs. These batteries contain Lithium-Silver Vanadium Oxide/Carbon Monofluoride or Li/SVO CFx in their structure (80–82).

Although the percentage composition of these elements may vary, the interactions of secondary neutrons with fluoride, oxygen, carbon, lithium, vanadium and silver could be significant which would adversely affect the patients undergoing PT. The expected interactions include,

[18F(n,α)15N] (88), [16O(n,α)13C] (89), [12C(n,α) 9Be] (90), [7Li(n,α)4Li] (91), [50V(n,p)50Ti] (92), [109Ag(n,p)109Pd] (93).




4.5 Impact of protons on pacing leads and electrodes

There is no completely safe PT dose for CIED pacing leads and electrodes. Since 2008, no studies have thoroughly examined the effects of PT on pacing leads and electrodes. Pacing leads with various geometries and made by different manufacturers have been considered as the “weakest link” of the CIED system by the specialists in the field (94). As the percentage of CIED-bearing patients requiring PT continues to increase, the robustness and functionality of these leads becomes extremely vital.

Pacing leads have been regarded as insensitive to radiation by previous reports (33, 44, 58). The pacing leads utilised in ICDs and CRTs are more intricate due to the defibrillation circuits (94). Shock coil damage of an ICD pacing lead has been previously reported for a breast cancer patient receiving 50 Gy photon-EBRT (57). A recent case report (95) demonstrated that high doses of photon-EBRT can be delivered safely to the bipolar lead of an ICD (Medtronic Sprint Quattro Secure; Model 6947); the maximum doses to the lead and the electrode were 55.72 Gy and 7.10 Gy respectively.

Unlike the old generation leads (i.e., unipolar) which exhibited under- and over-sensing issues, the modern “bipolar” leads seem to be less susceptible to non-cardiac signals (25, 27). The modern pacing leads are usually made up of a central core of silver, and an alloy (known as MP-35N) which is composed of cobalt, nickel, molybdenum, and chromium (25). While, the other parts of it such as the shock coils and the ring electrode are both made up of titanium, iridium, platinum and tantalum (61, 94).

In 2008, Oshiro et al. (36) in their in vitro experiment directly irradiated the pacing lead of a Medtronic PM (which was located at the centre of SOBP) up to a dose of 35 GyE using PS-PT. Although they showed that the pulse voltage/interval were stable during irradiation, but it is not clear which type of pacing lead (unipolar or bipolar) was used in their experiment. Later, in their in vivo study, only 4 of 8 patients with PMs (implanted >20 years ago) had pacing leads within the radiation field; of which only one of the PM leads (most likely Medtronic) in one patient was exposed to a maximum dose of 63 GyE. Furthermore, the lung cancer patient reported by Ueyama et al. (39) also had a Medtronic PM. Apparently, the lead was partially exposed to only one of the PS-PT beams, however they did not specify exactly how much of the prescribed dose (66 GyE) the lead received. With such limited studies particularly on ICD and CRT leads, it is not possible to foresee optimal functionality of pacing leads and electrodes from all manufacturers after being directly irradiated or exposed to higher doses, considering the commonly prescribed dose is 60-80 GyE in PT.

Remarkably, Wootton et al. (61) in their phantom experiment on proton dose perturbations showed that the nuclear interactions between the 200MeV PS beam and a Medtronic ICD lead’s high-voltage shock coils and the ring electrode (both composed of titanium, iridium, platinum, and tantalum) can vary significantly; depending on the movement and position of the lead relative to the SOBP (i.e., proximal, central, distal locations). Consequently, the variable magnitude of proton energy loss in such high-Z materials (which differ among manufacturers) should be further investigated.

The analysis in the present study revealed that the nuclear interaction of protons and neutrons with some of the elements in CIED pacing leads such as chromium, tantalum, nickel, cobalt and titanium are not negligible. These interactions include,

[52Cr(n,p)52V] (96), [181Ta(p,5n)177W] (97, 98), [58Ni(n,p)58Co] (99), [59Co(n,p)59Fe] (99), [48Ti(n,p)48Sc] (99).

Considering that the pacing lead is in close proximity to the main body of CIED, it was assumed that interactions of the scattered particles produced during the above reactions with the electronic circuitry of CIED could potentially contribute to malfunction in the CIED.

In terms of PBS-PT, only one patient in the Seidensaal et al. (40) study had an increased impedance of the CIED leads, which fluctuated during irradiation. However, they clearly stated that it was present prior to commencing treatment. Bjerre et al. (41) in their real-time sub-study monitored 13 CIEDs (with leads connected) during irradiation and reported no abnormalities such as noise, under- or oversensing etc. However, it is important to note that all the pacing leads were outside of the direct PBS field. As Barcellini et al. (44) stated, previous PT studies on pacing leads lack important information about the number of leads particularly in CRT devices, which might potentially increase the probability of lead damages.

The complete functionality of pacing leads and electrodes at higher PT doses still seems ambiguous. Hence, the following steps should be considered in future reporting: a) specifying the details of pacing leads, b) contouring pacing leads and electrodes separately as an organ at risk in PT planning (100), c) reporting the mean and maximum doses of pacing leads and electrodes (95).




