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A B S T R A C T   

This study provides the first insight into the problem of the induced radioactivity of the construction materials of 
the new-generation cardiac implantable electronic devices (CIEDs). Its aim was to identify nuclear reactions and 
the resulting radioisotopes induced in the CIEDs by high-energy X-ray therapeutic beams generated by medical 
linear accelerators. The presented results allow to verify the rightness of choice of materials for investigated 
CIEDs. Such analysis is currently available only for the older types of the CIEDs, but not for those of the new 
generation. Gamma spectrometry measurements have been performed using a high-purity germanium detector 
(HPGe). The identification and activities of the generated radioisotopes were obtained from the measured spectra 
of gamma - rays from decays of the produced unstable radioisotopes. 21 radioisotopes originating from 24 nu-
clear reactions were identified. For all considered models of CIEDs the highest activities are from the tin isomer 
117mSn. The induced activities were relatively small, not exceeding 3.1 Bq per a 1 Gy X-ray dose to a target 
volume.   

1. Introduction 

Cardiac implantable electronic devices (CIEDs) are usually placed in 
a subcutaneous pocket over the pectoral muscles in the infraclavicular 
region. This location poses a problem for dose delivery in radiotherapy 
of breast, lung, head and neck, lymphomas, thyroid and oesophageal 
cancers. According to literature and our previous results (Blamek et al., 
2016), the CIEDs are prone to various radiation damages during the 
exposure to X-ray therapeutic beams. The main factor causing such 
damages are contamination neutrons produced both in X-ray therapy as 
well as in proton therapy, performed with the use of medical accelera-
tors of various types (Ma et al., 2002; Konefał et al., 2005, 2008a; Bil-
tekin et al., 2015). The secondary neutrons in X-ray therapy result from 
(γ,n) reactions with high atomic number materials in the massive 
components of accelerators (Mao et al., 1997), mainly in the head of a 
linac. The neutrons move around essentially isotropically (Kry et al., 
2005). Neutron contamination is a serious area of interest in terms of 
induction of nuclear reactions and secondary cancers. In accelerators 

generating high-energy photons and protons, neutrons originate from 
photonuclear reactions (γ,n), (γ,2n), (γ,3n) and proton-induced nuclear 
reactions (p,n), (p,p’n). The energy threshold of these reactions is about 
8 MeV for most isotopes (Dietrich and Bermab, 1998; Ditr�oi et al., 2016). 
The cross sections for the photonuclear reactions have a resonant 
character with a maximum depending on the atomic number. The pro-
duced neutrons are characterized by a broad energy range (Vega-Car-
rillo and Baltazar-Raigosa, 2011; Howell et al., 2009; Esposito et al., 
2008; Vega-Carrillo et al., 2012; Santa, 2017; Talebi et al., 2016). 

There are many works describing the malfunctions of cardiac 
implantable electronic devices after high-energy radiation exposure. In 
microprocessors based on small voltage surges, a single neutron passing 
through random access memory (RAM) may leave voltage ripples or 
wakes, which lead to the reprogramming of the software code or bits, 
from 1 to 0 and vice versa (Baumann, 2001). As a result, some functions 
of an electronic device may work incorrectly. This phenomenon is 
usually called single event effects (SEE). Such single ionization events 
may lead to a temporary or permanent damage of electronic devices or 
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systems. It is an important effect for digital circuits such as memories or 
microprocessors. SEEs induced by neutrons in microelectronic devices 
were studied and confirmed (Bisello et al., 2012). These effects can be 
caused even by single neutrons, like atmospheric neutrons at sea level 
(Leray, 2007), despite their very small fluence, of about 10 neutron-
s/hour/cm2 (Leray, 2007), or by other natural sources of radiation 
(O’Gorman et al., 1996; Wang et al., 2007). Neutron-induced single 
event upsets were also observed in neurostimulators of similar con-
struction like cardiac devices (Dong et al., 2016). 

The neutrons produced in accelerators can cause nuclear reactions in 
all objects in the neutron field. In the case of medical accelerators the 
neutron-induced reactions occur in collimators of beams, radiation 
shields, targets, accelerator accessories, walls of accelerator facility etc. 
(Polaczek-Grelik et al., 2012; Konefał et al., 2008b). As a result, various 
radioisotopes appear and the accelerator components become radioac-
tive (Vega-Carrillo et al., 2015; Janiszewska et al., 2014; Konefał et al., 
2016; Bieniasiewicz et al., 2016) and are a source of additional dose to 
the operating staff (Hashemi et al., 2007; Barquero et al., 2002; 
Alem-Bezoubiri et al., 2014; Keehan et al., 2016; Choi et al., 2018; 
Elham et al., 2018). Any damages of the CIEDs due to radiation may 
cause their malfunctioning and, consequently, a serious danger to the 
patient’s life. 

