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Abstract
Introduction Implantation of an implantable car-
dioverter defibrillator (ICD) is standard care for pri-
mary prevention of sudden cardiac death. However,
ICD-related complications are increasing as the pop-
ulation of ICD recipients grows.
Methods ICD-related complications in a national DO-
IT Registry cohort of 1442 primary prevention ICD pa-
tients were assessed in terms of additional use of hos-
pital care resources and costs.
Results During a median follow-up of 28.7 months
(IQR 25.2–33.7) one or more complications occurred
in 13.5% of patients. A complication resulted in a sur-
gical intervention in 53% of cases and required on
average 3.65 additional hospital days. The additional
hospital costs were �6,876 per complication or �8,110
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per patient, to which clinical re-interventions and ad-
ditional hospital days contributed most. Per category
of complications, infections required most hospital
utilisation and were most expensive at an average of
�22,892. The mean costs were �5,800 for lead-re-
lated complications, �2,291 for pocket-related com-
plications and �5,619 for complications due to other
causes. We estimate that the total yearly incidence-
based costs in the Netherlands for hospital manage-
ment of ICD-related complications following ICD im-
plantation for primary prevention are �2.7 million.
Conclusion Complications following ICD implanta-
tion are related to a substantial additional need for
hospital resources. When performing cost-effective-
ness analyses of ICD implantation, including the costs
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What’s new?

� In a large multicentre cohort of real-world pri-
mary prevention implantable cardioverter defib-
rillator (ICD) patients, we showed that device-
related complications occur in a significant pro-
portion of patients and are associated with sub-
stantial clinical consequences and hospital costs.

� Mean hospital costs for different types of com-
plications, per complication and per patient with
one or more complications are reported as well
as a national estimate of yearly costs associated
with complications of ICD implantation for pri-
mary prevention.

� The cost data can be used for health economic
modelling (research practice) of new cardiac im-
plantable electronic devices for heart rhythm
disorders and facilitate ranking of targets for
prevention of ICD-related complications.

associated with complications, one should be aware
that real-world complication rates may deviate from
trial data. Considering the economic implications,
strategies to reduce the incidence of complications
are encouraged.

Keywords Nationwide registry · Implantable
cardioverter defibrillator · Complications · Health
resources · Healthcare costs

Introduction

Implantable cardioverter defibrillator (ICD) therapy
has been proven effective for primary prevention of
sudden cardiac death due to ventricular tachycardia
or fibrillation [1, 2]. In an ageing population this ther-
apy will continue to be a major treatment modality.
Despite their effectiveness, ICD implantations are as-
sociated with complications and the complication rate
is substantial [3–6]. It has been demonstrated that
ICD-related complications are more frequent in more
complex devices than in single-lead devices [3, 7–9].
Also, rates observed in clinical practice are higher than
in clinical trials. However, current economic assess-
ments of ICDs do not take these higher rates into ac-
count, resulting in biased cost-effectiveness data [10,
11]. With varying cost-effectiveness ratios and differ-
ent approaches to including costs resulting from com-
plications in cost-effectiveness studies, an appropriate
estimation of the costs of ICD-related complications
is necessary [12].

The increase in ICD implantations and related in-
crease in device-related complications have economic
implications and may pose a challenge to the health-
care budget. Although several studies have described
ICD-related complications and their associations with
device type and patient clinical characteristics, lit-

tle information is available on the impact of ICD-re-
lated complications on healthcare resource utilisation
and the associated costs. Furthermore, these impli-
cations for healthcare should be acknowledged and it
should be investigated whether the different ICD-re-
lated complications show differences in type, intensity
or cost of care. Furthermore, the need for improved
risk stratification of primary ICD indications has been
emphasised and if better patient selection is possible,
then these complication costs can be prevented too
[3].

To better understand the economic impact of ICD-
related complications and their associated manage-
ment, this paper addresses the hospital provider costs
associated with complications that occurred within
2 years after device implantation for primary preven-
tion as observed in a national clinical practice registry.