4.6 Miniaturised CIEDs

Advancement in nanoelectronics has empowered miniaturisation of CIEDs and their integrated circuits. Although, the new generation CIEDs have a lower power consumption, the major disadvantage of these tightly packed devices is the higher sensitivity to radiation damage (33). As an example, ILRs are USB-shaped, ECG recording devices that are used for long term monitoring of patients with arrythmias. Like other CIEDs, ILR has a battery, CMOS and subtle electrical circuitry that may also be affected by PT. Special electrodes are located at each end of these devices to enhance sensitivity to cardiac activity. Remarkably, it was noticed that no studies have examined the effects of ionising radiation on ILRs. Most manufacturers have not specified a safe radiation dose for ILRs. For instance, Medtronic has clearly stated that ionising radiation may trigger inappropriate episode detection or corrupt the data stored in the memory of Reveal LINQ ILR (101). ILRs have been given a radiation dose limit of 5 Gy before malfunction (18). But, they are expected to have a much lower dose tolerance particularly during PT due to their distinct fabrications and subtle circuitry.





5 Recommendations for the management of patients

The present review reveals that the incidence of CIED malfunctions in PT is variable. It is of great importance that the CIED-bearing patients undergoing PT are managed differently to those receiving other forms of EBRT. This is mainly due to the unique characteristics of protons and the secondary neutron fluence which appear to be variable depending on different modes of PT delivery and the treatment volume.

There is no doubt that direct proton beams to the body of CIEDs should be avoided. However, this review also recommends avoiding direct irradiation of the pacing leads and electrodes as far as practically possible for the reasons explained in Discussion sections 4.4 and 4.5. This emphasises the importance of a robust PT planning method in which appropriate beam arrangements are utilised for this patient cohort, see Discussion section 4.1.

It is highly recommended that all patients undergoing PT be closely monitored during treatment using an intra-fractional ECG or pulse oximeter, and comprehensive audio-visual system. Furthermore, a CIED functionality check is required for all patients before and after each fraction. In addition, a detailed analysis of the device data log should be performed after the first fraction and weekly after that. The need for a daily CIED check and remote CIED monitoring tools should be discussed with a cardiologist. Weekly and monthly CIED follow-ups are recommended for at least 6 months post completion of the PT course.




6 Conclusion

To the authors’ knowledge, this is the first review conducted specifically on PT-related CIED malfunctions. All CIED models (with or without pacing leads) exposed to PS and PBS modes of PT were compiled and evaluated. Remarkably, the effect of PT-induced EMI on CIEDs has not been investigated yet. However, it was found that a variety of CIED malfunctions particularly software errors are triggered by secondary neutrons and cumulative radiation doses in PT. Considering that very limited studies have been conducted on the exposure of new generation CIEDs and pacing leads to PT, the rate of malfunctions resulting from secondary neutrons and/or cumulative doses is unknown. PT beam arrangements and tissue heterogeneity are essential factors contributing to the secondary neutron fluence and CIED malfunctions. While CIED type and discrepancies of materials utilised in the manufacturing could be another reason for their sensitivity to radiation. Increase in CIED-bearing patients undergoing PT urges a call for further research in this field.





Author contributions

Conception of study, MM and PR. Collecting literature, MM and PR. Writing manuscript, MM. Reviewing manuscript, MM, PR, SG, ME, and JD. All authors contributed to the article and approved the submitted version.




Acknowledgments

Many thanks to Monash University for their academic support and encouragement.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1181450/full#supplementary-material




References

1. World South Australian Health and Medical Research Institute. Proton beam therapy: our new hub to beat cancer (2019). Available at: https://www.sahmri.org/sahmri-theme/news-258/ (Accessed November 22, 2022).

2. Xi, M, Xu, C, Liao, Z, Chang, JY, Gomez, DR, Jeter, M, et al. Comparative outcomes after definitive chemoradiotherapy using proton beam therapy versus intensity modulated radiation therapy for esophageal cancer: a retrospective, single-institutional analysis. Int J Radiat Oncol Biol Phys (2017) 99(3):667–76. doi: 10.1016/j.ijrobp.2017.06.2450

3. Fang, P, Shiraishi, Y, Verma, V, Jiang, W, Song, J, Hobbs, BP, et al. Lymphocyte-sparing effect of proton therapy in patients with esophageal cancer treated with definitive chemoradiation. Int J Part Ther (2018) 4(3):23–32. doi: 10.14338/IJPT-17-00033.1

4. Münzel, T, Camici, GG, Maack, C, Bonetti, NR, Fuster, V, and Kovacic, JC. Impact of oxidative stress on the heart and vasculature: part 2 of a 3-part series. J Am Coll Cardiol (2017) 70(2):212–29. doi: 10.1016/j.jacc.2017.05.035

5. Koene, RJ, Prizment, AE, Blaes, A, and Konety, SH. Shared risk factors in cardiovascular disease and cancer. Circulation. (2016) 133(11):1104–14. doi: 10.1161/CIRCULATIONAHA.115.020406

6. Saha, SK, Lee, SB, Won, J, Choi, HY, Kim, K, Yang, GM, et al. Correlation between oxidative stress, nutrition, and cancer initiation. Int J Mol Sci (2017) 18(7):1544–74. doi: 10.3390/ijms18071544

7. Radiation Oncology Tripartite Committee. Planning for the best: tripartite national strategic plan for radiation oncology 2012–2022. Sydney: Royal Australian and New Zealand College of Radiologists (RANZCR (2012). Available at: https://www.ranzcr.com/college/document-library/radiation-oncology-tripartite-national-strategic-plan-2012-2022.