The aim of this work was the identification of the nuclear reactions 
and the radioisotopes induced in the CIEDs by high-energy X-ray ther-
apeutic beams generated by medical linear accelerators applied in tel-
eradiotherapy. Most oncology centers use 6 MV X-ray therapeutic beams 
for patients with implanted cardiac devices to avoid neutron irradiation 
of CIEDs as well as to reduce a scattered photon dose to them. Thus, the 
radioisotopes are rarely activated in CIEDs during radiotherapy. How-
ever, as the linear accelerators can often delivered also high-energetic 
photon beams (>6 MV), specific tumours of patients with CIEDs might 
be treated with higher-energy X-rays (from 15 MV to 23 MV) (Gau-
ter-Fleckenstein et al., 2015). In order to eliminate the potential risk of 
CIED activation the manufacturers should avoid using certain isotopes 
when manufacturing those devices. 

Three modern CIED models, being currently on the market, but not 
tested in this respect yet, were compared. These CIEDs are used as 
implantable cardioverter defibrillators (ICDs) and cardiac resynchroni-
zation therapy devices with a function of defibrillators (CRT-D). Their 
systems differ significantly from the older models (Bitterman et al., 
2018), whereas in the professional literature the radiation investigations 
only for the older types of the CIEDs (Zecchin et al., 2018; Mollerus 
et al., 2014; Blamek et al., 2014) have been described. Modern CIEDs 
contain Complementary Metal Oxide Semiconductor (CMOS) technol-
ogy. In a radiation environment CMOS device may be subjected to a 
continuous dose of particle radiation that causes degradation of per-
formance, increase in leakage current, and ultimately failure of the de-
vice (Bisello et al., 2012). The older versions of CIEDs operated at lower 
power supply voltage and therefore they were more sensitive to electric 
charge produced and accumulated in them. However, since the early 
nineties CMOS technology has rapidly developed and currently is much 
more radioresistant (Hurkmans et al., 2012). Nevertheless, modern 
CIEDs are equipped with extra electronic modules providing additional 
functionalities – they can work as implantable cardioverter defibrillators 
(ICDs) and cardiac resynchronization therapy devices with a function of 
defibrillators (CRT-D). Thus, because of the increasing complexity, their 
sensitivity to radiation increases. 

The latest recommendations of the Heart Rhythm Society (HRS) 
(Indik et al., 2017) delineate practical solutions for health care providers 
of various backgrounds for the management of patients with CIEDs 
undergoing radiation exposure so they can be imaged and treated in a 
manner that balances benefit and risk, while recognizing that risk 
cannot be eliminated. They are based on the results gathered within 
2003–2014 (Brambatti et al., 2015; Zaremba et al., 2015) for the older 
types of the CIEDs, some of them currently not in use. 

In order to identify the radioisotopes and the nuclear reactions 

induced in the CIEDs exposed to ionization radiation, gamma-ray 
spectroscopy was applied. 