Methods

The DO-IT Registry

Patients who received their first ICD for primary pre-
vention of sudden cardiac death between September
2014 and June 2016 were prospectively enrolled in the
DO-IT (Dutch Outcome in Implantable cardioverter
defibrillator Therapy) Registry [13]. This ICD cohort
was set up to identify patients who do not benefit
from ICD therapy within 2 years after implantation by
developing prediction models for ICD therapy and all-
cause mortality. All 28 Dutch ICD-implanting hospi-
tals participated and the registry was approved by all
institutional review boards.

After obtaining the patients’ informed consent,
baseline data were collected on demographics, med-
ical history, diagnostics, left ventricular ejection frac-
tion and implant-related data. Data regarding mor-
tality, (in)appropriate ICD therapy and ICD-related
complications were extracted from medical records
during regular protocol-based follow-up. All registry
data were extensively monitored. More details of the
registry and baseline characteristics of the patients in-
cluded have been published elsewhere [13], followed
by the report on both prediction models [14].

Outcome measures

The primary outcome measure for the current analy-
sis was the hospital provider costs for any ICD-related
complication. Complications were defined as any un-
desirable clinical occurrence related to the ICD im-
plantation and function. These complications were
further categorised as related to the lead, the pocket,
an infection or other causes. Any patient having one
of these complications at any time during the obser-
vation period was included in the analysis. The sec-
ondary outcome measure was the hospital provider
costs per type of complication.
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Data collection

Device interrogation records, electrophysical proce-
dure reports, the hospitals’ patient administration and
patient medical records were used to determine the
patients’ clinical course directly related to a compli-
cation. The following information was gathered: de-
tails of the complication, re-interventions, length of
additional hospital stay, extra consultations, and extra
diagnostic or laboratory procedures.

Unit costs

Unit costs were obtained from the latest complete unit
cost sheet from one of the participating major hospi-
tals [15] and from the most recent Dutch manual on
costing [16] in healthcare research. The latter was only
applied to hospital care provider consultations and
hospital admissions. Unit costs are shown in Table
S1 (Electronic Supplementary Material). Unit costs
from different years are expressed in euros for the
reference year (2019) after price indexing with gen-
eral consumer-price index figures for the Netherlands
(Statistics Netherlands, access month July 2019).

Statistical analyses

Baseline characteristics (Tab. 1) are presented asmean
(standard deviation) or median (interquartile range,
IQR) as appropriate for continuous variables. Cate-
gorical variables are reported as percentages. Mean
costs were calculated as the sum of the products of
the volumes of hospital care components as reported
in the DO-IT Registry with their respective unit costs.
Volumes of resources of the main hospital care com-
ponents and their associated costs are reported in
separate tables. In Table S2 (Electronic Supplemen-
tary Material) only the volumes of the surgical in-
terventions are mentioned, because these are most
costly and have more impact on the patient. How-
ever, in Tab. 2 the costs for clinical interventions are
presented, including surgical and non-surgical ones.
Comparisons of the costs per complication between
various patient subgroups were performed using the
non-parametric Mann-Whitney-Wilcoxon or Kruskal-
Wallis test as appropriate for sex, initial implant de-
vice type and ischaemic cardiomyopathy. The eco-
nomic impact of complications was determined by
multiplying the average costs associated with com-
plications, their 2-year per patient incidence rates as
reported in the DO-IT Registry and the yearly number
of primary prevention ICD implantations performed
in the Netherlands. Hence, the impact reflected inci-
dence-based costs, attributing expenses for complica-
tions during the first 2 years of follow-up after device
implantation to each implantation. No discounting
for time preference was applied.

A two-sided p-value <0.05 was considered statisti-
cally significant. Statistical analyses were performed
with SPSS version 24.0 (IBM Corp., Armonk, NY, USA).

Results

Inclusion and follow-up data were collected for
1,442 patients. During a median follow-up of
28.7 months (IQR 25.2–33.7; minimal follow-up
24 months) 230 complications occurred in 195 pa-
tients (13.5%). Baseline characteristics of this cohort
are listed in Tab. 1. For a comparison between patients
with or without complication(s), see Table S3 (Elec-
tronic Supplementary Material). No major differences
between the patient groups were observed except for
device type and use of angiotensin-converting en-
zyme inhibitors. Within the subgroup of patients with
a complication, the median duration from implant to
the first ICD-related complication was 172 days (IQR
15.50–503.25). Most frequent complications were lead
related, followed by pocket-related complications, in-
fections and other complications, with a respective
patient incidence rate of 8.5%, 3.4%, 1.7% and 1%.

