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Abstract

The implementation of stereotactic body radiation therapy (SBRT) and stereotactic radiosurgery (SRS) has greatly increased
due to its convenience and advantages from perspectives ranging from radiobiology to radio physics. Because SBRT/SRS
delivers high doses in few fractions, precise dose delivery to target volumes and sufficient sparing of adjacent organs at risk
(OARs) are required. Achieving these conflicting objectives is challenging for all patients receiving SBRT/SRS and may
be particularly challenging when SBRT/SRS is adopted for treating patients with cardiac implantable electronic devices
(CIEDs) because cumulative doses in CIEDs must be limited. Published research considering the different aspects of stereo-
tactic treatment in patients with CIEDs was reviewed to summarise their findings in the following sections: (I) conventional
linear accelerator (linac)-based SBRT and SRS; (I) CyberKnife, Gamma-Knife, VERO and helical tomotherapy SBRT and
SRS; and (IIT) proton therapy. A total of 65 patients who had CIEDs and underwent SRS, SBRT, or SABR treatments were
identified in the reviewed studies. The functionality of the CIEDs was assessed for 58 patients. Of those, CIED malfunctions
(such as data loss, mode change, and inappropriate shock) were reported in four patients (6.89%). This review highlights the
available sparse information in the literature by posing questions for future research.

Keywords Stereotactic body radiotherapy (SBRT) - Stereotactic radiosurgery (SRS) - CyberKnife - Gamma-knife -
Tomotherapy - Pacemaker - Implantable cardioverter defibrillator

Introduction

Stereotactic body radiotherapy (SBRT), which was more
recently defined as stereotactic ablative body radiotherapy
(SABR), is increasingly used in the treatment of differ-
ent malignancies, including both primary and metastatic
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lung, liver, brain, vertebral, kidney and pancreatic tumours
[1]. The increased use of SBRT is due to the possibility
of achieving a highly localised dose distribution facilitated
by the common use of non-coplanar beam deliveries, the
explicit inclusion of motion management and the use of
image guidance [2].

Although a higher dose per fraction can provide high
rates of tumour control, it can increase the risk of long-term
toxicity to normal tissues. Therefore, SBRT requires pre-
cise delivery of the dose to target volumes and sufficient
sparing of adjacent organs at risk (OARSs) [1, 2]. Achieving
these conflicting objectives is challenging when planning
radiotherapy for patients receiving SBRT/SRS and may be
particularly challenging when SBRT/SRS is adopted for
treating patients with cardiac implantable electronic devices
(CIEDs).

The American Association of Physicists in Medi-
cine (AAPM) report (TG34) was the earliest guideline
published for the management of patients with CIEDs
receiving general radiotherapy (RT) in 1994 [3]. Since
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the publication of the AAPM (TG34) report, technolo-
gies pertaining to all elements of the chain of RT have
progressed. These developments, coupled with advance-
ments in CIED technology, have led to a need for more
research on this topic. Many aspects of how radiotherapy
dose affects the CIED have been investigated in the litera-
ture, including how to measure dose to the device [4], the
effect of direct and indirect exposure (reported in in vivo
[5, 6] and in vitro [7-9] studies), and the assessment of
risk [10], mechanism [8], and source [11, 12] of CIED
malfunctions. Treatment planning techniques for CIED
avoidance have also been reported [13]. Consequently,
the number of guidelines [14—17] and review papers [18,
19] has increased. These guidelines and reviews mainly
address the management of patients with CIEDs undergo-
ing conventionally fractionated RT (e.g., 2 Gy/fraction).

Today, as the clinical use of advanced RT technologies
and techniques increases, the need to consider the differ-
ent challenges of these techniques when managing patients
with CIEDs has arisen [14]. SBRT/SRS is a modern tech-
nique with widespread use in clinics. However, compared
to conventional radiation therapy, SBRT/SRS has unique
characteristics that might demand special considerations for
the safety of patients with CIEDs. The following are some
of these characteristics:

(a) High dose per fraction. One of the significant features
that differentiates SBRT/SRS from conventional RT is
the delivery of higher doses per fraction delivered in
1-8 treatments. A higher dose per fraction in SBRT/
SRS might result in a higher dose per fraction for a
CIED.

(b) SBRT/SRS-dedicated Treatment Technologies. As con-
ventional RT, SBRT/SRS can be delivered by conven-
tional linacs. Recently, SBRT/SRS-dedicated treatment
units have become available commercially, such as
CyberKnife, Gamma-Knife and VERO.

(c) Techniques to achieve conformal doses. SBRT/SRS can
be delivered using different methods, such as multiple
static fields or arcs, often employing multi-leaf col-
limator (MLC) fluence modulation and non-coplanar
geometries to achieve dose conformity. Different chal-
lenges may be involved [20] compared to those associ-
ated with conventional radiotherapy.

(d) Out-of-field doses (outside primary beam). Different
delivery devices and beam modifiers used in SBRT/
SRS can lead to different out-of-field doses [21]. Addi-
tionally, more leakage and higher collimator scatter
occur due to higher monitor units (MUs) in modulated
techniques (such as intensity modulated radiotherapy
(IMRT)-SBRT and volumetric modulated arc therapy
(VMAT)-SBRT) and higher monitor units associated
with higher dose per fraction.

@ Springer

(e) Flattening-filter-free (FFF) beam modes. The use of
FFF beams in conventional RT is less common because
FFF beams are advantageous for small fields (e.g.,
SBRT/SRS) and conventional RT of large targets, may
not benefit from FFF beams [22]. Compared with con-
ventional FF photon beams, FFF beams have several
unique features, such as different beam profiles, differ-
ent head scatter properties, and a higher dose rate [22,
23].

(f) Electromagnetic Interference (EMI). In SBRT/SRS,
electromagnetic field fluctuations are specific to
repeated beam hold states (e.g., step-and-shoot IMRT
and gating techniques) or non-conventional linac-based
technologies (e.g., continuous motion of couch and
gantry in tomotherapy with a shorter source-to-axis
distance (SAD =85 cm) instead of the usual 100 cm
in conventional accelerators or the proximity/motion
of CyberKnife linac relative to patients compared to
conventional linac treatments).

(g) Extensive use of image-guided radiotherapy (IGRT).

For SBRT/SRS, the use of IGRT is essential compared with
conventional RT. Accordingly, it is possible that the poten-
tial contribution of the imaging dose from kV [24, 25] and/
or MV X-rays from repeated image guidance procedures to
the CIED cumulative dose is sometimes not negligible.