2. Methods 

The different models of CIEDs by three manufacturers (Lumax 340 
DR by Biotronik, Maximo II DR by Medtronik, 3213–36 Promote RF by 
St Jude) presented in Fig. 1 were activated in the therapeutic X-ray 
beams of 10 MV and 20 MV generated by the TrueBeam linear accel-
erator by Varian (Fig. 2) used in teleradiotherapy in the Center of 
Oncology in Gliwice (Poland). The radioisotopes induced in the CIEDs 
were identified spectroscopically from the spectra of gamma-rays from 
the radioactive decays. In the case of 10 MV and 20 MV X-ray beams the 
photon field is contaminated by neutrons originated from photonuclear 
reactions. The CIEDs were located in the therapeutic beam and activated 
in the mixed photon-neutron field. The effects from therapeutic photons 
and neutrons are distinguishable: the photon-activation results from the 
photonuclear reactions and occurs only in the therapeutic beam, 
whereas the neutron activation takes place also outside the beam. The 
neutron fluence is approximately constant in the treatment room and on 
the surface of a patient body (Kry et al., 2005). Thus, the results obtained 
in the neutron reactions are expected to be the same for any location of 
the CIEDs inside and outside the therapeutic beam. We decided to locate 
the CIEDs in the beam to broaden the scope of possible clinical situations 
and include a case when a body region with a CIED is directly exposed to 
radiation. It is not such a rare situation, because according to the Rec-
ommendations and Protocol for the Management of the CIED Patient 
Undergoing Radiation Therapy (Indik et al., 2017) and the European 
Heart Rhythm Association survey (Lenarczyk et al., 2017) a surgical 
relocation of the device and a continuous CIED relocation in the 
cardio-oncologic patients is optional and suggested only if it will inter-
fere with an adequate tumor treatment. The main recommendations 
involve also a complete CIED evaluation performed before and during 
radiotherapy, choosing, if possible, a non–neutron-producing treatment 
to minimize the risk of device reset, and performing of weekly complete 
CIED evaluations for the patients undergoing neutron-producing treat-
ment. Moreover, CIED relocation is not recommended for the devices 
receiving a maximum cumulative incident dose of <5 Gy, or when tumor 
disease makes it impossible to relocate a CIED. 

2.1. Identification of radioisotopes induced in activated CIEDs 

Spectroscopic identification of the radioisotopes induced in the 
CIEDs by radiation exposure was done with three ORTEC detection 
systems composed of a high-purity germanium detector (Fig. 3a) cooled 
with the use of liquid nitrogen, connected to a multichannel analyzer 
read out via the Tukan8k software. Such high resolution detectors 
(HPGe) are suitable for investigation of samples containing many ra-
dionuclides (e.g. from the natural radioactive series), when the gamma- 
ray spectrum presents a large number of peaks to be resolved. 

The spectra were acquired in the range of energies from 100 keV to 
2.3 MeV. A set of commercial calibration sources (60Co, 137Cs, 152Eu) 
was applied for the energy calibration of the detectors. For all of them 

Fig. 1. Lumax 340 DR by Biotronik (a), maximo II DR by medtronik (b), 
3213–36 promote RF by St Jude (c). 
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the determined energy calibration curve was linear. The working pa-
rameters of the detectors were chosen in such a way that the difference 
between the energies corresponding to two neighboring channels was 
0.3 keV and the full width at half maximum (FWHM) of the peak at 
1332.5 keV from the 60Co decay equaled 1.2 keV. The radioisotope 
identification method was verified using natural samples including 
uranium series. For each CIED under study the first measurement was 
performed directly after activation. The time between the end of the 
CIED irradiation and the beginning of the spectroscopic measurement 
did not exceed several minutes. Additionally, the spectra were registered 
for about two weeks in a continuous manner, which made it possible to 
determine the half-lives for most of the identified radioisotopes. The 
measurements were performed in the operating rooms of the accelera-
tors (directly after the activation of CIEDs) as well as in the Department 
of Nuclear Physics and Its Application in the Institute of Physics of the 
University of Silesia in Katowice (Poland). The CIEDs were put on the 
top surface of the HPGe detector shield (Fig. 3b). The spectra were 
analyzed using the tables of isotopes edited by Firestone (1996) and the 

neutron reaction cross sections from the open data bank of the Broo-
khaven National Laboratory (http://www.nndc.bnl.gov/s). 

2.2. Quantitative analysis for radioisotopes induced in activated cardiac 
pacemakers 

For the purpose of the quantitative analysis, the efficiency of the 
detector has to be determined in a required energy range. The detection 
efficiency ε measures the ability of the detector to convert gamma-rays 
into useful signals. It can be expressed by the following equation:  

ε(E) ¼ 100 ∙ ACS ∙ Nd(E)� 1 ∙ tP,                                                      (1) 

where. 

ACS – the activity of an isotropic radiation source located on the 
surface of the detector shield (Fig. 3c), 
Nd(E) – events collected in a photopeak (a net area) at energy E in the 
calibration measurement, 
tP – the time of the calibration measurement. 

