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Aims Use of an absorbable antibacterial envelope during implantation prevents cardiac implantable electronic device infections in
patients with a moderate-to-high infection risk. Previous studies demonstrated that an envelope is cost-effective in high-risk
patients within German, Italian, and English healthcare systems, but these analyses were based on limited data and may not
be generalizable to other healthcare settings.

Methods A previously published decision-tree-based cost-effectiveness model was used to compare the costs per quality-adjusted life
and results year (QALY) associated with adjunctive use of an antibacterial envelope for infection prevention compared to standard-of-
care intravenous antibiotics. The model was adapted using data from a Danish observational two-centre cohort study that
investigated infection-risk patients undergoing cardiac resynchronization therapy (CRT) reoperations with and without an
antibacterial envelope (n = 1943). We assumed a cost-effectiveness threshold of €34 125/QALY gained, based on the upper
threshold used by the National Institute for Health and Care Excellence (£30 000). An antibacterial envelope was associated
with an incremental cost-effectiveness ratio (ICER) of €12 022 per QALY in patients undergoing CRT reoperations, thus
indicating that the envelope is cost-effective when compared with standard of care. A separate analysis stratified by device

type showed ICERS of €6227 (CRT defibrillator) and €29 177 (CRT pacemaker) per QALY gained.

Conclusions Cost-effectiveness ratios were favourable for patients undergoing CRT reoperations in the Danish healthcare system, and
thus are in line with previous studies. Results from this study can contribute to making the technology available to Danish
patients and align preventive efforts in the pacemaker and ICD area.
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Graphical Abstract

Cost-effectiveness of an antibacterial envelope for infection prevention in patients undergoing CRT reoperations
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At a willingness-to-pay threshold of €34,125, an antibacterial envelope was cost-effective for patients undergoing CRT reoperations

CIED, cardiac implantable electronic device; CRT, cardiac resynchronization therapy (-P, pacemaker; -D, defibrillator); ICER, incremental cost-
effectiveness ratio; HR, hazard ratio; IQR, interquartile range; QALY, quality-adjusted life year.
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What’s New

® Use of an antibacterial envelope has been associated with favourable
cost-effectiveness ratios for patients at high-risk of developing cardiac
implantable electronic device infections in Germany, ltaly, England,
and North America, but never within the Danish healthcare system.

® Unlike prior analyses, which were based on smaller patient samples,
we included a complete and consecutive cohort (n = 1943) of pa-
tients who underwent a cardiac resynchronization therapy reopera-
tion with or without an antibacterial envelope in two tertiary
centres in Denmark. The baseline infection rate was 4.1%.

® An antibacterial envelope was associated with incremental cost-
effectiveness ratios (ICERs) below accepted willingness-to-pay thresh-
olds. The ICER was €12 022 per quality-adjusted life year, and the
probability of cost-effectiveness was 70% at a willingness-to-pay
threshold of €34 125.

Introduction

Cardiac implantable electronic device (CIED) infections are associated
with significant patient disability, increased mortality, and substantial eco-
nomic costs.'™* A disproportionate increase in infection rates has been ob-
served in the aftermath of rising implantation rates,” and hence, the clinical
and economic impact of CIED infections is growing. Pre-procedural intra-
venous antibiotics are standard of care (SoC) for infection prevention,®”
and in 2019, the Worldwide Randomized Antibiotic Envelope Infection

Prevention Trial (WRAP-IT) demonstrated that an absorbable antibacter-
ial envelope reduces the incidence of infections in patients undergoing
CIED reoperations and de novo cardiac resynchronization therapy (CRT)
defibrillator (-D) implantations—albeit at low overall infection rates
(0.7% and 1.2% with and without an envelope).? Subsequent economic
evaluations of the envelope for infection prevention within Canadian,’
North American,'® and selected European healthcare systems1’11 indicate
that an envelope may not be economically favourable in patients with low
infection risk. Some suggest that an envelope is cost-effective at baseline
infection rates below 2-3%,"? while others report favourable cost-
effectiveness ratios only when infection rates exceed 6%.” Importantly,
sub-analyses in higher-risk subsets were based on small or diverse patient
samples, and context-specific economic assessments are not easily general-
ized to other healthcare settings." Even so, health economic evaluations are
needed to inform and support decision-making in healthcare to maximize
the benefit of an intervention to society and patients.'*'*