The purpose of this paper is to review and analyse the
effect of stereotactic treatment (including conventional linac,
CyberKnife, Gamma-Knife, VERO and helical tomother-
apy SBRT and SRS) on CIED. This review also attempts
to demonstrate the sparsely available information scattered
throughout the literature and ends with questions for future
research.

Methods

A literature search was performed using the follow-
ing search engines: PubMed, Science Direct and Google
Scholar. Search keywords included the following terms:
‘Stereotactic & Pacemaker’, ‘Stereotactic & Defibrilla-
tor’, ‘Radiosurgery & Pacemaker’, ‘Radiosurgery & Defi-
brillator’, ‘Tomotherapy & Pacemaker’, “Tomotherapy &
Defibrillator’, ‘CyberKnife & Pacemaker’, ‘CyberKnife
& Defibrillator’, ‘Gamma-Knife & Pacemaker’, ‘Gamma-
Knife & Defibrillator’, ‘Pacemaker & Flattening Filter Free’,
‘Defibrillator & Flattening Filter Free’, ‘Imaging Dose &
Pacemaker’ and ‘Imaging Dose & Defibrillator’. Only cita-
tions written in English after the year 2000 were consid-
ered (with the exception of a Turkish paper with an abstract
written in English; the body of the text was translated by a
native Turkish-speaking consultant). The literature search in
Google Scholar was limited to the title of scholarly works
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but without any filtration in PubMed and Science Direct.
The second step was to examine the citations, regardless of
their type (journal paper, conference paper and/or abstract,
etc.), that met the following objectives:

(a) Scholarly works investigating SBRT/SRS features that
may influence CIED operation/functionality.

(b) Scholarly works providing dosimetric data for patients
with CIEDs undergoing SBRT/SRS.

(c) Instances (or lack thereof) of CIED failures reported
during or after a course of SBRT/SRS.

The final step was to classify these citations into the fol-
lowing sections: (I) conventional linac-based SBRT and
SRS; (II) CyberKnife, Gamma-Knife, VERO and helical
tomotherapy SBRT and SRS; and (III) proton therapy. The
classification was performed based on the aforementioned
objectives as well as the number, type and methodology of
research studies conducted on each radiation modality and
technology. The Mendeley desktop and online versions,
which are free bibliographic software, were used to capture,
catalogue and analyse the results.

Results

A total of 1692 references (PubMed: 41, Science Direct:
658 and Google Scholar: 993) were identified. After delet-
ing duplicates and non-relevant publications, 12 articles
remained. These articles are summarised in Table 1.

It should be noted that scholarly works such as those
addressing accelerated partial breast irradiation (APBI) and
CIED:s or case studies reporting cancer patients with CIEDs
undergoing conventional fractionated helical tomotherapy
were considered non-relevant citations.

Conventional linac-based SBRT and SRS
Patient studies

Prisciandaro et al. [26] performed a retrospective dosimetry
study on patients with CIEDs receiving RT over a 6-year
period. Of the 69 patients treated with different techniques, 6
patients received at least one course of SBRT (8-18 Gy/fx),
and one patient was treated with two intracranial stereotactic
radiosurgery (SRS) plans (single 16 and 21 Gy treatments).
The authors estimated the CIED dose prior to treatment
based on published out-of-field dose data. Dose measure-
ments were made with a thermoluminescence dosimeter
(TLD) during the first treatment if doses to pacemakers
(PMs) and implantable cardioverter defibrillators (ICDs)
exceeded 2 and 1 Gy, respectively, or if the distance between
the radiation field and CIED was less than 10 cm. The

highest and lowest reported CIED doses measured by TLD
for patients treated with SBRT were 0.75 Gy and 0.19 Gy,
respectively. Two failures (ICD partial resets) occurred, and
both were associated with a higher energy (16 MV), but it
is not clear whether these beams were associated with the
SBRT/SRS treatments.

A single-patient case report of a lung cancer patient
whose CIED received a total cumulative dose of 69.6 Gy
over three phases using different RT techniques was reported
by Ahmed et al. [27]. The patient was first treated with three-
dimensional conformal radiotherapy (3DCRT) to 30.6 Gy
[1.8 Gy*17 fractions] (both 6-MV and 15-MYV photons), fol-
lowed by IMRT to 27 Gy [1.8 Gy*15 fractions] (6-MV pho-
tons). Finally, the patient received a boost of 12 Gy [3 Gy*4
fractions] (15-MV photons) delivered via stereotactic body
RT. The maximum and mean doses to the CIED were 52.4
and 29.3 Gy, respectively. However, whether the reported
dose was based on a treatment planning system (TPS) dose
calculation or dosimetry measurement is unclear. No mal-
functions or defects were reported during or after treatment.

In a Japanese prospective study by Soejima et al. [28],
patients with CIEDs from 29 centres were treated using dif-
ferent RT techniques. The patients were monitored before,
during and after RT. In this cohort study of 62 patients,
four lung cancer patients received SBRT, and two patients
received CyberKnife radiosurgery. Maximum doses of
devices determined by a dose-volume histogram (20.96 Gy),
diode and TLD (2.29 Gy) were reported, but they were not
correlated with the type of treatment. No malfunctions were
reported due to SBRT.

Out-of-field dose from the primary treatment beam
and treatment planning system calculations

Although conventional linac-based stereotactic techniques
produce relatively lower out-of-field doses than other ste-
reotactic modalities, such as CyberKnife and Gamma-
Knife [21, 29], these out-of-field doses have the potential
to cause CIED malfunctions [21]. Some TPSs exhibit dose
calculation inaccuracies in the out-of-field region exceeding
50-55% [30, 31], particularly in areas greater than 11.25 cm
from the field edge [30]. This issue must be considered when
assessing the calculated cumulative dose to the CIED in
these regions [21, 30].

