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Abstract

Radiotherapy can affect the electronic componehta oardiac implantable electronic device
(CIED) resulting in malfunction and/or damage. Wight to assess the incidence, predictors
and clinical impact of CIED dysfunction (CIED-D)lkmwing radiotherapy for cancer treatment.
Clinical characteristics, cancer and different s/g# CIEDs as well as radiation-dose were
evaluated. The investigation identified 230 pasentean age 78+8 years and 70% were male. A
total of 199 (86%) patients had pacemakers (59%l-chember), 21 (9%) cardioverter-
defibrillators and 10 (4%jesynchronizatordefibrillators. The left pectoral (n=192, 83%) wase
most common CIED location. Sixteen (7%) patientpesienced 18 events of CIED-D after
radiotherapy. Reset to back-up pacing mode wamtis¢ common encountered dysfunction, and
only 1 (6%) patient of those with CIED-D experiedcsymptoms of atrio-ventricular dys-
synchrony. Those who had CIED-D had a shorter @ecage at the time of radiotherapy
compared to those who did not (2.5£1.5 vs. 3.8%@ars,P=0.005). The total dose prescribed to
the tumor (66£30 vs. 42+23 Gy) was significantlgler among those who had CIED-D
(P<0.0001). Multivariable logistic regression arsadyidentified the total dose prescribed to the
tumor as the only independent predictor for CIEQeldds ratio: 1.19 for each increase in 5 Gy,
95% confidence interval: 1.08-1.31, P=0.0005).dnatusion, in this large population of patients
with CIEDs undergoing radiotherapy for cancer treait, the occurrence of newly diagnosed
CIED-D was 7%, and the reset to back-up pacing mede the most common encountered
dysfunction. The total dose prescribed to the tumas a predictor of CIED-D. Importantly,
although the unpredictability of CIEDs under raterapy is still an issue, none of our patients
experienced significant symptoms, life-threaterangpythmias or conduction disorders.

Key-words: radiotherapy - cancer - pacemaker - implantablégdidtor - malfunction



Introduction
Radiotherapy is a well-established treatment irotogy and about two-third of the patients with
cancer undergo radiotherapyImportantly, the GLOBOCAN series of the InternatibAgency
for Research on Cancer estimated that 14.1 mibionew cancer cases were diagnosed in 2012
worldwide, with incident rates expected to increas®l a projected number of 22.2 million by
2030% > °1t is therefore expected that the number of paieequiring radiotherapy for cancer
treatment will continue to rise. Notably, togethesith the rapidly ageing population, the
implantation of cardiac implantable electronic des (CIED) is also increasifig?® lonizing
radiation can affect the electronic components &DC resulting in transient or permanent
malfunction, but is unforeseealil& Previous small studies reported an incidence &LCCI
dysfunction (CIED-D) that widely varies from 3% tp79% " Therefore, identifying patients
at risk of developing CIED-D would be of high clai relevance in the current cardio-oncology
era. Hence, the aims of this study were to as$essitidence, predictors and clinical impact of
CIED-D in a large cohort of patients undergoinge#terapy for cancer treatment.
Methods

Between February 2007 and November 2013, a totaBd00 patients underwent a course
of radiotherapy for cancer treatment at the Radlat©Oncology Center, Quebec University
Hospital Centre. Of these, 262 patients were fawnidave previous CIED and 32 of them were
excluded due to incomplete data, leading to a sphapulation of 230 patients. Baseline clinical
and echocardiographic data, cancer types and Cilies were retrospectively evaluated. In
order to further assess the potential impact deht cancer’s location, cancers were divided
based on the mid-line of the body as left sidehtrgide or center. Zones of radiation-exposure

were classified from the head to the lower limig(fFe 1).



Radiotherapy was delivered using photons and/octreles beams. The majority of
treatments were delivered by a medical linear acatdr (LINAC) and only few cases involved
an x-ray tube (orthovoltage treatments) or Cob@ltr&diation source. Techniques used to treat
patients were 3DCRT, IMRT, VMAT and orthovoltageori¢ of the patient was treated with a
CIED exposed to the primary radiation field. Leddekling was used according to medical
physicists’ recommendations.