8. Grant, JD, Jensen, GL, Tang, C, Pollard, JM, Kry, SF, Krishnan, S, et al. Radiotherapy-induced malfunction in contemporary cardiovascular implantable electronic devices: clinical incidence and predictors. JAMA Oncol (2015) 1(5):624–32. doi: 10.1001/jamaoncol.2015.1787

9. Zaremba, T, Jakobsen, AR, Søgaard, M, Thøgersen, AM, Johansen, MB, Madsen, LB, et al. Risk of device malfunction in cancer patients with implantable cardiac device undergoing radiotherapy: a population-based cohort study. Pacing Clin Electrophysiol (2015) 38(3):343–56. doi: 10.1111/pace.12572

10. Bagur, R, Chamula, M, Brouillard, É, Lavoie, C, Nombela-Franco, L, Julien, AS, et al. Radiotherapy-induced cardiac implantable electronic device dysfunction in patients with cancer. Am J Cardiol (2017) 119(2):284–9. doi: 10.1016/j.amjcard.2016.09.036

11. Riva, G, Alessandro, O, Spoto, R, Ferrari, A, Garibaldi, C, Cattani, F, et al. Radiotherapy in patients with cardiac implantable electronic devices: clinical and dosimetric aspects. Med Oncol (2018) 35(5):1–8. doi: 10.1007/s12032-018-1126-3

12. Brouillard, É, Chamula, M, Lavoie, C, Varfalvy, N, and Archambault, L. Radiation therapy–induced dysfunction in cardiovascular implantable electronic devices. Pract Radiat Oncol (2019) 9(4):266–73. doi: 10.1016/j.prro.2019.03.003

13. Falco, MD, Genovesi, D, Caravatta, L, Di Carlo, C, Bliakharskaia, E, Appignani, M, et al. A randomized in vitro evaluation of transient and permanent cardiac implantable electronic device malfunctions following direct exposure up to 10 gy. Strahlentherapie und Onkologie (2021) 197(3):198–208. doi: 10.1007/s00066-020-01651-7

14. Last, A. Radiotherapy in patients with cardiac pacemakers. Br J radiol (1998) 71(841):4–10. doi: 10.1259/bjr.71.841.9534692

15. Ngu, SC, O’Meley, PA, Johnson, N, and Collins, C. Pacemaker function during irradiation: in vivo and in vitro effect. Australas radiol (1993) 37(1):105–7. doi: 10.1111/j.1440-1673.1993.tb00027.x

16. Aslian, H, Kron, T, Watts, T, Akalanli, C, Hardcastle, N, Lonski, P, et al. The effect of stereotactic body radiotherapy (SBRT) using flattening filter-free beams on cardiac implantable electronic devices (CIEDs) in clinical situations. J Appl Clin Med Phys (2020) 21(6):121–31. doi: 10.1002/acm2.12873

17. Ohno, T, Soejima, T, Sekiguchi, Y, Hashimoto, T, Koike, I, Matsubara, H, et al. JASTRO/JCS guidelines for radiotherapy in patients with cardiac implantable electronic devices. J Radiat Res (2021) 62(1):172–84. doi: 10.1093/jrr/rraa102

18. Chan, MF, Young, C, Gelblum, D, Shi, C, Rincon, C, Hipp, E, et al. A review and analysis of managing commonly seen implanted devices for patients undergoing radiation therapy. Adv Radiat Oncol (2021) 6(4):100732. doi: 10.1016/j.adro.2021.100732

19. Pinski, SL, and Trohman, RG. Interference in implanted cardiac devices, part I. Pacing Clin electrophysiol (2002) 25(9):1367–81. doi: 10.1046/j.1460-9592.2002.01367.x

20. Kulisek, JA, and Blue, TE. (2007). The effects of neutron radiation on the electrical properties of Si and SiC Schottky power diodes, in: AIP Conference Proceedings (rMelville, NY: AIP Publishing) 880. pp. 234–41. doi: 10.1063/1.2437461

21. Penhale, LG. Neutron-induced effects in semiconductors. Int J Appl Radiat Isotopes (1963) 14(6):305–25. doi: 10.1016/0020-708X(63)90004-8

22. Principato, F, Allegra, G, Cappello, C, Crepel, O, Nicosia, N, Arrigo, S, et al. Investigation of the impact of neutron irradiation on SiC power MOSFETs lifetime by reliability tests. Sensors. (2021) 21(16):5627. doi: 10.3390/s21165627

23. Bilinski, JR, Brooks, EH, Cocca, U, and Maier, RJ. Proton-neutron damage equivalence in Si and Ge semiconductors. IEEE Trans Nucl Sci (1963) 10(5):71–86. doi: 10.1109/TNS.1963.4323307

24. Chakravarthy, M, and Dattatreya Prabhakumar, AG. Anaesthetic consideration in patients with cardiac implantable electronic devices scheduled for surgery. Indian J Anaesth (2017) 61(9):736. doi: 10.4103/ija.IJA_346_17

25. Rav Acha, M, Soifer, E, and Hasin, T. Cardiac implantable electronic miniaturized and micro devices. Micromachines. (2020) 11(10):902. doi: 10.3390/mi11100902

26. Hunterheart [Internet]. New Lambton NSW. Implantable cardioverter-defibrillators (ICDs) and cardiac resynchronisation therapy (CRT) (2021). Available at: https://www.hunterheart.com.au/content/implantable-cardioverter-defibrillators-icds-and-cardiac-resynchronisation-therapy-crt.