It is worth to stress, that efficiency defined this way contains already 
the factor related to the geometrical acceptance. In the efficiency cali-
bration the commercial source of 152Eu was applied, with a linear size of 
0.1 mm. The source was sealed in a plastic cylindrical capsule (2 mm 
high and 5 mm in diameter) and placed on the top surface of the HPGe 
detector shield, in uniformly distributed locations, as shown in Fig. 4a. 
The measuring locations covered the surface of the detector shield in the 
region determined by the shape and the sizes of the CIEDs. The distances 
between the locations were constant. The mean net area calculated for 
the spectra acquired in all measuring locations at each considered en-
ergy was taken for the determination of the efficiency curve for each 
used HPGe detector. Such approach makes it possible to reduce the 
systematic uncertainty related to the differences between the shapes of 
the investigated CIEDs and the calibration source. The summing effect, 
which can be seen especially for an efficiency curve at low and inter-
mediate energy region, was corrected using the Monte Carlo simulation 
(GEANT4 code). The net area of each photopeak was obtained from a 
Gaussian fit and the background modeled with a polynomial. The 
detection efficiency as a function of energy E of gamma-rays can be 
described by the simple power function (Fig. 4b). The activities of the 
identified radioisotopes were calculated on the basis of the net areas of 
the most pronounced photopeaks in the spectra corrected for the HPGe 
detector efficiency. If possible, to separate overlapping photopeaks of 
two different radioisotopes the differences in their half-lives were 
employed, otherwise a net area of another photopeak with a smaller 
intensity was taken into account to estimate activity. The determined 
activity of a radioisotope, related to the end of the CIED irradiation can 
be described by the following formula:  

A ¼ 100 ∙ Nd’(E) ∙ I(E)� 1 ∙ ε(E)� 1 ∙(1 – e� λ∙tp) � 1 ∙ eλ∙ta,                  (2) 

where, 

Nd’(E) - events collected in a photopeak at energy E in the mea-
surement with CIEDs, 
I(E) – emission intensity of the gamma-rays forming the photopeak at 
E, 
tp’ – the time of the measurement of energy spectrum of gamma-rays 
emitted by activated CIED, 
ta’ – the time between the end of the CIED activation and the 
beginning of the spectroscopic measurement,  

λ – the decay constant for the identified radioisotope. 

formula (2) includes the correction of decrease in the activity 
occurring during the measurement of the gamma-ray spectrum. 

The uncertainties of the net areas did not exceed 1% for most of the 

Fig. 2. The TrueBeam linear accelerator by Varian used for irradiation 
of CIEDs. 

Fig. 3. High-purity germanium detector (HPGe) inside a lead housing (a). 
Location of a CIED (b) and a calibration source (c) on the aluminum shield of 
the HPGe detector during the gamma - ray spectra acquisition and the cali-
bration, respectively. 
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photopeaks used in the calculations of the radioisotope activities. 
Gamma-rays scattered and absorbed in the materials of the CIEDs do not 
contribute to the registered photopeaks and this loss was not taken into 
account in the quantitative analysis because the CIEDs were not 
dismantled. 

Additionally, a dose rate from gamma-rays was measured by a 
radiometer for each CIED immediately after activation by the 20 MV X- 
ray beams. In these measurements the CIED was located on the radi-
ometer window, to estimate the dose rate to tissues adjoining to the 
device surface. 

To ensure statistical sensitivity for the elements, whose content in the 
investigated devices was very small, a large radiation dose related to 
9000 monitor units was emitted. One monitor unit corresponded to the 
dose of 1 cGy delivered to the target volume. The obtained activities of 
radioisotopes in the CIEDs were related to the dose of 1 Gy to increase 
the clinical relevance of results. The details of beam parameters used for 
irradiation of CIEDs are included in Table 1. 

3. Results 

3.1. Qualitative analysis of spectra of gamma-rays emitted by the 
activated CIEDs 

The basic activation of the CIEDs was performed in the therapeutic 
20 MV X-ray beam from the TrueBeam accelerator. The spectra regis-
tered directly after the activation are presented in Figs. 5–7. Due to the 
high energy of used X-rays and the neutron radiation around the treat-
ment units, there is a number of possible reaction channels and, 
consequently, a variety of produced radioisotopes contributing to the 
resulting gamma spectra. 

Fig. 8 shows the spectrum acquired from the same model of St Jude 
CIED as described in Fig. 5, but this time activated in the therapeutic 10 
MV X-ray beam. The maximum energy of the photons was only 

somewhat higher than the energy threshold of the photonuclear re-
actions for most isotopes. 