In this study, we present an economic evaluation of the absorbable
antibacterial envelope for patients undergoing CRT reoperations with-
in the Danish healthcare system."®

Methods

Study population and cardiac implantable

electronic device infections

In Denmark for primary prophylaxis, we used CRT pacemaker (-P) for most
patients with non-ischaemic cardiomyopathy, especially if older than
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70 years, and CRT-D for patients with ischaemic cardiomyopathy as well
as for the younger patients with non-ischaemic heart failure. This study
was based on data from a Danish, observational two-centre cohort study.
The main results—including a detailed study description—are reported
previously.” In brief, the study population comprised 1943 consecutive
patients who underwent a CIED CRT reoperation at either Odense or
Aarhus University Hospital between January 2008 and November 2019.
Patients were followed from time of implantation for a maximum of
2 years. Device, procedural, and clinical data were obtained from the
Danish Pacemaker and ICD Register and a systematic medical chart re-
view. During the study period, preprocedural intravenous antibiotics
were SoC in both centres. The absorbable antibacterial envelope
(TYRX™, Medtronic, USA) was introduced in Denmark in 2015 and
was used as an adjunct to SoC for patients with multiple risk factors for
infection. The median Prevention of Arrhythmia Device Infection
(PADIT) risk score was 7 (IQR 6-8) in this population.'® A PADIT score
of 7 corresponds to an estimated infection risk at 1 year of 4.3% using SoC
antibiotics.

A total of 67 (3.4%) (predominantly local) CIED infections were ob-
served over a maximum follow-up of 2 years, and the use of an absorbable
antibacterial envelope was associated with a hazard ratio (HR) for infec-
tion of 0.52 [95% confidence interval (Cl) 0.30-0.90]. Fifty (4.1%) CIED
infections occurred in patients treated with SoC alone. Baseline clinical
characteristics are shown in Table 1, and infections are briefly described
in Table 1.

The Danish healthcare system

Danish healthcare is universally tax-financed. All residents have free
access to healthcare, and examinations and treatments (including CIED pro-
cedures) are free of charge. Financing is administered in block grants and ba-
lanced at a regional level."” Danish hospitals operate with global budget
plans, and no specific reimbursement for medical devices exists. Hence,
the decision to utilize an envelope is left to individual physicians, depart-
ments, and/or hospitals.

Model structure

A UK-based decision-tree model developed in Microsoft Excel by Kay
et al. was adapted to the Danish healthcare setting (Figure 1). Previous
adaptations of this model to Germany, Italy, and England have been pub-
lished." The model compared patients who received an antibacterial enve-
lope + SoC to SoC alone. Types of intravenous antibiotics used and CIED
infection and device types were assumed the same in both arms of the mod-
el. After implantation, all patients were at risk of infection, which could re-
sult in either complete extraction (with or without a replacement device) or
no extraction. Death and survival at 24 months were end nodes for all arms
of the decision tree. Lifetime pay-offs were used to capture lifetime costs
and quality-adjusted life years (QALYSs) for the remainder of the patient’s
life expectancy.'® Model inputs used in the base-case analysis are shown
in Table 2.

Model outputs

The model was used to generate incremental costs per QALY's gained (in-
cremental cost-effectiveness ratio, ICERs) for each individual device type
(CRT-P or CRT-D) as well as a combined CRT-P and CRT-D device popu-
lation. In absence of any formal Danish willingness-to-pay threshold value, a
conservative approach was applied, and the threshold used in these analyses
is the upper limit of £30000 per QALY gained commonly used by the
National Institute for Health and Care Excellence (NICE) converted to a
Euro equivalent (€34 125).%° In line with the clinical study that informed
the efficacy parameters, results have been generated for an all-comers/high-
risk population (the base case) as well as for the following patient sub-
groups: individuals undergoing revisions/upgrades, those that have only
had one previous CIED procedure, those that have had at least two previ-
ous CIED procedures, and those that underwent replacement surgery.