Prisciandaro et al. [26] also performed dose calculations
in three TPSs, namely, UMPlan (an in-house TPS), Varian
Eclipse with an anisotropic analytical algorithm (AAA, ver-
sion 11.031) and Varian Eclipse with the Acuros algorithm
(version 11.031). The summary of their results, including
SBRT cases, demonstrated that compared to TLD measure-
ments, the investigated TPSs underestimated the CIED dose
in most cases. In this study, the three TPSs combined dem-
onstrated an average underdosage of 0.69 Gy [0.06-1.61].
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Plan optimisation studies

A conference proceeding paper by Chow and Jiang [32]
described the investigation of a treatment planning strategy
for patients with PMs undergoing lung VMAT-SBRT. The
authors aimed to determine whether the PM dose could be
reduced by considering the PM as an OAR in the VMAT
plan. The prescription was 48 Gy [12 Gy*4 fractions], and
the TPS was Varian Eclipse (version 10) using the progres-
sive resolution optimizer (PRO) and AAA (version 10.0.28).
The DVH of the planning target volume (PTV) and OARs
was compared with and without consideration of the PM
as an OAR in plan optimisation. The PTV coverages and
OAR sparing were satisfied by considering the PM an OAR
in both cases.

after treatment day 13

PM reset for patient 2
occurred

during and after RT
mode for patient 1 on
treatment day 8 and a

Functionality of CIEDs
was assessed, and
a change in the PM

Malfunction and num-
ber of failures due to

SBRT/SRS

negligible
The measured neutron
96.4 mSv

dose=154.6 mSv

D, . Na

The measured neutron
dose

CIED dose
Dmax

Tomotherapy, CyberKnife, VERO, and Gamma-Knife

edge field was

relative to treatment
edge field was
24 cm

Outside
30 cm

Position of device
fields

Distance from the
Distance from the

Outside

Patient studies

A patient with a complicated case of RT with a PM, ICD as
well as cardiopulmonary support (CPS) device who under-
went a combination of SBRT using helical tomotherapy
along with conventional RT was reported by Scobioala
et al. [33]. Based on the treatment plans, the PM was not
included in the PTV in conformal therapy, but the ICD was
partially located in the SBRT treatment field. Conformal
RT (with a prescription dose of 25.2 Gy [1.8 Gy*14 frac-
tions] using two fields prescribed to the 95% isodose with
6-/15-MV photon beams) and SBRT (with a prescription
dose of 35 Gy [7 Gy*5 fractions] with 6-MV photon beams
prescribed to the 65% isodose) were applied. The dose for all
implanted devices was determined using phantom measure-
ments prior to treatment and during the first three fractions
of RT using TLDs. However, the authors reported only the
measured max ICD dose (15.85 Gy). The TPS calculated
max and mean ICD doses were 15.58 and 5.55 Gy, and
the maximum and mean PM doses were 2.74 and 1.13 Gy,
respectively. Although high radiation exposure was used and
the active part of the ICD was in the SBRT field, no PM and
ICD malfunctions were reported during RT or 12 months
post-treatment.

CIED dysfunction during CyberKnife treatment was
investigated by Bianchi et al. [34]. Of the two patients inves-
tigated in this study, one lung cancer patient who received
60 Gy [20 Gy*3 fractions] prescribed to an 82% isodose
experienced an ICD malfunction. During the first fraction,
the directly irradiated defibrillator was triggered, and a spe-
cialist was asked to disable the defibrillator in the first frac-
tion and during other sessions accordingly. No other mal-
functions occurred during the remaining two fractions or
11 months after irradiation.

PM or ICD and

model

PM

Medtronic

PM

IDENTITY® ADx;
St. Jude Medical

Lung
Pancreas

fractions]

fractions]

Total prescription dose Location
50 GyE [2 GyE*25

(Gy)
66 GyE [11 GyE*6

2

Number of patients

and delivery tech-

nique

N

Proton Therapy

PM Pacemaker, /CD Implantable cardioverter defibrillator, AICD Automated implantable cardioverter defibrillator, CPS Cardiopulmonary support device, CIED Cardiac implantable electronic

device, SBRT Stereotactic body radiotherapy, SRS Stereotactic radiosurgery, n/a not available

Table 1 (continued)
Ueyama et al. [40] /

Author (Ref)/year
2016

@ Springer
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Additionally, patients with CIEDs were treated with
CyberKnife radiosurgery in a prospective study by Soejima
et al. [28], and the authors did not report any CIED malfunc-
tions due to the CyberKnife treatment.

A large retrospective study of patients with CIEDs by
Grant et al. [35] was the only study that considered Gamma-
Knife treatment in patients with CIEDs. In their large cohort
of 247 patients, ten patients with CIEDs were treated with a
Gamma-Knife. No PM/defibrillator device malfunction was
detected during the Gamma-Knife treatment. The range of
the median incident doses on CIEDs for the non-neutron
producing RT group (electron, Gamma-Knife and 6-MV
photons) was generally reported. However, the authors did
not specify the correlated CIED doses due to the Gamma-
Knife treatment.

A recently published retrospective cohort study was con-
ducted by Riva et al. [36] over a 6-year period from January
2010 to December 2016. This study was also the largest,
with 35 out of 63 patients with CIEDs treated with SBRT.
Radiation delivery of SBRT was performed using either a
VERO system or a CyberKnife. No SBRT-related malfunc-
tions were observed in the patient cohort, even though 26
(out of 35) patients received head and neck and chest SBRT
treatments.

Blamek et al. [37] published a “mini-review” on stereo-
tactic body radiosurgery and tomotherapy in patients with
CIEDs. This paper first summarised the impact of certain
general related factors in RT on patients with CIEDs, such
as the effect of direct irradiation and scattered radiation. The
authors identified potential factors that can influence the
operation of the CIED during RT. For instance, the possible
perturbation of CIEDs due to irradiation of either pacing
or defibrillator leads when they are included in the beam
and the possibility of receiving external electromagnetic
impulses when electromagnetic field sources are close to
patients (e.g., CyberKnife). Additionally, scholarly works
indirectly and directly related to radiosurgery in patients
with CIEDs were reviewed. In particular, a Turkish study
by Cakmak et al. [38] reported oversensing due to EMI and
several inappropriate ICD shocks during CyberKnife use on
a lung metastasis patient.

Proton therapy
Patient studies

In a study on proton SBRT in lung cancer patients by
Westover et al. [39], 1 patient among 15 who were treated
with proton SBRT had a PM at the same level as the lung
lesion. No detailed information was provided regarding this
case, but the authors noted that they used two proton fields
arranged such that they avoided the PM.

In another study by Ueyama et al., two cases of PM
malfunction associated with proton beam therapy were
reported [40]. The first patient received 66 Gray equiva-
lent (GyE) [6.6 Gy*10 fractions] at three different angles
in 210-MeV proton beams. The second patient was treated
with standard fractionation and received 50 GyE [2 Gy*25
fractions] from two different angles. The proton beam
energies were 210 and 150 MeV. Although the authors did
not find any PM malfunctions during a phantom simulation
measurement with the same PM model before treatment
for the first patient, a PM malfunction occurred during
treatment day 8. For the second patient, a PM malfunction
occurred in the simulation, and accordingly, a PM reset
was revealed after treatment day 13.

Discussion
Assay of search results

As patient age and comorbidities increase, the number
of studies focusing on the management of patients with
CIEDs undergoing RT with conventional RT has also
increased. However, the number of publications that spe-
cifically address the issue of SBRT/SRS and CIEDs is not
high. This paper highlights the case studies, treatment
techniques, and CIED dose mitigation strategies for SBRT/
SRS patients who have CIEDs.