The detailed analysis of the photopeaks in the measured spectra 
made it possible to identify the induced radioisotopes and the nuclear 
reactions (Fig. 9a and b). 

Altogether, 21 radioisotopes originating from 24 nuclear reactions 
were identified for three considered models of the CIEDs (Table 2). Four 
of them (99mTc, 177mSn, 106mAg, 92mNb) are the metastable isomers. 6 
radioisotopes were created directly by the photonuclear reactions 
induced by the high-energy therapeutic X-ray beams. 5 radioisotopes 
presumably originate from the photonuclear reactions as well as from 
the neutron-induced ones. Other 8 identified radioisotopes are the 
products of the neutron-induced reactions, mainly simple capture re-
actions that are characterized by relatively large cross sections for 
thermal neutrons and particularly by the high resonances in the energy 
range of slowed down neutrons. 3 radioisotopes are the result of 
radioactive decays. We failed to identify the reaction from which the 
radioisotope 48V originates (the number 19 in Fig. 9b). 

The maxima of cross sections for the identified photonuclear re-
actions are included in Table 3, whereas those for the identified simple 
capture reactions for thermal neutrons are presented in Table 4, where 
the highest resonances are also listed. The radioisotopes of 57Ni, 57Co, 
196Au and 197Au were observed for all three models irradiated with 20 
MV X-rays. The radioisotopes of 56Mn, 99Mo and 99mTc appeared only 
for the CIEDs by St Jude. The radioisotopes - 111Ag, 48V, 92mNb were 
observed only for the device by Medtronik. The radioisotopes of copper 
64Cu and 66Cu and scandium 46Sc were identified in the models by 
Biotronik and Medtronik, whereas the radioisotopes of arsenic 74As and 
76As are induced in the models of St Jude and Medtronik. The radio-
isotopes of chromium 51Cr and manganese 54Mn were observed for the 
models of St Jude and Biotronik. 

In the case of the model by St Jude 15 radioisotopes were identified 
after the exposure to 20 MV X-ray radiation, whereas only 5 radioiso-
topes were observed when 10 MV X-rays were used. Eight of them 
originate from the photonuclear reactions. 56Mn results from the simple 
capture reaction (σther ¼ 13.2 b) and is characterized by a short half-life 
(the shortest one is for 66Cu). However, the copper radioisotopes were 
not observed in this CIED model even when irradiated with 20 MV X- 
rays. As shown in the study by Konefał et al. (2016) the neutron fluence 
from 10 MV X-rays is about three orders of magnitude smaller than that 
from 20 MV X-rays beam for the TrueBeam linac, and this effect is 
clearly responsible for the observed difference in the corresponding 
activations. 

Identification of the βþ/β� emitters decaying without the emission of 
gamma-rays is difficult. Their direct identification is hampered because 
of the short ranges of electrons and positrons in solids, usually not 
exceeding a fraction of a millimeter. However, the presence of certain 
gamma emitters in the CIEDs means that some β� and βþ radioisotopes 
emitting no gamma-rays have to be produced in the reactions with more 

Fig. 4. a) The positions of a152Eu source on the top surface of the HPGe detector shield in the efficiency calibration measurements. b) The efficiency curve of one of 
the HPGe detector used in this work. 

Table 1 
Characteristic of the therapeutic beams and the irradiation conditions used for 
irradiation of CIEDs.  

Parameter 10 MV beam (FFF) 20 MV beam (FF) 
aAverage energy [MeV] 2.3 4.5 
aPeak energy [MeV] 0.2 1.9 
aMaximum energy [MeV] 11.0 22.0 
Pulse width [μs] 4 4 

Irradiation time [min] 15 15 
Dose rate [MU/min] 600 600 
Radiation field size 10 cm2 � 10 cm2 10 cm2 � 10 cm2 

bSSD [cm] 100 cm 100 cm  

a Determined using the Monte Carlo simulations (GEANT4 code). 
b Source-Surface Distance – here, a distance between the beam source and the 

CIED surface. 
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abundant isotopes. The production of several radioisotopes of 121Sn, 
123Sn and 62Cu can be confirmed this way (details in Table 5). 