Infection risk

The probability of infection with SoC was estimated from the risk of infec-
tion reported for all patients in the control group with a common value

Table 1 Selected baseline characteristics and clinical outcomes data for patients who developed cardiac implantable electronic device (CIED)

infections (complete cohort of infected patients)

CRT-P (n=20) CRT-D (n=47) Total (n=67)

Baseline characteristics
Age, mean + SD 71 + 10 70 +9 70 +9
Female, n (%) - - 6%
PADIT score, median (IQR) 8 IQR 5-9 7 IQR 6-9 IQR 6-9
Previous procedures, n (%)

1 12 52% 24 54.5% 36 54%

>2 1" 48% 20 45.5% 31 46%
Procedure type, n (%)

Replacements 15 65% 29 66% 44 66%

Upgrades 8 35% 15 34% 23 34%
Clinical outcomes data
Infection type, n (%)

Pocket 17 74% 30 68% 47 70%

Systemic 6 26% 14 32% 20 30%
Hospitalization (days), median (IQR) 22 IQR 12-37 26 IQR 15-67 25 IQR 1443
ICU stay, n (%) - - - - 12 18%

Days in the ICU, median (IQR) - - - - 85 IQR 3-11.5
In-hospital mortality, n (%) - - - - 7 10%

Subgroups with <4 patients are not reported due to patient discretion considerations.

CRT-P/-D, cardiac resynchronization therapy pacemaker/-defibrillator; PADIT, prevention of arrhythmia device infection; ICU, intensive care unit.
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Figure 1 Decision-tree model adapted from Kay et a

applied to both device types (Table 3). The treatment effect associated with
an envelope was modelled by applying the HR of infection to the baseline
risk."® For simplicity, the HR of infection with an envelope (0.52, 95% Cl
0.30-0.90) was applied to all subgroups in the model. Risk of re-infection
was sourced from literature: we assumed a re-infection risk of 4.8%>" for
patients who underwent a complete device extraction with a reglacement,
and 71.4% for patients who did not undergo CIED extraction.’

Minor CIED infections included any CIED infection not meeting the cri-
teria for major CIED infection. It was reported as a probability of 0.93%
with SoC, and a relative risk of 0.72 with an envelope was applied to cover
these events. Again, common values were used for both device types.

Cardiac implantable electronic device

infection-related costs in Denmark

Infection-related healthcare costs were estimated at an individual level
based on Diagnosis Related Group (DRG) 2022-tariffs with correction
for hospital length of stay in case this exceeded the number of days included
in each tariff. Cost per day was estimated based on the average cost per bed
day at the Department of Cardiology, Aarhus University Hospital (€839 per
day). Days in the intensive care unit were added to the tariff when relevant
using the national 2022 tariff (€3733 per day). As such, the average costs
used in this model indirectly considered both treatment differences and dis-
ease severity. Costs associated with prophylactic antibiotics were applied in
both arms of the model as one-off costs to all patients (Table 2) (<€5 per
dose). In the model, we used a cost of the envelope of €969. Costs related
to re-infection were applied to patients who did not have their device ex-
tracted, or to patients who underwent a complete extraction with
replacement.

Health-related quality of life

Health-related quality of life (HRQoL) values in the first 12 months con-
sisted of the baseline utility valued after treatment with CIED and was based

CIED extraction

No CIED
extraction

Survival

Survival
Replacement
Death
Survival
No replacement
Death

Survival

Death

CIED, cardiac implantable electronic device.

on the EQ-5D analysis from the WRAP-IT.2 These differed between de-
vices (CRT-D 0.81; CRT-P 0.76), and a utility decrement of 0.10 at 6
months was applied for all patients who experienced an infection, regard-
less of whether an antibacterial envelope was used.

Lifetime costs and benefits

Beyond the initial 24 montbhs, lifetime discounted costs and QALY's were
applied based on results reported in National Institute for Health and
Care Excellence’s Evidence Review Group analysis (Table 3).'® These de-
pend on the device type and whether a CIED is in place. For example,
patients who did not undergo a device re-implantation had fewer
QALYs applied than those who had a replacement device. The cost of
the initial procedure was subtracted from lifetime costs because these
apply to all patients in the model, and not just those surviving beyond
2 years.