Table 1 Baseline characteristics of study cohorta

Baseline variables Patients with a complication
(n= 195)

Male gender (%) 131 (67)

Age (SD) 66.46 (10.62)

BMI (SD) 27.22 (4.86)

NYHA functional class I, II, III/IV (%) 25 (13), 127 (66), 41 (21)

Ischaemic (%) 110 (56)

LVEF (SD) 26.08 (5.96)

NS-VT (%) 27 (14)

Atrial fibrillation (%) 65 (34)

COPD (%) 25 (13)

Hypertension (%) 91 (47)

Diabetes mellitus (%) 52 (27)

Beta blocker (%) 169 (87)

Aldosterone antagonist (%) 89 (46)

Diuretic (%) 132 (68)

ACEi or ARB (%) 166 (85)

Initial device implantb

Single chamber (%) 39 (20)

Dual chamber (%) 33 (17)

CRT-D (%) 103 (53)

sICD (%) 20 (10)

BMI body mass index, NYHA New York Heart Association, LVEF left ventricu-
lar ejection fraction, SD standard deviation, NS-VT non-sustained ventricular
tachycardia, COPD chronic obstructive pulmonary disease, ACEi angiotensin-
converting enzyme inhibitor, ARB angiotensin II receptor blocker, CRT-D car-
diac resynchronisation therapy defibrillator, sICD subcutaneous implantable
cardioverter defibrillator
aFor comparisons of baseline characteristics between patients with a compli-
cation and patients without a complication, see Table S3 (Electronic Supple-
mentary Material)
bThree patients had a single-chamber ICD as initial implant but during fol-
low-up received a subcutaneous ICD; one patient initially received a dual-
chamber ICD but during follow-up a subcutaneous ICD was implanted
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Table 2 Mean costs (�) per complication type
Type of complication Frequency (no. of patients) Clinical re-interventions Hospitali-sation days Outpatient consultations Diagnostics Total

Lead related 140 (122) 3,962 1,490 135 213 5,800

Lead dislodgement 48 (47) 5,113 1,526 113 167 6,919

Lead dysfunction 19 (17) 5,428 1,630 238 198 7,494

No LV lead placementa 17 (17) 4,493 3,005 74 202 7,775

Pneumothorax 13 (13) 1,906 1,328 45 226 3,505

Perforation 7 (7) 7,130 2,683 162 953 10,929

Diaphragmatic stimulation 16 (16) 2,412 508 176 139 3,235

Twiddler’s syndrome 2 (2) 5,062 2,031 243 319 7,654

Inappropriate sensing 12 (12) 526 296 136 65 1,024

Venous thrombosis 6 (6) 0 254 173 217 644

Infection 25 (25) 9,876 11,962 253 801 22,892

Pocket infection 13 (13) 9,881 4,137 353 198 14,569

Systemic infection 12 (12) 9,870 20,440 144 1,455 31,909

Pocket related 49 (49) 1,030 829 232 100 2,191

Pocket pain 5 (5) 8,976 1,218 233 94 10,520

Haematoma or bleeding 29 (29) 192 1,033 267 75 1,566

Other pocket problem 15 (15) 0 305 165 152 622

Other 16 (14) 3,804 1,333 195 288 5,619

Early battery depletion 1 (1) 13,862 1,015 97 54 15,029

Otherb 15 (13) 3,133 1,354 201 304 4,992

Total 230 (195) 3,969 2,476 173 258 6,876

LV left ventricular, CRT-D cardiac resynchronisation therapy defibrillator, VT ventricular tachycardia, RV right ventricular
aPlacement of LV lead not possible in patients with CRT-D indication
bPericarditis (n= 5), malfunction during testing (n= 3), haemothorax (n= 1), adverse effects of antibiotics (n= 1), fever and increased infection parameters at-
tributable to phlebitis (n= 1), shock impedance out of range (n= 1), sustained VT during implantation attributable to RV lead manipulation, requiring external
cardioversion (n= 1), erroneous injection of chlorhexidine (n= 1), guidewire fracture leading to abandoning of distal part in venous branch (n= 1)