Since 2000, only 12 related scholarly works related to
patients with CIEDs undergoing SBRT/SRS have been
reported; these citations include only three case studies,
two abstracts and one conference paper directly focused
on this topic. The remaining articles are general studies
addressing different numbers of patients with CIEDs who
received stereotactic RT in their total datasets without
reporting detailed information regarding these patients.

Available data regarding SBRT and SRS in patients
with CIED are limited with respect to delivery systems
and techniques, as well as patient datasets. According
to our review, only one study reported on the use of a
Gamma-Knife to treat patients with CIEDs (ten out of
215 patients with CIEDs), with no additional details about
these patients [35]. Additionally, only one case study
reported the use of tomotherapy SBRT [33], and four stud-
ies reported the use of a CyberKnife to treat patients with
CIEDs [28, 34, 36, 38]. Similarly, clinical data regard-
ing conventional linac-based SBRT and SRS are scarce
[26-28]. The only study found for this review regarding
SBRT treatment plans and/or plan optimisation for patients
with CIEDs was a conference proceeding paper [32].
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Other considerations, questions and further
research

High dose-per-fraction and SBRT/SRS-dedicated treatment
technologies

Although several in vitro studies of CIED irradiation using
conventional linacs have been conducted, no specific in vitro
or in vivo data on irradiation of different ICDs and PMs and
dose fractionations using CyberKnife and Gamma-Knife
units are available. In two in vitro studies performed by
Mouton et al. [10] and Hurkmans et al. [41], CIEDs were
exposed to high dose fractions. However, CIED irradiation
was conducted with incremental dose deliveries (from 0.05
and 0.5 Gy up to 20 Gy). Although no adverse effects were
expected as a result of the increased doses per fraction in
SBRT/SRS treatments, more clinical/epidemiological and
in vitro studies are required to investigate the risks associ-
ated with different stereotactic systems and techniques in
larger study populations and to provide more reliable data.

Techniques to achieve conformal doses

Berlach et al. [20] described an issue they faced during a
non-isocentric robotic SBRT using a CyberKnife. This con-
cern is particular to SABR planning/treatments due to the
overlapping entrance of non-coplanar beam paths. This issue
can cause “fingers of death”, which is a streak of unexpect-
edly high doses in unexpected places. The dose delivered to
the entire patient volume should be calculated to ensure that
no unexpected regions of high doses are encountered, par-
ticularly if the high dose overlaps with a CIED. This finding
highlights the challenges related to delivery techniques for
SBRT when managing patients with CIEDs that may exist
and must be addressed.

Flattening-filter-free beam modes

Flattening filter-free SBRT has become established in many
cancer centres. Because of several unique features of FFF
beams compared with flattened beams, including a lower
out-of-field dose, sharper penumbra, less head scatter, and
especially higher dose rates [22, 23], the effects of these
distinct and possibly advantageous characteristics should be
considered for patients with CIEDs.

According to Hurkmans et al. [14], a high dose rate may
cause possible abnormal functionalities in some parts of
CIEDs. The authors concluded that for conventional FF
beams, the dose rate effect (e.g., ranging from 1 Gy/min to
6 Gy/min at depth of maximum dose at reference distance)
on CIEDs is not significant because the dose rate at the CIED
location is lower than the recommended maximum accept-
able value (0.2 Gy/min) [10]. Hurkmans and colleagues
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further added that for FFF beams, the dose rate would be
lower than 1 Gy/min, provided that the CIED is located out-
side of the treatment field. Thus, dose rate effects might not
be frequent. In modern linear accelerators, the dose rate for
flattening filter-free SBRT can reach up to 24 Gy/min. For
this dose rate, the question arises as to whether the effects
of such high dose rates on CIEDs are still rare.

Gauter-Fleckenstein et al. [42] investigated the effect of
pelvic and thoracic FFF-VMAT on 76 ICDs. Irradiation
[10 Gy*3 fractions] in five sets with a cumulative dose of
up to 150 Gy in the isocentre was performed with 6-, 10- and
18-MV beams and a dose rate of up to 2500 cGy/min. The
authors observed different unpredictable incidents, including
inadequate defibrillation, reset and data loss at 10 MV and
15 MV. However, the authors found no incidents with 6-MV
FFF-VMAT even at dose rates of 2500 cGy/min, provided
that the ICD was not positioned in the direct radiation beam.

Rodriguez et al. [43] found that a transient effect on CIED
can occur due to radiation-induced photocurrents generated
by a high dose rate. This effect can become appreciable with
a pulse dose rate greater than 10* Gy/s. In that case, the
effect of the pulse dose rate might be much more significant
[43]. Although the usual range of the pulse dose rate used is
much less than this value [14], questions regarding whether
one needs to consider dose/min, dose/s, and dose/pulse and
their effect on CIEDs may arise.

Regarding out-of-field doses for FFF photon beams, Cov-
ington et al. [44] developed a comprehensive out-of-field
dose dataset for various field sizes and distances from the
field edge for 6 FFF and 10 FFF beams. In this study, the
clinical implementation of this dataset was demonstrated by
taking a patient with CIED treated with a 6 FFF beam as an
example. However, the out-of-field dose values estimated
using this dataset are mainly applicable to static field sizes,
and applying this model to the use of modulated fields could
result in greater uncertainty.

Electromagnetic interference (EMI)

Magnetic resonance imaging (MRI) is considered the non-
invasive modality of choice for characterising soft tissue
tumours [45] and accurate delineation of target volumes
and organs at risk during radiotherapy treatment planning
procedures [46]. However, EMI might result in CIED system
malfunction [47]. As such, the evaluation of EMI and strate-
gies for minimising the associated risks are highly recom-
mended for cancer patients with CIEDs.

The role of MRI in the SBRT technique for lung cancer
has recently gained increasing attention [48]. However, for
cancer patients with CIEDs, the EMI due to the application
of each or combination of the therapeutic and diagnostic
interventions may pose more challenges [49-51]. The recent
advancements in the technology of MR-conditional CIEDs
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mitigate the hazards associated with EMI and minimise the
risk of device malfunction, as well as the clinically signifi-
cant adverse events to some extent. These advancements
mainly include magnetic protection by reduction of the fer-
romagnetic components, utilising optimal device shielding,
modification of device electronic circuitry (particularly the
filters and sensors), and design modifications of the coil and
electrodes on the bipolar leads [52, 53]. In particular, over
the course of cancer treatment for patients with CIEDs, more
frequent exposures of the CIED to EMI could increase the
probability of a device malfunction. The identified common
hazards from external electromagnetic sources in radiation
therapy and diagnostic modalities include but are not limited
to pacing inhibition and permanent damage to the electronic
circuitry of the device [54]. To mitigate the risk of EMI
affecting CIED functionality, device program-change proto-
cols have been employed to minimise inappropriate activa-
tion or inhibition of brady-/tachyarrhythmia therapies [55].