Electronic devices were interrogated at the begmnimid-period and/or at the end of
treatment depending on the planned fraction nunEeCIED interrogations were performed by
experienced electrophysiology technicians and sigest by a cardiologist at the pacemaker-
clinic. In the case of any CIED-D, the date wa®rded, and then allocated to the correspondent
phase of treatment where the disturbance was dised\(i.e. mid or end of radiotherapy). An
experienced cardiologist (VG) unaware of clinicatlaadiotherapy data performed a thorough
interrogatory in order to assess for patients’ symms and its correlation with CIED-D. Data
were prospectively collected in a dedicated filert retrospectively analyzed for the purpose of
this study. Device relocation before the initiatioh radiotherapy was performed when the
maximum tolerated dose to the CIED would not beeeted due to a direct or close (<3 cm) to
the radiation beam. Upon recommendatitihis, order to assess for potential transient CIED-D
that can be detected in a “real-time” manner, p&diavere placed under telemetry for remote
monitoring during each fraction treatment done byedicated nurse at the coronary care unit.
Finally, the cardiologist prescribed installatioh @ magnet over the CIED during radiation
treatment (usually in patients with ICDs) as needed

Continuous variables are expressed as mean * sthddaiation and categorical variables

are expressed as n (%). Comparison of continuotigbkas was performed using the two-sided



Student’s t-test or Welch’s unequal variances t\dsen appropriated, and categorical variables
were compared using the Exact Chi-square test. @dids (OR) and their 95% Wald confidence
intervals were calculated. Bonferroni corrected hadtwas used for multiple comparisons to
analyze the differences between types of cancstepwise logistic regression analysis including
variables with a P-value <0.05 in the bivariatelgsia were used to identify the independent
predictors of CIED-D. Odds ratios estimates weljastdd for confounders, such as the total dose
prescribed to the tumor in a logistic regressiordehoReceiver operating characteristic (ROC)
curve analysis was conducted to assess the disationy power of the independent predictor of
CIEDs, and to calculate an optimal cut-off valuel ats respective sensitivity and specificity
percentages using Youden’s index. All statisticdts were two-tailed and differences were
considered statistically significant when a P-valas <0.05. Data analyses were performed
using SAS statistical software version 9.3 (SASituate Inc., Cary, NC, USA).
Results

The mean patient’s age was 78+8 years and 70% male A total of 199 (86%) patients
had pacemakers (59% dual-chamber and 28% singleksry, 21 (9%) ICDs, and 10 (4%) ICD-
resynchronization therapy. Sick sinus syndrome Q7=47%) followed by advanced and/or third
degree atrio-ventricular block (n=95, 41%) were th@st common underlying causes for CIED
implantation, and 76 (33%) patients were pacingeddpnt. A total of 21 (9%) patients
underwent device relocation prior to the initiatiohradiotherapy treatment. The left pectoral
was the most common location (n=192, 83%) of CIED 81 (22%) patients received a magnet
over their CIED during radiotherapy session. Theez8 was the most common (n=106, 46%)

zone exposed to radiotherapy and most of cancems eantre-located (n=117, 51%). The mean



total dose prescribed to the tumor was 43.3+24&/@6y). The remaining characteristics of the
study population are presented in Table 1.

A total of 16 (7%) patients experienced 18 everit€i&ED-D, and the reset to back-up
pacing mode was the most common encountered dygfandhese findings were discovered at
the end-of-the-treatment CIED interrogation vigituwo-third of the patients. No transient CIED-
D was detected while patients were under telemmitopitoring. Only 1 (6%) patient of those
with CIED-D experienced symptoms compatible withricaventricular dys-synchrony.
Characteristics of patients with and without nevgednCIED-D are shown in Table 2. There were
no differences between types of CIED. Patients eskmerienced CIED-D after radiotherapy had
a shorter device-age at the time of radiotherafiiation (2.5+1.5 vs. 3.8£3.4 years, P=0.005);
however, this could not be confirmed in the multi@ble analysis. There was a trend towards to
be pacing-dependent among those who had CIED-D (56% 31%, P=0.054). Patients
experiencing CIED-D more often underwent deviceocation before the initiation of
radiotherapy (25% vs. 8%, P=0.045). Notably, CIE@®dzurred more frequently with a higher
total dose prescribed to the tumor (66+30 vs. 42633 P<0.0001). The mean prescribed dose
was higher for patients in whom CIEDs were relodgbeior to the initiation of radiotherapy
(55.7+29.9 vs 42.1+23.3 Gy, P=0.013). Logistic esgion analysis showed an association of
CIED relocation before radiotherapy with CIED-D (O®86, confidence interval [CI]: 1.12-
13.29, P=0.032); however, not statistically sigrfit after adjusting for the total dose prescribed
(OR: 2.65, CI: 0.69-10.23, P=0.16). Total dose @ibsd to the tumor was identified as the only
independent predictor for CIED-D (OR: 1.19 for eanbrease in 5 Gy, 95% CI. 1.08-1.31,

P=0.0005). A dose 0t44.5 Gy was identified as the optimal cut-off poivith a sensitivity of