Hospital utilisation and cost assessment

The mean and total number of surgical interventions,
hospital admissions, outpatient consultations and
laboratory or diagnostic procedures for each com-
plication type and each complication category are
shown in Table S2 (Electronic Supplementary Mate-
rial). An ICD-related complication required surgical
intervention in 53%, with an average additional use
of hospital resources per complication of 0.61 surgical
interventions, 3.65 hospitalisation days, 1.6 outpatient
consultation visits and 5 diagnostic or laboratory pro-
cedures. Most surgical re-interventions occurred in
patients experiencing a lead-related complication.
However, on average, infections resulted in the most
surgical interventions per patient. In terms of hospi-
tal resources used, (systemic) infections had the most
impact, followed by complications related to the lead.

Tab. 2 shows the mean costs of the hospital care
components stratified by complication type and cat-
egory. Across all complication types the mean cost
of management of an ICD-related complication was
�6,876, to which the costs for clinical re-interven-
tions contributed most (57%). Systemic infections
were the most expensive complication, averaging
�31,909 additional costs. These costs were primar-
ily related to the extra hospitalisation days. Across
all complications hospitalisation and clinical re-in-

terventions were the main cost contributors (Fig. 1).
Venous thrombosis and other pocket complications
were least expensive. Per complication category, com-
plications related to infection were most costly, but
expenditures for hospital care utilisation for patients
with a lead-related complication or complication due
to other causes were also substantially higher than for
patients with a pocket-related complication (�5,800
and �5,619 vs �2,190).

Complication costs were non-significantly higher in
women than in men (�9,002 vs �7,675, p=0.66). The
mean costs per ICD-related complication in patients
receiving a single-chamber ICD, dual-chamber ICD,
CRT-D and subcutaneous ICD were �6,825, �10,162,
�8,267 and�6,425, respectively. Higher costs were ob-
served in patients implanted with a dual-chamber or
a CRT-D device compared to those receiving a single-
lead or subcutaneous ICD, but the difference was not
significant. The costs resulting from an ICD-related
complication for patients with ischaemic or non-is-
chaemic aetiology were similar (�7,815 vs. �8,338,
p= 0.96).

National hospital cost impact of complications

In the Netherlands, about 2,500 ICD implantations
for primary prevention are performed every year
[17]. An estimated 13.5% of these patients (338) are
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Fig. 1 Mean costs per
complication type per hos-
pital care component. ICD
implantable cardioverter-
defibrillator, LV left ventricu-
lar

affected by an ICD-related complication during ap-
proximately the first 2 years after implantation. With
the estimated mean costs of �8,110 per patient with
one or more complications, this results in additional
incidence-based costs of �2,741,180 per year. The
cost impact per complication category is �1,407,683,
�992,201, �186,119 and �155,870, respectively for
complications related to the lead, infection, pocket or
other causes. For more details on the cost impact per
complication type, see Tab. 3.

Discussion

This study focused on the additional hospital costs
for management of complications after ICD implanta-
tion. Additional surgical re-intervention, hospitalisa-
tion days and use of diagnostic or laboratory measure-
ments were common following a complication event.
Quantification of hospital care utilisation and expen-
ditures demonstrated that management of defibrilla-
tor complications is associated with significant costs.
In our cohort 13.5% of patients experienced at least
one ICD-related complication with an associated cost
of �8,110 per patient or �6,876 per complication. As
a consequence, in the costs for primary prevention de-
fibrillator implantation not only the index hospitalisa-
tion for device implantation and subsequent monitor-
ing costs should be taken into account, but additional

mean costs of �1,095 per implant need to be consid-
ered to cover the costs related to complications within
2 years for the total cohort. Combining the com-
plication costs and incidence rates per ICD type the
mean additional costs are �555, �1,452, �1,367 and
�1,179, respectively for a single-chamber, dual-cham-
ber, CRT-D or subcutaneous device implant. Infec-
tion of device systems was the most expensive com-
plication, primarily resulting from additional hospi-
talisation days. However, not surprisingly other com-
plications resulting in additional treatment days and
surgical interventions also contributed to significant
hospital costs.