Integrated MRI-linacs provide high precision and accu-
rate dose delivery, and the use of this system is increasing
[48]. Considering the significant advantages of this system,
there is a growing interest in clinically implementing lung
SBRT [48, 56]. Due to concerns of the interaction between
MRI fields and CIEDs, patients with these devices may be
restricted from taking advantage of this technology [57].

Although there are no reported instances of clinically
significant adverse events as a result of EMI induced by the
conventional linac system from previous studies [55], some
evidence of transient complications such as pacing inhibi-
tion and inappropriate detection of ventricular arrhythmia
during the treatment has been reported [35, 55]. Therefore,
the restrictions on the electromagnetic exposure of cancer
patients with CIEDs might be justifiable.

In stereotactic treatment, the electromagnetic field fluc-
tuations are specific to repeated beam hold states (e.g., step-
and-shoot IMRT and gating techniques) or non-conventional
linac-based technologies (e.g., continuous motion of couch
and gantry in tomotherapy with a shorter source-to-axis dis-
tance [SAD =85 cm] instead of the usual 100 cm in conven-
tional accelerators or the proximity/motion of CyberKnife
linac relative to patients compared to that of conventional
linac treatments).

The recent advancements in CIED technology and the
introduction of clinical safety protocols during RT (such as
accessing special programming modes via the CIED clinic
or with the application of a vendor-supplied external static
magnet) can potentially minimise the risk of an EMI-related
malfunctions [47, 55].

Extensive use of image-guided radiotherapy (IGRT)

Another specific feature of stereotactic RT is the extensive
use of IGRT. In previous studies [24, 25] on the imaging

dose from Elekta XVI and Varian OBI kV-CBCT Systems
to CIEDs, the maximum overall imaging dose delivered
from a 30 fraction, daily, 4D kV-CBCT lung protocol
could reach as high as 50 cGy. Wronski et al. [58] reported
that the imaging dose for each fraction ranged from 2.2 to
4.3 cGy for PM and from 0.8 to 1.9 cGy for ICD. Ming
et al. [59] reported Monte Carlo (EGS4)-simulated CIED
doses of 1.5 cGy (low-dose thorax) and 0.9 cGy (high-
quality HN) per fraction. In the case of CyberKnife imag-
ing dose, Maffei et al. [60] evaluated the potential con-
tribution of the corresponding imaging dose to the CIED
cumulative dose. The therapeutic dose to the CIED was
1.4 Gy, and the imaging dose was 0.4 Gy. In some cases,
this additional imaging dose to CIEDs is not negligible.
Hence, the following questions must be addressed. How
could this additional imaging dose be managed? What
about the portal imaging dose from MV X-rays to CIEDs?

Conclusion

We identified a total of 65 patients who had CIEDs
and underwent SRS, SBRT, or SABR treatments in the
reviewed studies. The functionality of the CIEDs was
assessed for 58 patients. CIED malfunctions (such as data
loss, mode change, and inappropriate shock) were reported
in 4 of those patients (6.89%). The result demonstrates the
potential risk of CIED malfunctions during stereotactic
RT treatment.

With the ever-increasing use of advanced RT technolo-
gies and techniques, the different characteristics of such
techniques should be considered when managing patients
with CIEDs. More studies are needed to enrich existing data
and address the challenges of stereotactic treatment in rela-
tion to patients with CIEDs, such as managing additional
imaging doses, potential EMI, overlapping non-conformal
beams, and the possible effect of the dose rate in SBRT-FFF.

Acknowledgment We would like to extend our gratitude to the direc-
tor, coordinator, and board members in the Department of Medical
Physics at the International Centre for Theoretical Physics (ICTP) for
providing access to ICTP resources and databases. Sincere thanks to
Dr. Recep Kandemir, medical physicist at Dokuz Eylul University,
for his outstanding work in translation of reference#38. Also, special
thanks go to the editor, and anonymous reviewers for their constructive
comments and suggestions. The first author would like to acknowledge
the financial support from University of Trieste and European Fund
(FSE-S3/2, Project Code: FP1683026001) to perform this study.

Compliance with ethical standards

Conflict of interest All the authors declare no conflict of interest.

Informed consent Not applicable.

@ Springer



424

Australasian Physical & Engineering Sciences in Medicine (2019) 42:415-425

Research involving human participants and/or animals This article
does not contain any studies with human participants or animals per-
formed by any of the authors.

References

1. Brown JM, Brenner DJ, Carlson DJ (2013) Dose escalation, not
“New Biology”, can account for the efficacy of stereotactic body
radiation therapy with non-small cell lung cancer. Int J Radiat
Oncol 85:1159-1160. https://doi.org/10.1016/j.ijrobp.2012.11.003

2. Taylor ML, Kron T, Franich RD (2011) A contemporary review
of stereotactic radiotherapy: inherent dosimetric complexities and
the potential for detriment. Acta Oncol (Madr) 50:483-508. https
://doi.org/10.3109/0284186X.2010.551665

3. Marbach JR, Sontag MR, Van Dyk J, Wolbarst AB (1994) Man-
agement of radiation oncology patients with implanted cardiac
pacemakers: report of AAPM Task Group No. 34. Med Phys
21:85-90. https://doi.org/10.1118/1.597259

4. Studenski MT, Xiao Y, Harrison AS (2012) Measuring pacemaker
dose: a clinical perspective. Med Dosim 37:170-174. https://doi.
org/10.1016/j.meddos.2011.06.007

5. Ferrara T, Baiotto B, Malinverni G et al (2010) Irradiation of
pacemakers and cardio-defibrillators in patients submitted to
radiotherapy: a clinical experience. Tumori J 96:76-83. https://
doi.org/10.1177/030089161009600113

6. Gelblum DY, Amols H (2009) Implanted cardiac defibrillator
care in radiation oncology patient population. Int J Radiat Oncol
73:1525-1531. https://doi.org/10.1016/j.ijrobp.2008.06.1903

7. Zaremba T, Jakobsen AR, Thogersen AM et al (2014) The effect
of radiotherapy beam energy on modern cardiac devices: an
in vitro study. Europace 16:612-616. https://doi.org/10.1093/
europace/eut249