3.2. Results of the quantitative analysis 

The activity of an induced radioisotope depends on the amount of a 
target isotope, a half-life of the induced radioisotope and a cross section 

Fig. 5. a) The spectrum of gamma-rays emitted by the activated St Jude CIED after 20 MV beam irradiation in the full energy range (the vertical axis is logarithmic). 
b) – f) Sub-ranges of the spectrum presented in a) chosen for a detailed presentation. All identified photopeaks are denoted by their energies (in keV) and the numbers 
related to the nuclear reactions (see Fig. 9). 
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Fig. 6. a) The spectrum of gamma-rays emitted by the activated Biotronik CIED after 20 MV beam irradiation in the full energy range and b) – f) its zoomed sub- 
ranges. Otherwise as in Fig. 5. 
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for the nuclear reaction in which the radioisotope is produced. The 
maximum activities of the radioisotopes induced in the CIEDs during 
emission of the 20 MV X-ray therapeutic beam are relatively small, not 
exceeding 1.889 Bq/Gy to the target volume (Table 2) for the identified 
gamma-ray emitters. For all three models the highest measured activ-
ities come from the tin isomer 117mSn. In the case of the St Jude CIED the 

next most abundant radioisotopes are 57Ni and 51Cr, whereas for the 
Biotronik device the next two are 66Cu and 57Ni and for the CIED by 
Medtronik, the copper radioisotopes 64Cu and 66Cu. In spite of the 
largest number of the identified radioisotopes the St Jude CIED has the 
lowest total activity of all three considered models, being 2.182 Bq/Gy 
(the sum of the activities of all induced radioisotopes). The devices by 

Fig. 7. a) The spectrum of gamma-rays emitted by the activated Medtronik CIED after 20 MV beam irradiation in the full energy range and b) – f) its zoomed sub- 
ranges. Otherwise as in Fig. 5. 
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Biotronik and Medtronik have somewhat greater total activities of 3.082 
Bq/Gy and 3.081 Bq/Gy, respectively. The activity of the St Jude model 
was almost three orders of magnitude smaller after activation by 10 MV 
X-rays than after 20 MV X-rays. 

The dose rates from the gamma-rays emitted by the CIEDs activated 

in the 20 MV beam were on the level of several hundred pGy/h imme-
diately after the exposure to radiation. Of course, such dose rate does not 
pose a radiation risk to patients. 

Fig. 8. a) The spectrum of gamma-rays emitted by the activated St Jude CIED model after activation in the therapeutic 10 MV X-ray beam in the full energy range 
and b) – f) its zoomed sub-ranges. The photopeaks which are not labelled originate from natural radioisotopes. Otherwise as in Fig. 5. 
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Fig. 9a. Identified nuclear reactions and radioactive decays (part 1).  
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Fig. 9b. Identified nuclear reactions and radioactive decays (part 2).  
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4. Discussion and conclusions 

The identified nuclear reactions indicate that radiation damages and 
malfunctions may be expected in the CIEDs exposed to high-energy X- 
ray beams generated by medical linacs. The lower energy of the thera-
peutic beams, the lower activation of the CIEDs and the number of nu-
clear reactions in the CIEDs, particularly these induced by neutrons. 
Implant device manufacturers often label their products with warnings 
relating to the risk of radiation exposure of the devices. Previously 
mentioned, Recommendations and Protocol for the Management of the 
CIED Patient Undergoing Radiation Therapy (Indik et al., 2017) and the 
European Heart Rhythm Association survey (Lenarczyk et al., 2017) 
both stress that it is an evaluation of the CIEDs that is absolutely 
necessary before and during the radiation therapy and not their 
removal. However, the device may be temporarily explanted or irradi-
ation may proceed with an appropriate gamma-ray shielding designed to 
reduce the device dose to less than approximately 10 Gy with the device 
operation continuously monitored (Bradley and Normand, 1998). Even 
then, though photons with energies greater than 8–10 MeV potentially 
generate neutrons through photonuclear reactions. In this work the 
consequences of the nuclear reactions occurring in the implanted car-
diac devices were not studied. This problem is beyond the scope of our 
paper but additional effects from nuclear reactions cannot be excluded. 
The probability of reprogramming of the software code or bits is strongly 
connected with a transient charge disruption, thus, with the electric 
charge that can be induced by the particles with a high linear energy 

Table 2 
List of the identified radioisotopes and their activities for the considered models of CIEDs. The activities are related to the moment of the end of irradiation of CIEDs. 
The radioisotopes which can originate from the neutron reaction are denoted in bold.  