27. Mulpuru, SK, Madhavan, M, McLeod, CJ, Cha, YM, and Friedman, PA. Cardiac pacemakers: function, troubleshooting, and management: part 1 of a 2-part series. J Am Coll Cardiol (2017) 69(2):189–210. doi: 10.1016/j.jacc.2016.10.061

28. Fitzpatrick, D. Pacemakers and implantable cardioverter defibrillators’, implantable electronic medical devices. San Diego, California: Academic Press (2015) p. 75–98.

29. Stevenson, I, and Voskoboinik, A. Cardiac rhythm management devices. Aust J Gen Pract (2018) 47(5):264–71. doi: 10.31128/AJGP-12-17-4439

30. Mofrad, PS. Implantable loop monitors: patient perspective. Circulation. (2012) 126(25):e472–e4. doi: 10.1161/CIRCULATIONAHA.112.131714

31. Indik, JH, Gimbel, JR, Abe, H, Alkmim-Teixeira, R, Birgersdotter-Green, U, Clarke, GD, et al. 2017 HRS expert consensus statement on magnetic resonance imaging and radiation exposure in patients with cardiovascular implantable electronic devices. Heart Rhythm (2017) 14(7):e97–e153. doi: 10.1016/j.hrthm.2017.04.025

32. Gauter-Fleckenstein, B, Israel, CW, Dorenkamp, M, Dunst, J, Roser, M, Schimpf, R, et al. DEGRO/DGK guideline for radiotherapy in patients with cardiac implantable electronic devices. Strahlentherapie und Onkologie (2015) 191(5):393–404. doi: 10.1007/s00066-015-0817-3

33. Miften, M, Mihailidis, D, Kry, SF, Reft, C, Esquivel, C, Farr, J, et al. Management of radiotherapy patients with implanted cardiac pacemakers and defibrillators: a report of the AAPM TG-203. Med Phys (2019) 46(12):e757–e88. doi: 10.1002/mp.13838

34. Salerno, F, Gomellini, S, Caruso, C, Barbara, R, Musio, D, Coppi, T, et al. Management of radiation therapy patients with cardiac defibrillator or pacemaker. La radiologia medica (2016) 121(6):515–20. doi: 10.1007/s11547-015-0616-z

35. Beinart, R, and Nazarian, S. Effects of external electrical and magnetic fields on pacemakers and defibrillators: from engineering principles to clinical practice. Circulation. (2013) 128(25):2799–809. doi: 10.1161/CIRCULATIONAHA.113.005697

36. Oshiro, Y, Sugahara, S, Noma, M, Sato, M, Sakakibara, Y, Sakae, T, et al. Proton beam therapy interference with implanted cardiac pacemakers. Int J Radiat Oncol Biol Phys (2008) 72(3):723–7. doi: 10.1016/j.ijrobp.2008.01.062

37. Hashimoto, T, Isobe, T, Hashii, H, Kumada, H, Tada, H, Okumura, T, et al. Influence of secondary neutrons induced by proton radiotherapy for cancer patients with implantable cardioverter defibrillators. Radiat Oncol (2012) 7:10. doi: 10.1186/1748-717X-7-10

38. Gomez, DR, Poenisch, F, Pinnix, CC, Sheu, T, Chang, JY, Memon, N, et al. Malfunctions of implantable cardiac devices in patients receiving proton beam therapy: incidence and predictors. Int J Radiat Oncol Biol Phys (2013) 87(3):570–5. doi: 10.1016/j.ijrobp.2013.07.010

39. Ueyama, T, Arimura, T, Ogino, T, Kondo, N, Higashi, R, Nakamura, F, et al. Pacemaker malfunction associated with proton beam therapy: a report of two cases and review of literature-does field-to-generator distance matter? oxf med case reports (UK: Oxford University Press), Vol. 2016. (2016). p. omw049. doi: 10.1093/omcr/omw049.

40. Seidensaal, K, Harrabi, SB, Scholz, E, Ellerbrock, M, Haberer, T, Weykamp, F, et al. Active-scanned protons and carbon ions in cancer treatment of patients with cardiac implantable electronic devices: experience of a single institution. Front Oncol (2019) 9:798. doi: 10.3389/fonc.2019.00798

41. Bjerre, HL, Kronborg, MB, Nielsen, JC, Høyer, M, Jensen, MF, Zaremba, T, et al. Risk of cardiac implantable electronic device malfunctioning during pencil beam proton scanning in an in vitro setting. Int J Radiat Oncol Biol Phys (2021) 111(1):186–95. doi: 10.1016/j.ijrobp.2021.03.053

42. Hashimoto, T, Demizu, Y, Numajiri, H, Isobe, T, Fukuda, S, Wakatsuki, M, et al. Murata k. particle therapy using protons or carbon ions for cancer patients with cardiac implantable electronic devices (CIED): a retrospective multi-institutional study. Japanese J Radiol (2021) 15:1–9. doi: 10.1007/s11604-021-01218-1