8. Zecchin M, Morea G, Severgnini M et al (2016) Malfunction of
cardiac devices after radiotherapy without direct exposure to ion-
izing radiation: mechanisms and experimental data. Europace
18:288-293. https://doi.org/10.1093/europace/euv250

9. Hashimoto T, Isobe T, Hashii H et al (2012) Influence of second-
ary neutrons induced by proton radiotherapy for cancer patients
with implantable cardioverter defibrillators. Radiat Oncol 7:10.
https://doi.org/10.1186/1748-717X-7-10

10. Mouton J, Haug R, Bridier A et al (2002) Influence of high-energy
photon beam irradiation on pacemaker operation. Phys Med Biol
47:2879-2893

11. Elders J, Kunze-Busch M, Jan Smeenk R, Smeets JLRM (2013)
High incidence of implantable cardioverter defibrillator malfunc-
tions during radiation therapy: neutrons as a probable cause of soft
errors. EP Eur 15:60-65. https://doi.org/10.1093/europace/eus19
7

12. Zaremba T, Jakobsen AR, Sggaard M et al (2015) Risk of device
malfunction in cancer patients with implantable cardiac device
undergoing radiotherapy: a population-based cohort study. Pac-
ing Clin Electrophysiol 38:343-356. https://doi.org/10.1111/
pace.12572

13. Riley B, Garcia J, Guerrero T (2004) The utilization of a 3-dimen-
sional noncoplanar treatment plan to avoid pacemaker compli-
cations. Med Dosim 29:92-96. https://doi.org/10.1016/j.meddo
5.2004.03.013

14. Hurkmans CW, Knegjens JL, Oei BS et al (2012) Management of
radiation oncology patients with a pacemaker or ICD: a new com-
prehensive practical guideline in The Netherlands. Radiat Oncol
7:198. https://doi.org/10.1186/1748-717X-7-198

15. Gauter-Fleckenstein B, Israel CW, Dorenkamp M et al (2015)
DEGRO/DGK guideline for radiotherapy in patients with

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

cardiac implantable electronic devices. Strahlenther und Onkol
191:393-404. https://doi.org/10.1007/s00066-015-0817-3
Salerno F, Gomellini S, Caruso C et al (2016) Management
of radiation therapy patients with cardiac defibrillator or pace-
maker. Radiol Med 121:515-520. https://doi.org/10.1007/s1154
7-015-0616-z

Zecchin M, Severgnini M, Fiorentino A et al (2018) Manage-
ment of patients with cardiac implantable electronic devices
(CIED) undergoing radiotherapy. Int J Cardiol 255:175-183.
https://doi.org/10.1016/j.ijcard.2017.12.061

Zaremba T, Jakobsen AR, Sggaard M et al (2016) Radiotherapy
in patients with pacemakers and implantable cardioverter defi-
brillators: a literature review. Europace 18:479-491. https://doi.
org/10.1093/europace/euv135s

Hudson F, Coulshed D, D’Souza E, Baker C (2010) Effect of
radiation therapy on the latest generation of pacemakers and
implantable cardioverter defibrillators: a systematic review. J
Med Imaging Radiat Oncol 54:53-61. https://doi.org/10.111
1/j.1754-9485.2010.02138.x

Berlach DM, Beliveau-Nadeau D, Roberge D (2011) Robotic
radiosurgery and the “fingers of death”. Cureus. https://doi.
org/10.7759/cureus.33

Kry SF, Bednarz B, Howell RM et al (2017) AAPM TG 158:
measurement and calculation of doses outside the treated vol-
ume from external-beam radiation therapy. Med Phys 44:¢391-
e429. https://doi.org/10.1002/mp.12462

Xiao Y, Kry SF, Popple R et al (2015) Flattening filter-free
accelerators: a report from the AAPM Therapy Emerging
Technology Assessment Work Group. J Appl Clin Med Phys
16:12-29. https://doi.org/10.1120/jacmp.v16i3.5219

Rieber J, Tonndorf-Martini E, Schramm O et al (2016) Estab-
lishing stereotactic body radiotherapy with flattening filter free
techniques in the treatment of pulmonary lesions—initial expe-
riences from a single institution. Radiat Oncol 11:80. https://
doi.org/10.1186/s13014-016-0648-0

Aslian H, Severgnini M, Bregant P, Longo F (2018) Imaging
dose to cardiovascular implantable electronic devices (CIEDs)
from the Elekta synergy X-ray cone beam CT system: a dosimet-
ric study using gafchromic film XR-QA2. Australas Phys Eng
Sci Med 41:268. https://doi.org/10.1007/s13246-017-0614-7
Aslian H, Delana A, Kaiser SR et al (2018) A multicenter
dosimetry study to evaluate the imaging dose from Elekta XVI
and Varian OBI kV-CBCT systems to cardiovascular implant-
able electronic devices (CIEDs). Phys Medica 55:40-46. https
://doi.org/10.1016/J.EIMP.2018.10.013

Prisciandaro JI, Makkar A, Fox CJ et al (2015) Dosimetric
review of cardiac implantable electronic device patients receiv-
ing radiotherapy. J Appl Clin Med Phys 16:254-263. https://doi.
org/10.1120/jacmp.v16i1.5189

Ahmed I, Zou W, Jabbour SK (2014) High dose radiotherapy to
automated implantable cardioverter-defibrillator: a case report
and review of the literature. Case Rep Oncol Med 2014:989857.
https://doi.org/10.1155/2014/989857

Soejima T, Yoden E, Nishimura Y et al (2011) Radiation ther-
apy in patients with implanted cardiac pacemakers and implant-
able cardioverter defibrillators: a prospective survey in Japan. J
Radiat Res 52:516-521. https://doi.org/10.1269/jrr.10143
Petti PL, Chuang CF, Smith V, Larson DA (2006) Peripheral
doses in CyberKnife radiosurgery. Med Phys 33:1770-1779.
https://doi.org/10.1118/1.2198173