St Jude 3213–36 Promote RF after 
irradiation of 20 MV X-rays 

Biotronik Lumax 340 DR after irradiation 
of 20 MV X-rays 

Medtronik Maximo II DR after irradiation 
of 20 MV X-rays 

St Jude 3213–36 Promote RF after 
irradiation of 10 MV X-rays 

Activated isotope Activity [Bq/Gy] Activated isotope Activity [Bq/Gy] Activated isotope Activity [Bq/Gy] Activated isotope Activity [Bq/Gy] 
117mSn 1.048 � 0.004 117mSn 1.147 � 0.004 117mSn 1.840 � 0.006 54Mn 0.004�<0.001 
57Ni 0.374 � 0.002 66Cu 0.830 � 0.003 66Cu 0.542 � 0.003 57Ni 0.002�<0.001 
51Cr 0.296 � 0.002 57Ni 0.369 � 0.002 64Cu 0.247 � 0.002 58Co 0.002�<0.001 
196Au 0.099 � 0.001 51Cr 0.366 � 0.002 111Ag 0.094 � 0.001 56Mn 0.002�<0.001 
99Mo 0.072 � 0.001 64Cu 0.140 � 0.002 57Ni 0.089 � 0.001 57Co - ** 
57Co 0.056�<0.001 196Au 0.116 � 0.002 196Au 0.069�<0.001   
99mTc 0.052�<0.001 54Mn 0.062�<0.001 48V 0.037�<0.001   
106mAg 0.040�<0.001 198Au 0.022�<0.001 92mNb 0.036�<0.001   
74As 0.036�<0.001 57Co 0.019�<0.001 74As 0.032�<0.001   
56Mn 0.032�<0.001 46Sc 0.011�<0.001 106mAg 0.028�<0.001   
76As 0.028�<0.001   46Sc 0.020�<0.001   
198Au 0.027�<0.001   57Co 0.018�<0.001   
56Ni 0.011�<0.001   76As 0.017�<0.001   
58Co 0.009�<0.001   198Au 0.014�<0.001   
54Mn 0.003�<0.001       

*The 122.06 keV photopeak is of much greater intensity than it results from the activity of 57Ni. The cause of this was not identified and therefore the activity of 57Co 
was not determined. 

Table 3 
Maximum cross sections for the identified photonuclear reactions and 
the corresponding energy (Dietrich and Bermab, 1998).  

Photonuclear reaction Maximum cross section 
52Cr (γ,n)51Cr 0.01 b at 20 MeV 
55Mn (γ,n)54Mn 0,07 b at 18 MeV 
58Ni(γ,n)57Ni 0.03 b at 17 MeV 
58Ni(γ,2n)56Ni 0.002 b at 25 MeV 
59Co(γ,n)58Co 0.08 b at 16 MeV 
75As (γ,n)74As 0.09 b at 16 MeV 
93Nb(γ,n)92mNb 0.2 b at 16 MeV 
100Mo (γ,n)99Mo 0.18 b at 15 MeV 
107Ag (γ,n)106mAg 0.2 b at 15 MeV 
197Au (γ,n)196Au 0.58 b at 14 MeV 
118Sn(γ,n)117mSn 0.27 b at 15 MeV  

Table 4 
The simple capture cross sections σther for thermal neutrons, the highest reso-
nances in simple capture cross sections σres together with the corresponding 
energies for the neutron-induced reactions leading to the production of the 
identified radioisotopes with the highest activities. (http://www.nndc.bnl. 
gov/s).  

Reaction σther
a σres 

116Sn(n,γ)117mSn 2.7 b 1651.6 b at 111.2 eV  
121.9 b 147.7 eV  
87.4 b at 632.6 eV  

50Cr (n,γ)51Cr 15.9 b 76 b at 5.462 keV  

63Cu(n,γ)64Cu 4.5 b 691.1 b at 578.9 eV  

65Cu(n,γ)66Cu 2.2 b 442.3 b at 230 eV  

98Mo (n,γ)99Mo 2.6 b 1310 b at 44.9 eV  
546 b at 131.4 eV  
375.1 b at 819 eV  
335.6 b at 430 eV  
217.1 b at 613 eV  
161.6 b at 70.9 eV  
79 b at 5.46 keV   

110Pd (n,γ)111mPd 0.23 b 171.3 b at 263.3 eV  
92.4 b at 899.9 eV  
90.7 b at 1.004 keV  

a The values of σther included in this table are related to the room temperature. 