This study provides insight into the economic bur-
den of ICD-related complications. Costs related to
complications should be incorporated into cost-effec-
tiveness analyses and our results can be used as input
for these economic evaluations. The cost-effective-
ness analyses based on the findings of the primary
prevention clinical trials were performed prior to the
increase in implementation of more complex lead de-
vices, which are associated with a higher complication
rate in daily practice [3–6]. Therefore, the reported
analyses may underestimate the real-world cost-effec-
tiveness ratios. Furthermore, the possible decrease in
patients’ quality of life due to a complication should
also be taken into account.
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Table 3 National cost impact (�) per complication type for 2,500 incident cases
Type of complication Frequency Observed

patients
Clinical
re-interventions

Hospitalisa-
tion days

Outpatient
consultations

Diagnostics Total

Lead related 243 212 961,645 361,630 32,742 51,666 1,407,683

Lead dislodgement 83 81 425,503 126,949 9,397 13,929 575,779

Lead dysfunction 33 29 178,803 53,690 7,826 6,537 246,857

No LV lead placementa 29 29 132,432 88,573 2,188 5,963 229,155

Pneumothorax 23 23 42,961 29,926 1,010 5,096 78,992

Perforation 12 12 86,534 32,566 1,967 11,562 132,629

Diaphragmatic stimulation 28 28 66,911 14,083 4,88 3,858 89,732

Twiddler’s syndrome 3 3 17,551 7,041 841 1,105 26,539

Inappropriate sensing 21 21 10,950 6,161 2,834 1,359 21,304

Venous thrombosis 10 10 0 2,640 1,799 2,256 6,695

Infection 43 43 428,057 518,473 10,955 34,716 992,201

Pocket infection 23 23 222,707 17,131 7,952 4,455 328,353

Systemic infection 21 21 205,350 425,235 3,003 30,261 663,849

Pocket related 85 85 87,476 70,413 19,722 8,508 186,119

Pocket pain 9 9 77,805 10,562 2,019 811 91,197

Haematoma or bleeding 50 50 9,671 51,930 13,400 3,746 78,747

Other pocket problem 26 26 0 7,921 4,303 3,951 16,175

Other 28 24 105,517 36,967 5,396 7,991 155,870

Early battery depletion 2 2 24,033 1,760 168 93 26,055

Otherb 26 23 81,483 35,207 5,227 7,897 129,815

Total 399 338 1,582,695 987,483 68,815 102,880 2,741,873

LV left ventricular, CRT-D cardiac resynchronisation therapy defibrillator, VT ventricular tachycardia, RV right ventricular
aPlacement of LV lead not possible in patients with CRT-D indication
bPericarditis (n= 5), malfunction during testing (n= 3), haemothorax (n= 1), adverse effects of antibiotics (n= 1), fever and increased infection parameters at-
tributable to phlebitis (n= 1), shock impedance out of range (n= 1), sustained VT during implantation attributable to RV lead manipulation, requiring external
cardioversion (n= 1), erroneous injection of chlorhexidine (n= 1), guidewire fracture leading to abandoning of distal part in venous branch (n= 1)

Additionally, our findings report on the occurrence
of ICD-related complications and their associated
impact on patients in terms of clinical (surgical) in-
terventions, outpatient consultations and additional
hospitalisations. With one in seven patients expe-
riencing an ICD-related complication, the compli-
cation rate in the DO-IT Registry is high compared
to that in the landmark trials [1, 2]. However, our
complication rate is in line with prior similar stud-
ies such as the DAI-PP (Defibrillateur Automatique
Implantable-Prevention Primaire) and MADIT-CRT
(Multicenter Automatic Defibrillator Implantation
with Cardiac Resynchronization Therapy) [4, 18]. This
higher complication rate is probably partly due to the
comprehensive evaluation of complications in our
study compared to large national registries that rely
on administrative data with a risk of under-reporting.
In addition, an underestimation of complication rates
in randomised trials compared to actual clinical prac-
tice - because the trials were performed under ideal
conditions with strict patient selection—may also
contribute. Given this high complication rate and
because ICDs are still the treatment of choice for this
population, the search for strategies to reduce ICD-re-
lated complications is important. In larger studies risk
factors could be detected for specific complications,
as was done in the PADIT (Prevention of Arrhythmia

Device Infection Trial) [19]. This might be useful for
identifying circumstances that require more specific
attention to optimise pre-implantation conditions to
avoid ICD-related complications. However, as stated
previously, more complex devices are currently im-
planted, which also contributes to the high complica-
tion rate. Moreover, the costs of these devices are also
higher compared to single-lead devices. Therefore,
from both a patient and economic perspective, treat-
ing physicians should carefully consider the choice
of device type in each patient. Implanting a more
complex defibrillator device by adding an atrial or left
ventricular lead should only be done if a clear patient
benefit is expected. Limiting unnecessary complexity
of the device is an important first step in reducing
ICD-related complications.