Howell RM, Scarboro SB, Kry SF, Yaldo DZ (2010) Accuracy
of out-of-field dose calculations by a commercial treatment
planning system. Phys Med Biol 55:6999-7008. https://doi.
org/10.1088/0031-9155/55/23/S03


https://doi.org/10.1016/j.ijrobp.2012.11.003
https://doi.org/10.3109/0284186X.2010.551665
https://doi.org/10.3109/0284186X.2010.551665
https://doi.org/10.1118/1.597259
https://doi.org/10.1016/j.meddos.2011.06.007
https://doi.org/10.1016/j.meddos.2011.06.007
https://doi.org/10.1177/030089161009600113
https://doi.org/10.1177/030089161009600113
https://doi.org/10.1016/j.ijrobp.2008.06.1903
https://doi.org/10.1093/europace/eut249
https://doi.org/10.1093/europace/eut249
https://doi.org/10.1093/europace/euv250
https://doi.org/10.1186/1748-717X-7-10
https://doi.org/10.1093/europace/eus197
https://doi.org/10.1093/europace/eus197
https://doi.org/10.1111/pace.12572
https://doi.org/10.1111/pace.12572
https://doi.org/10.1016/j.meddos.2004.03.013
https://doi.org/10.1016/j.meddos.2004.03.013
https://doi.org/10.1186/1748-717X-7-198
https://doi.org/10.1007/s00066-015-0817-3
https://doi.org/10.1007/s11547-015-0616-z
https://doi.org/10.1007/s11547-015-0616-z
https://doi.org/10.1016/j.ijcard.2017.12.061
https://doi.org/10.1093/europace/euv135
https://doi.org/10.1093/europace/euv135
https://doi.org/10.1111/j.1754-9485.2010.02138.x
https://doi.org/10.1111/j.1754-9485.2010.02138.x
https://doi.org/10.7759/cureus.33
https://doi.org/10.7759/cureus.33
https://doi.org/10.1002/mp.12462
https://doi.org/10.1120/jacmp.v16i3.5219
https://doi.org/10.1186/s13014-016-0648-0
https://doi.org/10.1186/s13014-016-0648-0
https://doi.org/10.1007/s13246-017-0614-7
https://doi.org/10.1016/J.EJMP.2018.10.013
https://doi.org/10.1016/J.EJMP.2018.10.013
https://doi.org/10.1120/jacmp.v16i1.5189
https://doi.org/10.1120/jacmp.v16i1.5189
https://doi.org/10.1155/2014/989857
https://doi.org/10.1269/jrr.10143
https://doi.org/10.1118/1.2198173
https://doi.org/10.1088/0031-9155/55/23/S03
https://doi.org/10.1088/0031-9155/55/23/S03

Australasian Physical & Engineering Sciences in Medicine (2019) 42:415-425

425

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Taylor ML, Kron T (2011) Consideration of the radiation dose
delivered away from the treatment field to patients in radiotherapy.
J Med Phys 36:59-71. https://doi.org/10.4103/0971-6203.79686
Chow JCL, Jiang R (2015) Dosimetry of pacemaker in
VMAT for Lung SBRT. IFMBE Proc 51:483-486. https://doi.
org/10.1007/978-3-319-19387-8

Scobioala S, Ernst I, Moustakis C et al (2015) A case of radiother-
apy for an advanced bronchial carcinoma patient with implanted
cardiac rhythm machines as well as heart assist device. Radiat
Oncol 10:78. https://doi.org/10.1186/s13014-015-0378-8
Bianchi LC, Possanzini M, Brait L et al (2008) CyberKnife ste-
reotactic radiotherapy in the treatment of patients with cardiac
pacemaker/defibrillator. This is a conference proceeding from
a vendor user meeting 2008 7th Annual CK User Meeting, Jan
23-27, Scottsdale, Arizona—the abstract can be found on the
RSS website. http://therss.org/document/docdownload.aspx ?docid
=379

Grant JD, Jensen GL, Tang C et al (2015) Radiotherapy-induced
malfunction in contemporary cardiovascular implantable elec-
tronic devices. JAMA Oncol 1:624. https://doi.org/10.1001/jamao
ncol.2015.1787

Riva G, Alessandro O, Spoto R et al (2018) Radiotherapy in
patients with cardiac implantable electronic devices: clinical and
dosimetric aspects. Med Oncol 35:73. https://doi.org/10.1007/
$12032-018-1126-3

Blamek S, Gabry$ D, Kulik R, Miszczyk L (2014) Stereotac-
tic body radiosurgery, robotic radiosurgery and tomotherapy in
patients with pacemakers and implantable cardioverters-defibril-
lators: mini-review. Exp Clin Cardiol 20:757-763

Cakmak N, Yilmaz H, Sayar N, Erer B (2012) CyberKnife can
cause inappropriate shock. Turk KardiyolDern Arsivi-Arch
Turkish Soc Cardiol 40:714-718. https://doi.org/10.5543/
tkda.2012.77642

Westover KD, Seco J, Adams JA et al (2012) Proton SBRT for
medically inoperable stage I NSCLC. J Thorac Oncol 7:1021—
1025. https://doi.org/10.1097/JTO.0b013e31824de0bf

Ueyama T, Arimura T, Ogino T, et al (2016) Pacemaker malfunc-
tion associated with proton beam therapy: a report of two cases
and review of literature-does field-to-generator distance matter?
Oxford Med Case Reports 2016:0mw049. https://doi.org/10.1093/
omcr/omw049

Hurkmans CW, Scheepers E, Springorum BGF, Uiterwaal H
(2005) Influence of radiotherapy on the latest generation of pace-
makers. Radiother Oncol 76:93-98. https://doi.org/10.1016/J.
RADONC.2005.06.011

Gauter-Fleckenstein B, Tiiliimen E, Jahnke L et al (2017) Inves-
tigation of mechanisms of radiation-induced CIED failures with
flattening filter-free-VMAT. Int J Radiat Oncol 99:E661. https://
doi.org/10.1016/j.ijrobp.2017.06.2196

Rodriguez F, Filimonov A, Henning A et al (1991) Radiation-
induced effects in multiprogrammable pacemakers and implant-
able defibrillators. Pacing Clin Electrophysiol 14:2143-2153
Covington EL, Ritter TA, Moran JM et al (2016) Technical report:
evaluation of peripheral dose for flattening filter free photon
beams. Med Phys 43:4789-4796. https://doi.org/10.1118/1.49589
63

Metcalfe P, Liney GP, Holloway L et al (2013) The potential for
an enhanced role for MRI in radiation-therapy treatment planning.
Technol Cancer Res Treat 12:429-446. https://doi.org/10.7785/
tert.2012.500342

Aslian H, Sadeghi M, Mahdavi SR et al (2013) Magnetic reso-
nance imaging-based target volume delineation in radiation
therapy treatment planning for brain tumors using localized

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

region-based active contour. Int J Radiat Oncol 87:195-201. https
://doi.org/10.1016/].ijrobp.2013.04.049

Crossley GH, Poole JE, Rozner MA et al (2011) The Heart
Rhythm Society (HRS)/American Society of Anesthesiologists
(ASA) expert consensus statement on the perioperative man-
agement of patients with implantable defibrillators, pacemak-
ers and arrhythmia monitors: facilities and patient management.
Hear Rhythm 8:1114-1154. https://doi.org/10.1016/j.hrthm
.2010.12.023