Mortality

All-cause mortality data up to 24 months were taken from WRAP-IT.2 The
baseline all-cause mortality for patients with and without infection was 19%
and 11%, respectively. The mortality rate for patients with infection was as-
sumed to consider management of the infection, such as complete or no
extraction, and was applied to both CRT-D and CRT-P devices.

Exchange rate and discounting

Where necessary, costs were converted from Great British Pounds to
Euros using an exchange rate of 1.14 and from Danish Kroner to Euros
. 22 .
using an exchange rate of 0.13.”° We opted not to apply inflated costs be-
cause some costs will have increased over time while others have de-
creased. Discounting was not applied since it was already applied in the
NICE technical appraisal at a rate of 3.5% per annum when calculating
the lifetime payoffs.'®
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Table 2 Model inputs for the base-case scenario in all-comers

Parameter CRT-P CRT-D Source

Infection rates up to 24 months ~ 4.14% 414%  Frausingetal.'®
(CRT-D), SoC

HR of infection with an envelope 0.52 0.52 Frausing et al.'®
up to 24 months

Re-infection following no 7140%  71.40%  Pichlmaier
extraction etal’

Re-infection following complete 4.80% 480%  Ahmed et al?
extraction

Mortality no infection 11.00%  11.00% WRAP-IT®

Lifetime costs without CIED €8662  €8662  NICE™

Lifetime costs with CIED €20679 €23107 NICE™

Lifetime QALYs without CIED 2.78 2.78 WRAP-IT®

Lifetime QALYs with CIED 3.47 3.88 WRAP-IT®

Baseline utility after treatment 0.76 0.81 WRAP-IT®
with CIED

Disutility with major CIED -0.10 —-010  WRAP-IT®
infection for 6 months

Infection cost no extraction, SoC  €40765 €50366 Calculated

(DRGs)

CRT-P/-D, cardiac resynchronization therapy pacemaker/-defibrillator; QALY,
quality-adjusted life year; SoC, standard of care.

Sensitivity analyses

One-way deterministic sensitivity analyses were performed to establish
first-order uncertainty around infection rates, mortality, HRQoL, QALYs,
lifetime costs, and benefits. Parameters were varied across a plausible range
based on clinical expert opinion or 95% Cl. All other parameters were var-
ied by +/—20%.

Probabilistic sensitivity analyses were conducted to assess the degree of
uncertainty in the model results using 1000 iterations. Gamma distributions
were used for costs, lognormal for hazard ratios, and beta for probabilities
and utilities.”® When data on variability around the sampling distribution of
mean values were not available, the standard error was assumed to be equal
to 10% of the mean.

Results

Patients experiencing CIED infection in this population were hospita-
lized for a median of 25 days (IQR 14-43), and 14 (21%) patients re-
quired treatment in the intensive care unit (ICU). The median
duration of hospitalization in the ICU was 8.5 days, IQR 3—11.5. We es-
timated average costs of €50 366 and €40 765 for infections relating to
CRT-D and CRT-P devices, respectively (Table 7). Higher cost esti-
mates for CRT-Ds were due to higher costs of the CRT-D devices
and longer duration of hospitalizations in this patient group, including
more infections with requirement for intensive care (Tables 1 and 2).
The in-hospital mortality was 10% (n=7).

Table 3 presents the summary cost-effectiveness results in each
population modelled over a lifetime horizon (Graphical Abstract). In
the base-case analysis, the per-patient predicted lifetime incremental
costs for CRT-D, CRT-P, and the combined device population were
€65, €250, and €118, respectively. The associated incremental costs
per QALY gained were €6,227, €29,177, and €12,022, respectively.
Hence, all ICERS are below the assumed cost-effectiveness threshold
of €34 125 per QALY gained.