43. Stick, LB, Lægdsmand, PM, Bjerre, HL, Høyer, M, Jensen, K, Jensen, MF, et al. Spot-scanning proton therapy for targets with adjacent cardiac implantable electronic devices–strategies for breast and head & neck cancer. Phys Imaging Radiat Oncol (2022) 21:66–71. doi: 10.1016/j.phro.2022.02.006

44. Barcellini, A, Dusi, V, Mirandola, A, Ronchi, S, Riva, G, Dal Mas, F, et al. The impact of particle radiotherapy on the functioning of cardiac implantable electronic devices: a systematic review of in vitro and in vivo studies according to PICO criteria. La radiologia medica (2022) 24:1–3. doi: 10.1007/s11547-022-01520-6

45. Azraai, M, D’Souza, D, Lin, YH, and Nadurata, V. Current clinical practice in patients with cardiac implantable electronic devices undergoing radiotherapy: a literature review. EP Europace (2022) 24(3):362–74. doi: 10.1093/europace/euab241

46. Zaremba, T, Jakobsen, AR, Søgaard, M, Thøgersen, AM, and Riahi, S. Radiotherapy in patients with pacemakers and implantable cardioverter defibrillators: a literature review. Europace. (2016) 18(4):479–91. doi: 10.1093/europace/euv135

47. Newhauser, WD, and Zhang, R. The physics of proton therapy. Phys Med Biol (2015) 60(8):155–209. doi: 10.1088/0031-9155/60/8/R155

48. Kry, SF, Bednarz, B, Howell, RM, Dauer, L, Followill, D, Klein, E, et al. AAPM TG 158: measurement and calculation of doses outside the treated volume from external-beam radiation therapy. Med Phys (2017) 44(10):e391–429. doi: 10.1002/mp.12462

49. Baradaran-Ghahfarokhi, M, Reynoso, F, Sun, B, Darafsheh, A, Prusator, MT, Mutic, S, et al. A Monte Carlo-based analytic model of neutron dose equivalent for a mevion gantry-mounted passively scattered proton system for craniospinal irradiation. Med physics (2020) 47(9):4509–21. doi: 10.1002/mp.14299

50. Wang, X, Poenisch, F, Sahoo, N, Zhu, RX, Lii, M, Gillin, MT, et al. Spot scanning proton therapy minimizes neutron dose in the setting of radiation therapy administered during pregnancy. J Appl Clin Med Phys (2016) 17(5):366–76. doi: 10.1120/jacmp.v17i5.6327

51. Baumann, R, Hossain, T, Murata, S, and Kitagawa, H. (1995). Boron compounds as a dominant source of alpha particles in semiconductor devices, in: InProceedings of 1995 IEEE International Reliability Physics Symposium, (Las Vegas, NV, USA; IEEE). pp. 297–302. IEEE.

52. Wilkinson, JD, Bounds, C, Brown, T, Gerbi, BJ, and Peltier, J. Cancer-radiotherapy equipment as a cause of soft errors in electronic equipment. IEEE Trans Device Mater Reliability (2005) 5(3):449–51. doi: 10.1109/TDMR.2005.858342

53. Little, FA. Pacemakers in radiotherapy. Clin Oncol (1994) 6(4):211–2. doi: 10.1016/S0936-6555(05)80288-2

54. Calfee, RV. Therapeutic radiation and pacemakers. Pacing Clin electrophysiol (1982) 5(2):160–1. doi: 10.1111/j.1540-8159.1982.tb02208.x

55. Souliman, SK, and Christie, J. Pacemaker failure induced by radiotherapy. Pacing Clin electrophysiol (1994) 17(3):270–3. doi: 10.1111/j.1540-8159.1994.tb01387.x

56. Borja-Hernández, CG, Guzmán-García, KA, Valero-Luna, C, Bañuelos-Frías, A, Paredes-Gutiérrez, L, Hernández-Dávila, VM, et al. Neutron absorbed dose in a pacemaker CMOS. Rev mexicana física (2012) 58(3):195–7.

57. John, J, and Kaye, GC. Shock coil failure secondary to external irradiation in a patient with implantable cardioverter defibrillator. Pacing Clin electrophysiol (2004) 27(5):690–1. doi: 10.1111/j.1540-8159.2004.00513.x

58. Hurkmans, CW, Knegjens, JL, Oei, BS, Maas, AJ, Uiterwaal, GJ, van der Borden, AJ, et al. Management of radiation oncology patients with a pacemaker or ICD: a new comprehensive practical guideline in the Netherlands. Radiat Oncol (2012) 7(1):1–0. doi: 10.1186/1748-717X-7-198

59. Tajstra, M, Gadula-Gacek, El, Buchta, P, Blamek, S, Gasior, M, and Kosiuk, J. Effect of therapeutic ionizing radiation on implantable electronic devices: systematic review and practical guidance. J Cardiovasc electrophysiol (2016) 27(10):1247–51. doi: 10.1111/jce.13034

60. Moher, D, Liberati, A, Tetzlaff, J, Altman, DG, and Prisma Group. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. PloS Med (2009) 6(7):e1000097. doi: 10.1371/journal.pmed.1000097

61. Wootton, LS, Polf, JC, Peterson, S, Wilkinson, J, Rozner, MA, Balter, PA, et al. Proton dose perturbations caused by high-voltage leads from implanted cardioverter defibrillators. J Appl Clin Med physics (2012) 13(4):13–22. doi: 10.1120/jacmp.v13i4.3813