To estimate the national hospital cost impact, we
performed an extrapolation of the economic impli-
cations due to ICD-related complications based on
our own registry data. Because official data on the
yearly number of primary prevention device imple-
mentations in particular are not available, a conser-
vatively calculated yearly incidence of 2,500 patients
was applied. Based on the reported average costs
per complication type, extrapolation to other coun-
tries with purchasing power parities [20] is possible if
the local data on incident cases or the incidences of
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ICD-related complications are available. With a yearly
incidence of 2,500 primary prevention ICD implan-
tations, the additional hospital costs for device-re-
lated complications are estimated at nearly 3 million
euros per year. The overall societal costs, however,
are likely to be even higher, because out-of-hospital
healthcare costs, out-of-pocket expenses of patients
and family members, costs resulting from productiv-
ity loss (40% of patients with an ICD-related compli-
cation aged ≤65 years) and intangible stress-related
costs were not included.

This study has several limitations. First, these re-
sults may only be pertinent to the situation in the Ne-
therlands, as we studied the hospital costs incurred
as a result of all ICD-related complications in a large
Dutch primary prevention cohort. With incidences
and hospital care utilisation potentially being differ-
ent in cohorts elsewhere, our results need further con-
firmation. In addition, the presented costs associated
with ICD-related complications are likely an underes-
timation of the costs to society, since costs for out-of-
hospital healthcare, out-of-pocket expenses and costs
resulting from productivity loss could not be included.
Second, our data were not sufficient to adequately
report on the costs related to inappropriate shocks.
However, with regard to the total costs associated with
adverse consequences of defibrillator devices and the
subsequent total costs of ICD implantation, the costs
incurred due to inappropriate shocks are also rele-
vant and should be addressed in future studies. Nev-
ertheless, our findings indicate (data not shown) that
the mean hospital costs per inappropriate shock were
�884 (or �1,206 per patient), including the inappro-
priate shocks not resulting in hospital care. Third, the
time horizon of the analysis was limited to approx-
imately 2 years after device implantation; therefore,
device replacements in the longer term and their sub-
sequent complications and associated costs were not
captured. Fourth, with data stemming from a reg-
istry there is a possibility of under-reporting in terms
of complications and subsequent hospital care utili-
sation. In addition, 21 patients were lost to follow-
up at some point in time and as a consequence com-
plications may have been missed. No follow-up data
were available for one patient, while seven patients
emigrated during follow-up. A complication would
be expected in approximately 3 patients (13.5% of
21 patients); however, during an average follow-up
of 16.18 months we observed complications in 5 pa-
tients. Therefore, we think it is unlikely complications
were missed and that this does not bias our results.
Moreover, patient data were extensively monitored,
and the relatively high complication rate suggests that
under-reporting, if any, would have been minimal.
The most dominant related in-hospital costs were ac-
counted for. Rare use of related hospital resources
(e.g. blood transfusion) was not included and co-med-
ication for co-morbidities present was not recorded.
Lastly, unit costs for clinical or surgical interventions

and diagnostic and laboratory measures were partly
based on the latest unit costing data of one of the
participating major hospitals and may vary from one
institution to another. Hence, the results should just
be considered as strongly indicative.

In conclusion, data from this nationwide registry
showed that additional hospital utilisation following
ICD-related complications is substantial and treat-
ment of complications may be expensive. This study
demonstrates that complication-related costs can be
an important component in the overall cost-effec-
tiveness of device therapy. Our findings suggest that
strategies to reduce the incidence of complications,
reducing the costs of managing complications and
sharpened ICD indications may result in significant
reductions in hospital care utilisation and expendi-
tures. Additionally, this financial assessment provides
more accurate information on the cost implications
of health outcomes and this information is of im-
portance for reimbursement or hospital healthcare
management.
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