0.88 and specificity of 0.56 for the prediction@fED-D, with an area under the ROC curve of
0.76 (95% CI: 0.65-0.87, P<0.001, Figure 2) aneégative predicted value of 0.98.
Discussion

In this large contemporary cohort of patients witbvious CIED undergoing radiotherapy
for cancer treatment, radiotherapy-induced new+4@3ED-D was 7%. The reset to back-up
pacing mode was the most common encountered dygfanand only 1 (6%) patient of those
with CIED-D experienced symptoms such as atrionemtr dys-synchrony. A higher
prescribed dose to the tumor was the strongestigboedof CIED-D. Notably, none of the
patients experienced significant symptoms, life#tening arrhythmias or conduction disorders.

Old-generation CIEDs were manufactured with simplectronic circuitry and thus,
ionizing radiation had no or little harmful effedtith the evolving technology, newer-generation
of CIEDs comprise more sophisticated and complegctednics components such as,
complementary metal-oxide semiconductors in thegirstted circuitry: 1% 21418 3yhen these
semiconductors are exposed to ionizing radiatiba,damage affects the silicon leading to the
oxidation of insulators within the semiconduct®dr? 2°?4n our study, a shorter device age was
associated with higher likelihood of CIED-D in thaivariate analysis, however, not supported
by multivariate analysis. In this regard, while sostudies support the fact of newer-generation
devices being more sensitive, others do not andaat, state that are more resistant to
radiotherapy-exposure'* ** *The cumulative dose, location of the device, ape of radiation
have been associated with CIED:D® 13 14 2122 24. hterestingly, previous studies have shown
that device malfunction can occur even at very'foffaccumulated doses whilst others tolerate
much higher accumulated doses before its poinaitdre® ** The threshold for the cumulative

dose to a CIED is incremental above 2 Gy as sugdeBy the American Association of



Physicists in Medicine guideliné$.Further, Hurkmans et dl.classified patients receiving an
estimated dose to their CIED of <2 Gy as low riskléss pacing dependent since then they were
medium risk), between 2-10 Gy as medium risk, abdl Gy as high risk.

The cancer location/radiation zone seems to bengoritant factor. Indeed, patients
receiving radiotherapy from the lower portion oétheck up to the upper portion of the thorax
(Figure 1, zones 2 and 3) are at higher-risk of BBIE as suggested by the Dutcind German
guidelines® Moreover, if cancer/radiation-exposure is assediatith an estimated dose to the
CIED that exceeds >10 Gy, CIED relocation is thenommended.® Of note, it has been
reported that when radiotherapy is applied to thdoanen, pelvis or lower extremities, patients
experienced higher rates of CIED?D?° In our study, neither the radiated zone, nor cance
location side was associated with increased rdt€ED-D. Importantly, no studies to date have
specifically reported the relocation of CIED asratective factor for device malfunction after
radiotherapy. The results of the present study esigthat CIED relocation did not protect the
occurrence of CIED-D. It should be noted that oualgsis between relocation and dysfunction
was adjusted for prescribed dose. Thus, if theca#ion had really been protective, then for a
fixed prescribed dose, we would have seen an ORrldtan 1 for relocation. Indeed, even
though not statistically significant after adjustihethe obtained OR was 2.65. These results
further support that several other mechanisms, sisctype of energy and scattered radiation,
may contribute to CIED-D beyond direct exposurdatizing radiation> 23° Therefore, this
fact needs to be further explored since the avaielasf CIED relocation may contribute to
improve logistics, resources, saving costs, and aisecessary risks inherent to the relocation
procedure per-se. Hence, future prospective rammiimstudies may confirm these results and

would let determine if the current practice of ClE#ocation will remain recommended.



Recommendation® for remote monitoring may differ from the diffetecompanies and
are, indeed, quite vague; ultimately deferringhe tadio-oncology and cardiologist the task for
an individualized assessment. Pacing-dependernpsitare at higher-risk of sudden cessation of
pacing and may result in severe bradycardia ant#aonodynamic instability, as well as those
with ICDs, would be a subject of patients that va#nefit for continuous cardiac monitoring
during each fraction/session of radiotherapy. Thiodtof our patients who experienced CIED-D,
events were encountered at the end-of-the-treatrdewice-interrogation visit, highlighting
therefore that an earlier visit to the pacemakeriewould be advisable. Particularly, to identify
patients who experienced any CIED-D, that althoaghmptomatic, require reprogramming,
mostly patients with dual-chamber CIED and/or ICDsportantly, although the unpredictability
of radiotherapy on CIED function remains an impott&sue, none of our patients experienced
significant symptoms, life-threatening arrhythmaonduction disorders.