Table 5 
βþ/β-emitters induced in the CIEDs, decaying without emission of gamma-rays 
(Firestone, 1996).  

Target isotope 
(abundance) 

Nuclear 
reaction 

Daughter 
radioisotope, T1/2 

Type and energy 
of decay 

120Sn (32.59%) 120Sn 
(n,γ)121Sn 

121Sn, 27.06 h β-, 388.1 keV 

122Sn (4.63%) 122Sn (γ, 
n)121Sn    

122Sn (4.63%) 122Sn 
(n,γ)123Sn 

123Sn, 129.2 d β-, 1404 keV 

124Sn (5.79%) 124Sn (γ, 
n)123Sn    

63Cu(69.17%) 63Cu(γ, 
n)62Cu 

62Cu, 9.74 m EC þ βþ, 1404 
keV  
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transfer (LET) in the CIEDs. The gamma-ray radiation emitted in decay 
processes may induce the electric charge during ionization of atoms in 
photoelectric effect and in Compton scattering. The electric charge can 
also be induced by a direct ionization caused by electrons and positrons 
from the decays. As revealed in literature ionization caused by the decay 
products is insufficient to generate single event effects (Bradley and 
Normand, 1998). However, as it was noticed by Leray (2007), in the 
semiconductor part of a device, even the relatively small charges pro-
duced give rise to the overall current, by collection, diffusion, and any 
bipolar effects, such as amplification involving external supply. More-
over, the electric charge induced by gamma-rays, electrons and posi-
trons can be accumulated in the insulating materials in the CIEDs. The 
effects of this charge accumulation are difficult to determine, they have 
not been investigated yet. It is worth noticing that ionization caused by 
the decay products can produce an electric charge in the CIEDs 
continuously, even several weeks after the last irradiation s�eance, 
because of the relatively long half-lives of several radioisotopes induced 
in such processes. Therefore, the cardio-oncologic patients with 
implanted cardiac devices should be monitored also after the radio-
therapy completion. Systematic supervision of patients, especially those 
who have been subject to long-term radiation therapy, and evaluation of 
their CIEDs are necessary, because the probability of a CIED malfunction 
is expected to increase with time of exposition, due to accumulation of 
the radiation damages and of the electric charge induced by the ioni-
zation processes. 

It is worth to notice that modern microelectronic devices and systems 
are now found to be sensitive to neutrons in the 1–10 MeV energy range 
as it was shown by Bisell et al. (Bisello et al., 2012). Thus not only 
neutrons produced directly in CIEDs, but also those originating from the 
collimator systems of medical accelerators are likely to induce SEEs. 

The radioisotopes decaying with no gamma-ray emission are difficult 
to be identified. The βþ/β� emitters can be partially deduced from the 
identified gamma-ray emitters. However, relatively short ranges of 
βþ/β� radiation in solids cause that almost whole energy of electrons 
and positrons is absorbed directly by the CIEDs, thus excluding identi-
fication of radioisotopes decaying with no gamma-ray emission. More-
over, gamma emitters with half-lives of a minute or shorter could not be 
identified because they decayed before the beginning of the spectro-
scopic measurements. 

It should be stressed that avoiding a direct exposure of the CIED to 
the radiation beam does not solve the problem of the nuclear reactions 
and the charge production in the irradiated device, because the neutron 
field is present in the whole treatment room. Simple neutron capture 
reactions are of special importance because they are usually character-
ized by large cross sections. Photonuclear reactions occurring only in the 
treatment beam are less important, because a cautious approach in 
treatment planning and during dose delivery give usually a possibility of 
some control over the CIEDs protection and the possible dose. A partial 
solution is to replace some materials with others. In particular, it should 
be recommended to eliminate the isotopes (116Sn, 51Cr, 64Cu, 66Cu 
55Mn) with the high cross sections for simple capture reactions. We 
would also suggest considering the use of shields, absorbing decelerated 
neutrons, limited to the region around the CIEDs. Such a solution will be 
described in our next paper. 

As the new generation CIEDs have not been verified yet in terms of 
the possible effects of their interaction with ionizing radiation, this study 
provides the first insight into the problem of the radiation safety of the 
construction materials of these devices. The present stage of our work is 
limited to the identification of the induced radioisotopes and the nuclear 
reactions occurring in the CIEDs. Such knowledge should be useful for 
the manufacturers of the medical electronic devices. 
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