Menten MJ, Wetscherek A, Fast MF (2017) MRI-guided lung
SBRT: present and future developments. Phys Med 44:139-149.
https://doi.org/10.1016/j.ejmp.2017.02.003

Chow GV, Nazarian S (2014) MRI for patients with cardiac
implantable electrical devices. Cardiol Clin 32:299-304. https://
doi.org/10.1016/j.cc1.2013.12.002

van der Graaf AWM, Bhagirath P, Gotte MJW (2014) MRI
and cardiac implantable electronic devices; current status and
required safety conditions. Neth Heart J 22:269-276. https://doi.
org/10.1007/s12471-014-0544-x

Erdogan O (2002) Electromagnetic interference on pacemakers.
Indian Pacing Electrophysiol J 2:74-78

Ferreira AM, Costa F, Tralhdo A et al (2014) MRI-conditional
pacemakers: current perspectives. Med Devices (Auckl) 7:115-
124. https://doi.org/10.2147/MDER.S44063

Poh PG, Liew C, Yeo C et al (2017) Cardiovascular implantable
electronic devices: a review of the dangers and difficulties in MR
scanning and attempts to improve safety. Insights Imaging 8:405—
418. https://doi.org/10.1007/s13244-017-0556-3

Beinart R, Nazarian S (2013) Effects of external electrical and
magnetic fields on pacemakers and defibrillators: from engineer-
ing principles to clinical practice. Circulation 128:2799-2809.
https://doi.org/10.1161/CIRCULATIONAHA.113.005697

Indik JH, Gimbel JR, Abe H et al (2017) 2017 HRS expert con-
sensus statement on magnetic resonance imaging and radiation
exposure in patients with cardiovascular implantable electronic
devices. Hear Rhythm 14:e97-e153. https://doi.org/10.1016/j.
hrthm.2017.04.025

Menten MJ, Fast MF, Nill S et al (2016) Lung stereotactic body
radiotherapy with an MR-linac—quantifying the impact of the
magnetic field and real-time tumor tracking. Radiother Oncol
119:461-466. https://doi.org/10.1016/j.radonc.2016.04.019
Bostel T, Nicolay NH, Grossmann JG et al (2014) MR-guidance—
a clinical study to evaluate a shuttle- based MR-linac connection
to provide MR-guided radiotherapy. Radiat Oncol 9:12. https://
doi.org/10.1186/1748-717X-9-12

Wronski M, Pang G (2011) TH-A-214-11: dose to implantable
cardiac devices from cone beam CT. Med Phys 38:3844-3845.
https://doi.org/10.1118/1.3613476

Ming X, Feng Y, Chen Z et al (2013) Monte Carlo estimation of
dose to the cardiac implantable electronic devices from a kVCBCT
system used in image guided radiation therapy. Int J Radiat Oncol
87:S152. https://doi.org/10.1016/j.ijrobp.2013.06.393

Maffei S, ladanza L, Borzillo V et al (2016) Evaluation of dose
coming from radiological monitor images to pacemaker in patient
undergoing CyberKnife® treatment. Phys Med 32:39. https://doi.
org/10.1016/j.ejmp.2016.01.135

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.4103/0971-6203.79686
https://doi.org/10.1007/978-3-319-19387-8
https://doi.org/10.1007/978-3-319-19387-8
https://doi.org/10.1186/s13014-015-0378-8
http://therss.org/document/docdownload.aspx?docid=379
http://therss.org/document/docdownload.aspx?docid=379
https://doi.org/10.1001/jamaoncol.2015.1787
https://doi.org/10.1001/jamaoncol.2015.1787
https://doi.org/10.1007/s12032-018-1126-3
https://doi.org/10.1007/s12032-018-1126-3
https://doi.org/10.5543/tkda.2012.77642
https://doi.org/10.5543/tkda.2012.77642
https://doi.org/10.1097/JTO.0b013e31824de0bf
https://doi.org/10.1093/omcr/omw049
https://doi.org/10.1093/omcr/omw049
https://doi.org/10.1016/J.RADONC.2005.06.011
https://doi.org/10.1016/J.RADONC.2005.06.011
https://doi.org/10.1016/j.ijrobp.2017.06.2196
https://doi.org/10.1016/j.ijrobp.2017.06.2196
https://doi.org/10.1118/1.4958963
https://doi.org/10.1118/1.4958963
https://doi.org/10.7785/tcrt.2012.500342
https://doi.org/10.7785/tcrt.2012.500342
https://doi.org/10.1016/j.ijrobp.2013.04.049
https://doi.org/10.1016/j.ijrobp.2013.04.049
https://doi.org/10.1016/j.hrthm.2010.12.023
https://doi.org/10.1016/j.hrthm.2010.12.023
https://doi.org/10.1016/j.ejmp.2017.02.003
https://doi.org/10.1016/j.ccl.2013.12.002
https://doi.org/10.1016/j.ccl.2013.12.002
https://doi.org/10.1007/s12471-014-0544-x
https://doi.org/10.1007/s12471-014-0544-x
https://doi.org/10.2147/MDER.S44063
https://doi.org/10.1007/s13244-017-0556-3
https://doi.org/10.1161/CIRCULATIONAHA.113.005697
https://doi.org/10.1016/j.hrthm.2017.04.025
https://doi.org/10.1016/j.hrthm.2017.04.025
https://doi.org/10.1016/j.radonc.2016.04.019
https://doi.org/10.1186/1748-717X-9-12
https://doi.org/10.1186/1748-717X-9-12
https://doi.org/10.1118/1.3613476
https://doi.org/10.1016/j.ijrobp.2013.06.393
https://doi.org/10.1016/j.ejmp.2016.01.135
https://doi.org/10.1016/j.ejmp.2016.01.135

	A review and analysis of stereotactic body radiotherapy and radiosurgery of patients with cardiac implantable electronic devices
	Abstract
	Introduction
	Methods
	Results
	Conventional linac-based SBRT and SRS
	Patient studies
	Out-of-field dose from the primary treatment beam and treatment planning system calculations
	Plan optimisation studies

	Tomotherapy, CyberKnife, VERO, and Gamma-Knife
	Patient studies

	Proton therapy
	Patient studies


	Discussion
	Assay of search results
	Other considerations, questions and further research
	High dose-per-fraction and SBRTSRS-dedicated treatment technologies
	Techniques to achieve conformal doses
	Flattening-filter-free beam modes
	Electromagnetic interference (EMI)
	Extensive use of image-guided radiotherapy (IGRT)


	Conclusion
	Acknowledgment 
	References