62. Schneider, U, Agosteo, S, Pedroni, E, and Besserer, J. Secondary neutron dose during proton therapy using spot scanning. Int J Radiat Oncol Biol Phys (2002) 53(1):244–51. doi: 10.1016/S0360-3016(01)02826-7

63. Hall, EJ. Intensity-modulated radiation therapy, protons, and the risk of second cancers. Int J Radiat Oncol Biol Phys (2006) 65(1):1–7. doi: 10.1016/j.ijrobp.2006.01.027

64. Matsubara, H, Ezura, T, Hashimoto, Y, Karasawa, K, Nishio, T, and Tsuneda, M. Prediction of radiation-induced malfunction for cardiac implantable electronic devices (CIEDs). Med Phys (2020) 47(4):1489–98. doi: 10.1002/mp.14057

65. Wang, X, Sahoo, N, Zhu, RX, Zullo, JR, and Gillin, MT. Measurement of neutron dose equivalent and its dependence on beam configuration for a passive scattering proton delivery system. Int J Radiat Oncol Biol Phys (2010) 76(5):1563–70. doi: 10.1016/j.ijrobp.2009.07.1732

66. Yonai, S, Matsufuji, N, Kanai, T, Matsui, Y, Matsushita, K, Yamashita, H, et al. Measurement of neutron ambient dose equivalent in passive carbon-ion and proton radiotherapies. Med physics (2008) 35(11):4782–92. doi: 10.1118/1.2989019

67. Yonai, S, Matsufuji, N, and Kanai, T. Monte Carlo Study on secondary neutrons in passive carbon-ion radiotherapy: identification of the main source and reduction in the secondary neutron dose. Med physics (2009) 36(10):4830–9. doi: 10.1118/1.3220624

68. Trinkl, S, Mares, V, Englbrecht, FS, Wilkens, JJ, Wielunski, M, Parodi, K, et al. Systematic out-of-field secondary neutron spectrometry and dosimetry in pencil beam scanning proton therapy. Med physics (2017) 44(5):1912–20. doi: 10.1002/mp.12206

69. Carnicer, A, Letellier, V, Rucka, G, Angellier, G, Sauerwein, W, and Hérault, J. Study of the secondary neutral radiation in proton therapy: toward an indirect in vivo dosimetry. Med physics (2012) 39(12):7303–16. doi: 10.1118/1.4765049

70. Shin, D, Yoon, M, Kwak, J, Shin, J, Lee, SB, Park, SY, et al. Secondary neutron doses for several beam configurations for proton therapy. Int J Radiat Oncol Biol Phys (2009) 74(1):260–5. doi: 10.1016/j.ijrobp.2008.10.090

71. Paganetti, H, and Giantsoudi, D. Relative biological effectiveness uncertainties and implications for beam arrangements and dose constraints in proton therapy. Seminars Radiat Oncol (2018) 28(3):256–63. doi: 10.1120/jacmp.v17i5.6327

72. Nakamura, K, Aoyama, T, Kaneda, N, Otsuji, M, Minami, Y, Sakuragi, A, et al. Implantable cardiac pacemaker failure by cumulative dose effects of flattening filter free beams. J Radiat Res (2021) 62(4):735–9. doi: 10.1016/j.semradonc.2018.02.010

73. Matsubara, H, Ezura, T, Hashimoto, Y, Karasawa, K, Nishio, T, and Tsuneda, M. Study of feasible and safe condition for total body irradiation using cardiac implantable electronic devices. J Radiat Res (2021) 62(6):1006–14. doi: 10.1093/jrr/rrab041

74. Mouton, J, Haug, R, Bridier, A, Dodinot, B, and Eschwege, F. Influence of high-energy photon beam irradiation on pacemaker operation. Phys Med Biol (2002) 47(16):2879. doi: 10.1093/jrr/rrab088

75. Mascia, AE, Daugherty, EC, Zhang, Y, Lee, E, Xiao, Z, Sertorio, M, et al. Proton FLASH radiotherapy for the treatment of symptomatic bone metastases: the FAST-01 nonrandomized trial. JAMA Oncol (2023) 9(1):62–9. doi: 10.1088/0031-9155/47/16/304

76. Diffenderfer, ES, Sørensen, BS, Mazal, A, and Carlson, DJ. The current status of preclinical proton FLASH radiation and future directions. Med physics (2022) 49(3):2039–54. doi: 10.1001/jamaoncol.2022.5843

77. Zacharatou Jarlskog, C, Lee, C, Bolch, WE, Xu, XG, and Paganetti, H. Assessment of organ-specific neutron equivalent doses in proton therapy using computational whole-body age-dependent voxel phantoms. Phys Med Biol (2008) 53(3):693–717. doi: 10.1002/mp.15276

78. Xu, XG, Bednarz, B, and Paganetti, H. A review of dosimetry studies on external-beam radiation treatment with respect to second cancer induction. Phys Med Biol (2008) 53(13):R193. doi: 10.1088/0031-9155/53/3/012

79. Mesoloras, G, Sandison, GA, Stewart, RD, Farr, JB, and Hsi, WC. Neutron scattered dose equivalent to a fetus from proton radiotherapy of the mother. Med Phys (2006) 33(7Part1):2479–90. doi: 10.1088/0031-9155/53/13/R01