The present study has several limitations. The riesnwith the retrospective nature of the
study; therefore, the crude effect of certain J@ga that appeared to account more frequently in
some group might be affected by confounding vaesibBivariate analyses in this context can be
used to verify the presence of association withDEIE but not to establish a causal effect
relationship. The estimated dose to the devicedifierent beam energy (high or low) or type
(photons or electrons) were not collected, preclgdhe availability to perform further analyses.
Finally, late follow-up beyond the end of radiotiygy treatment (i.e. months) was not
systematically performed; thus, impeding the captaf potential long-term and/or delayed

effects of radiotherapy on CIED.
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Figureslegends

Figure 1. Cancer zones. Zone 1, upper head: virtual line including nosese@pne 2, lower head
and neck: virtual line below nose-ears and up &rtéck.Zone 3: chest and pectoral including
shoulders and upper third of the arms. Zone 4: metioand including medium third of the arms.
Zone 5: pelvis and including lower third of the aremd upper third of the lower limb. Zone 6:

medium and lower thirds of lower limb.

Figure 2. Receiver-operating characteristic (ROC) curve shgwthe sensitivity and specificity
of the total prescribed dose to the tumor that pe=dicted the occurrence of cardiac implantable

electronic device dysfunction.



Table 1. Basdlineclinical characteristics and cancer-related variables of the study population

Clinical characteristics n=230

Age (years) 7818

Male sex 160 (70%)
Body mass index (kg/M 2644
Diabetes mellitus 57 (25%)
Hypertension 171 (74%)
History of heart failure 62 (27%)
Chronic atrial fibrillation/flutter 111 (48%)
Previous myocardial infarction 66 (29%)
Previous percutaneous coronary intervention 38 [17%
Prior coronary artery bypass grafting 47 (20%)
Cerebrovascular disease 21 (9%)
Peripheral vascular disease 30 (13%)
Chronic obstructive pulmonary disease 44 (19%)
Estimated glomerular filtration rate (mL/min/1.79m 79130
Chronic kidney disease 49 (21%)
Echocar diographic data

Left ventricular ejection fraction (%) 50+16
Left ventricular ejection fraction <40% 34 (28%)
Pulmonary artery systolic pressure (mmHg) 32110

Underlying conduction disorder or disease
Sick sinus syndrome
Second or third-degree atrio-ventricular block

Bifascicular block plus first-degree atrio-ventitaublock
Sudden cardiac death prevention and/or advancetfagare

107 (47%)
95%)
2 (1%)
26 (11%)

Cardiac implantable dectronic devices data
Permanent pacemakers

Dual-chamber

Single-chamber
Cardioverter defibrillators
Cardioverter defibrillators and resynchronizators
Age of the device at time of radiotherapy (years)
Pacemaker dependency*
Device localization regarding radiation field

Left pectoral

135 (59%)
64 (28%)
21 (9%)

0 (4%)
7+3.4

76 (33%)

192 (83%)



Right pectoral 32 (14%)

Abdominal 6 (3%)
Device relocation before radiotherapy 21 (9%)
Magnet over the CIED 51 (22%)
New-onset cardiac electronic device dysfunction 16 (7%)
Type of cancer
Brain/cranial 10 (4%)
Oto-rhino-laryngological 17 (7%)
Esophageal and gastric 11 (5%)
Lung and pleural 57 (25%)
Breast 35 (15%)
Colorectal 13 (6%)
Prostate 48 (21%)
Lymphoma 11 (5%)
Multiple myeloma 7 (3%)
Uro-genital 13 (6%)
Bone 2 (0.9%)
Skin 3 (1.3%)
Other 3 (1.3%)
Radiation-exposur e zone*

1 13 (6%)

2 22 (10%)

3 106 (46%)

4 21 (9%)

5 83 (36%)

6 2 (1%)
Cancer localization side**

Left side of the body 57 (25%)
Right side of the body 61 (27%)
Center 117 (51%)
Radiotherapy data

Total prescribed dose to the tumor (Gray) 43.3+24.2

Values are expressed as meanSD or n (%) unlesswotie noted. CIED: cardiac implantable electratéwice.
Chronic kidney disease: estimated glomerular fitrarate <60 mL/min/1.72fn Some percentages may not add up
to 100 because of rounding. *Pacemaker dependetisence of an intrinsic rhythm above 30-35 beatséiftier
switching off the pacemaker and therefore, needirfgack-up pacing. Some percentages may not add apQ
because of rounding and/or because 17 patient2 h#fdcted adjacent zones* and 5 patients hadeztafl sides**.