80. Munawar, DA, Mahajan, R, Linz, D, Wong, GR, Khokhar, KB, Thiyagarajah, A, et al. Predicted longevity of contemporary cardiac implantable electronic devices: a call for industry-wide “standardized” reporting. Heart Rhythm (2018) 15(12):1756–63. doi: 10.1118/1.2207147

81. Zheng, Q, Tang, Q, Wang, ZL, and Li, Z. Self-powered cardiovascular electronic devices and systems. Nat Rev Cardiol (2021) 18(1):7–21. doi: 10.1016/j.hrthm.2018.07.029

82. Mond, HG, and Freitag, G. The cardiac implantable electronic device power source: evolution and revolution. Pacing Clin Electrophysiol (2014) 37(12):1728–45. doi: 10.1038/s41569-020-0426-4

83. Biotronik. Radiation therapy and BIOTRONIK CRM devices – pacemakers (IPG), defibrillators (ICD) and CRT-devices. Berlin: Global Technical Services CRM (2011).

84. Jude, S. Effects of therapeutic radiation on st. Jude medical implantable cardiac rhythm devices. Sylmar, CA: Technical Services (2013).

85. Medtronic. Standard letter (US: Medtronic). (2017).

86. Scientific, B. Therapeutic radiation and implantable device systems revision 002-1675. Marlborough, MA: Technical Services (2013).

87. Zecchin, M, Morea, G, Severgnini, M, Sergi, E, Baratto Roldan, A, Bianco, E, et al. Malfunction of cardiac devices after radiotherapy without direct exposure to ionizing radiation: mechanisms and experimental data. Ep Europace (2016) 18(2):288–93. doi: 10.1093/europace/euv250

88. Love, WG, and Satchler, GR. Exchange effects with a realistic interaction for inelastic scattering. Nucl Phys A (1970) 159(2):1–44. doi: 10.1093/europace/euv250

89. Pillon, M, Loreti, S, Angelone, M, Colangeli, A, Pagano, G, and Villari, R. Measurement of the 16, 17O (n, p) 16, 17N cross sections for validating the water activation experiment for ITER at the frascati neutron generator. Nucl Instruments Methods Phys Res Section A: Accelerators Spectrometers Detectors Associated Equipment (2021) 995:165107. doi: 10.1016/j.nima.2021.165107

90. Rimmer, EM, and Fisher, PS. Resonances in the (n, p) reaction on 12C. Nucl Phys A (1968) 108(3):567–76. doi: 10.1186/s13256-019-2111-y

91. Koning, AJ, and Rochman, D. Modern nuclear data evaluation with the TALYS code system. Nucl Data Sheets (2012) 113:2841. doi: 10.1016/j.clon.2010.08.031

92. Attallah, MF, Mohamed, GY, and Breky, MM. Production and subsequent separation of 47Sc of nuclear medicine applications using neutron-induced reactions on different natural targets. J Radioanalytical Nucl Chem (2022) 331(4):1723–30. doi: 10.1007/s10967-022-08232-1

93. Wagner, I, and Uhl, M. Measurements of some (n, p),(n, 2n) and (n, n) cross sections of medium heavy nuclei. Oesterr Akad Wiss Math-Naturw Kl Anzeiger (1971) 108:185.

94. Russo, AM, Amin Al-Ahmad, MD, Ellenbogen, KA, Natale, A, and Wang, PJ. Chapter 2: Pacemaker and implantable cardioverter defibrillator lead design. Pacemakers and implantable cardioverter defibrillators: an expert’s manual. Cardiotext Publishing (2010), 43.

95. Lee, JW, and Seol, KH. Inevitable high-dose irradiation to lead of implantable cardioverter defibrillator in small cell lung cancer: a case report. J Med Case Rep (2019) 13(1):1–6. doi: 10.1016/0375-9474(68)90325-4

96. Kobayashi, K, Kimura, I, Gotoh, H, and Tominaga, H. Measurement of average cross sections for some threshold reactions of Ti, cr, and Pb in the californium-252 spontaneous fission neutron spectrum field. Annu Rep Res React (Japan) (1984) 17:15. doi: 10.1016/j.nds.2012.11.002

97. Emsallem, A, Asghar, M, Wagemans, C, and D’hondt, P. Search for the (n th, α) reaction on180Hf, 181Ta and209Bi. Z für Physik A Atoms Nuclei (1978) 286(4):411–4. doi: 10.1007/s10967-022-08232-1

98. Ophoven, N, Mauerhofer, E, Li, J, Rücker, U, Zakalek, P, Baggemann, J, et al. Monte Carlo Simulation of proton-and neutron-induced radiation damage in a tantalum target irradiated by 70 MeV protons. Appl Phys A (2021) 127(8):576. doi: 10.1007/s00339-021-04713-4

99. Smith, DL, and Meadows, JW. Cross-section measurement of (n, p) reactions for 27Al, 46, 47, 48Ti, 54, 56Fe, 58Ni, 59Co, and 64Zn from near threshold to 10 MeV. Nucl Sci Engineering (1975) 58(3):314–20.