Table 2. Basdline clinical characteristics and cancer-related variables of patients with new-onset

cardiac implantable electronic device dysfunction

New-onset CIED

Clinical characteristics YEoéysfunctlonNo
(n=16) (n=214)  P-value

Age (years) 777 78+8 0.61
Male sex 9 (56%) 151 (71%) 0.26
Body mass index (kg/fn 27+3 26+4 0.63
Diabetes mellitus 4 (25%) 53 (25%) 1.00
Hypertension 13 (81%) 158 (74%) 0.58
History of heart failure 3 (19%) 59 (28%) 0.58
Chronic atrial fibrillation/flutter 9 (56%) 102 (48) 0.61
Previous myocardial infarction 7 (44%) 59 (28%) 0.2
Previous percutaneous coronary intervention 4 (25%) 34 (16%) 0.48
Prior coronary artery bypass grafting 6 (38%) 29%). 0.10
Cerebrovascular disease 1 (6%) 20 (9%) 1.00
Peripheral vascular disease 3 (19%) 27 (13%) 0.70
Chronic obstructive pulmonary disease 3 (19%) (L 1.00
Estimated glomerular filtration rate (mL/min/1.79m 76129 79130 0.78
Chronic kidney disease 6 (38%) 43 (20%) 0.12
Echocardiographic data
Left ventricular ejection fraction (%) 44+16 50£15 0.25
Left ventricular ejection fraction <40% 4 (36%) &Y %) 0.73
Pulmonary artery systolic pressure (mmHg) 3519 B+1 0.38
Underlying conduction disorder or disease
Sick sinus syndrome 9 (56%) 98 (46%)
Second or third degree atrio-ventricular block 53 90 (42%)
Bifascicular block plus first-degree atrio-ventienublock 0 2 (1%) 0.75
Sudden cardiac death prevention and/or advancetfagare 2 (13%) 24 (10%)
Cardiac implantable electronic devices data
Permanent pacemakers

Dual-chamber 10 (63%) 125 (58%

Single-chamber 4 (25%) 61 (29%) 0.99
Cardioverter defibrillators 1 (6%) 20 (9%)
Cardioverter defibrillators and resynchronizators (12%) 8 (4%)
Age of the device at time of radiotherapy (years) 5+2.5 3.8£3.4 0.005

Pacemaker dependency* 9 (56%) 67 (31%) 0.054



Device localization regarding radiation field

Left pectoral 11 (69%) 180 (84%

Right pectoral 3 (19%) 29 (14%) 0.58

Abdominal 2 (13%) 5 (2%)
Device relocation before radiotherapy 4 (25%) 1%)Y8  0.045
Magnet over the CIED 5 (31%) 46 (22%) 0.53
Type of cancer
Brain/cranial 0 10 (5%) 1.00
Oto-rhino-laryngological 1 (6%) 16 (7%) 1.00
Esophageal and gastric 1 (6%) 10 (5%) 1.00
Lung and pleural 3 (19%) 54 (25%) 1.00
Breast 6 (38%) 29 (14%) 0.27
Colorectal 0 13 (6%) 1.00
Prostate 5 (31%) 43 (20%) 1.00
Lymphoma 0 11 (5%) 1.00
Multiple myeloma 0 7 (3%) 1.00
Uro-genital 0 13 (6%) 1.00
Bone 0 2 (0.9%) 1.00
Skin 0 3 (1.4%) 1.00
Other 0 3 (1.4%) 1.00
Radiation-exposur e zone*

1 0 13 (6%) 0.61

2 1 (6%) 21 (10%) 0.72

3 9 (56%) 97 (45%) 0.44

4 1 (6%) 20 (9%) 1.00

5 5 (31%) 78 (36%) 0.79

6 0 2 (0.9%) 1.00
Cancer localization side**
Left side of the body 4 (25%) 53 (25%) 1.00
Right side of the body 6 (38%) 55 (26%) 0.38
Center 7 (44%) 110 (51%) 0.61
Radiotherapy data
Total prescribed dose to the tumor (Gray) 66+30 28+ <0.0001

Values are expressed as mean+SD or n (%) unlessnosie noted. CIED: cardiac implantable electratégice. Chronic kidney
disease: estimated glomerular filtration rate <80min/1.72nf. Some percentages may not add up to 100 becausarafing.
*Pacemaker dependency: absence of an intrinsibiminygtbove 30-35 beats/min after switching off thegmaaker and therefore,
needing a back-up pacing. Some percentages magpdtbup to 100 because of rounding and/or becausgatients had 2
affected adjacent zones* and 5 patients had 2taffesides**.
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