100. Wadasadawala, T, Pandey, A, Agarwal, JP, Jalali, R, Laskar, SG, Chowdhary, S, et al. Radiation therapy with implanted cardiac pacemaker devices: a clinical and dosimetric analysis of patients and proposed precautions. Clin Oncol (2011) 23(2):79–85. doi: 10.1007/BF01408899

101. Medtronic. REVEAL LINQ™ medical procedure and EMI precautions. (US: Medtronic) (2013).




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Mirzaei, Rowshanfarzad, Gill, Ebert and Dass. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-13-1181450-g004.jpg
Dose at malfunction (GyE)

90

80

70

60

50

40

30

20

10

Relationship between CIED-to-field distance and dose at malfunction in passive scattering

20

10

ut

15 20
CIED-to-field distance (cm)

25

30

35

CIED status / type

A Malfunction
@® No malfunction

£ 1cb

Manufacturer

B: Biotronik
G: Guidant
I: Intermedics
M: Medtronic

S: St.Jude Medical
U: Unknown

*1. Same device






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Risk of cardiac implantable device malfunction in cancer patients receiving proton therapy: an overview

      

        		

          1 Introduction

        



        		

          2 Methods

        



        		

          3 Results

        

          		

            3.1 In vivo studies

          



          		

            3.2 In vitro studies

          



          		

            3.3 Decision algorithm

          



        



        



        		

          4 Discussion

        

          		

            4.1 Effect of proton beam arrangements on the neutron fluence in different modes of delivery

          



          		

            4.2 Cumulative proton dose and dose rate effects

          



          		

            4.3 CIED distance and field size

          



          		

            4.4 CIED manufacturers and proton-specific dose limits

          



          		

            4.5 Impact of protons on pacing leads and electrodes

          



          		

            4.6 Miniaturised CIEDs

          



        



        



        		

          5 Recommendations for the management of patients

        



        		

          6 Conclusion

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-13-1181450-g002.jpg
Records removed before
screening:
Records identified from Duplicate records removed
databases: (n=0)
PubMed (n = 90) Records marked as ineligible
Web of Science (n = 20) by automation tools (n = 0)
Records removed for other

reasons (n = 0)

ification

Records screened Records excluded
(n=110) (n=101)

Reports sought for retrieval Reports not retrieved
(n=0)

(n=9)

Screening

Reports assessed for eligibility
(n=9) —®| Reports excluded:
Reason 1 (n =0)
Reason 2 (n = 0)
Reason 3 (n = 0)

etc.

Studies included in review
(n=9)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Manufacturer Max ICD  Max beam energy = Casing Lead Battery Comments based on PT

dose material = Shielding = chemistry = studies
of device (-
Biotronik (83) 2Gy 2Gy <10MV Titanium Yes Li/MnO, Biotronik devices particularly ICDs and
No direct beam to Li/SVO CFx CRTs have had the highest number of
device software malfunction during PT (41)
St. Jude Medical No safe No safe Not specified Titanium Not specified  Li/SVO Some PMs had software malfunctions
(84) dose dose Do not use ionising Li/SVO CFx (36, 39, 42)

radiation in the
proximity of an
implanted device

Medtronic (85) 5Gy 1-5Gy <10MV. Titanium No Li/SVO Software errors have occurred in these
Depending (ineffective Li/SVO CFx  devices (37, 39, 42).
on the against 5 ICDs had significant loss of battery
model neutrons capacity (hardware malfunction) (41)
Boston Scientific No safe No safe Not specified Titanium Yes Li/MnO, Only 1 PM reported which had a
(86) dose limit dose limit Consider all Li/SVO CFx critical software malfunction (41)
(Maximum (Maximum available
total dose total dose shielding
of 2Gy of 2Gy options
used used
asa asa
reference) reference)

PM, pacemaker; ICD, implantable cardioverter defibrillator; CRT, cardiac resynchronisation therapy device; PT, proton therapy; Li/MnO, lithium-manganese oxide; Li/SVO, lithium-silver
vanadium oxide; CFx, carbon monofluoride.





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc.2023.1181450_cover.jpg
& frontiers | Frontiers in Oncology

Risk of cardiac implantable device
malfunction in cancer patients receiving
proton therapy: an overview





OEBPS/Images/fonc-13-1181450-g003.jpg
Number of malfunctioned CIED

w

N

-

Types of software malfunctions in in vivo studies according to different manufacturers

Biotronik PM

Biotronik ICD

St. Jude Medical Medtronic PM Medtronic CRT-D

PM

Type of malfunctioned CIED

Unknown PM

Unknown ICD

M Power-on reset
M Reset (unspecified)

| Transient error





OEBPS/Images/fonc-13-1181450-g001.jpg
Pacemaker

Leads

Left

atrium .
ventricle

Right
A ventricle

C
Passive Active
e N\ L o .
ﬁm 2 zd‘;::zﬁz:: 4
Electrode Electrode Electrode

Tines





OEBPS/Images/table1.jpg
cteristics

Treatment modality
Proton therapy 114

Proton therapy mode

Passive scattering 94
Pencil beam scanning 20
Gender
Male 18
Female 3
Unspecified 93
Median age 76 (range 66 - 90)

Pacing dependency status

Dependent 10

Non-dependent 40

Unspecified 64
Cancer type

Head and neck cancer

Submandibular carcinoma 1
Laryngeal carcinoma 1
Skaull base carcinoma 1

Thoracic cancer (lung, oesophagus, thymus)
Lung carcinoma 20
Other (unspecified) 27

Abdominal cancer

Pancreatic carcinoma 1
Hepatocellular carcinoma 10
Liver (unspecified) 19

Pelvic cancer
Prostate carcinoma 25

Unclassified cancer 9