Table 3 Base-case cost-effectiveness results stratified by device

type
Population Incremental Incremental ICER (per
costs QALYs QALY
gained)
CRT-D €65 0.01 €6227
CRT-P €250 0.01 €29177
Combined €118 0.01 €12022

The subgroup-specific results are presented in the Supplementary
material online, Table S1. Absorbable antibacterial envelopes and a
CRT-D device were cost-effective in all subgroups except for patients
who only had one previous procedure. Absorbable antibacterial envel-
opes for CRT-P devices were cost-effective in all patients except those
who had either one previous procedure or underwent revision/up-
grade surgery. Absorbable antibacterial envelopes provided greater
clinical benefit at lower cost in patients who had at least two previous
CIED procedures, regardless of which CIED device they were used in
combination with.

Sensitivity analyses

At a willingness-to-pay threshold of €34 125 per QALY gained, the
probabilistic sensitivity analyses indicated that the probability that the
antibacterial envelope was cost-effective for those who received
CRT-D or CRT-P were 72% and 51%, respectively (Figure 2). At the
same willingness-to-pay threshold, the probability that an antibacterial
envelope was cost-effective in the mixed CRT-P/CRT-D population
was 70% (Figure 2). The cost-effectiveness acceptability curves for
each of the subgroups of interest are shown in the Supplementary
material online, Figure S1, stratified by device type (CRT-D, CRT-P,
and mixed CRT-D/P).

The one-way deterministic sensitivity analyses are reported in
Figure 3 (stratified by device type in supplementary material online,
Figure S4). Across all three groups, the main drives of the model in all
populations were the baseline risk of infection up to 24 months, the
HR of infection with an envelope, and the cost of infection with re-
implantation. The Tornado plots from all relevant clinical subgroups
are presented in the Supplementary material online, Figures S2 and S3.

Discussion

In this study, we found that adjunctive use of an absorbable antibacterial
envelope for infection prevention was cost-effective when used for all-
comers across device types at a cost-effectiveness threshold of €34 125
per QALY gained. Our study is the first economic evaluation of absorb-
able antibacterial envelopes within the Danish healthcare setting, and
the first assessment is based on a complete and consecutive cohort
exclusive to patients undergoing CRT reoperations. The baseline
24-month infection risk with SoC was >4% in this population.”
Results of this study represent an update to those presented by Kay
et al."* and Boriani et al.' Data with a longer follow-up (24 months
vs. 12 months) were applied before lifetime costs, and QALYs were
added to the analysis. By inclusion of more specific patient subgroups,
this study adds to the already published results of adaptations to other
European evaluations (Italy, Germany, and England).1

Across subgroups, overall ICERs were more favourable in patients
undergoing CRT-D operations. This was primarily related to higher costs
of the CRT-D devices, and to more severe courses of disease in this patient
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Figure 2 Cost-effectiveness acceptability curves plots for the composite (mixed) population and per device type. CRT-D, cardiac resynchronization
therapy defibrillator; CRT-P, cardiac resynchronization therapy pacemaker; QALY, quality-adjusted life year.

group as exemplified by their higher propensity for systemic infections,
longer duration of hospitalization, and a more frequent requirement for
intensive care during index hospitalization (data not shown).

Key drivers also included the cost of complete extraction with re-
implantation, cost of complete extraction without re-implantation,
and lifetime QALYs with a CIED. Infection rates up to 24 months,
the HR of infection with an envelope, and the costs of complete extrac-
tion with re-implantation could cause the envelope to be dominant in
all-comers (for CRT-D and combined). On the other hand, for the
>2 previous procedures subgroup, the infection rates up to 24 months
could cause the envelope to become not cost-effective (for CRT-D and
CRT-P). Finally, the infection rates up to 24 months, the HR of infection
with an envelope, and the cost of complete extraction with re-
implantation could cause the envelope to become either not cost-
effective or dominant (for all device types).

Compared to the study by Boriani et al., we showed more favourable
results in patients with CRT-Ds and >2 previous procedures, where an
envelope was cost-saving (i.e. dominant) in the current analysis.
Furthermore, in the Boriani et al. adaptation, an envelope was cost-
effective with ICERs of €18 181 in Germany, €14 371 in ltaly, and
£16 680 in England. The current model also presents more favourable
results for patients with CRT-Ds who undergo replacement proce-
dures, which was dominant over SoC in our analysis but not in the pre-
vious evaluation; reported ICERs were €42,912, €39,094, and £37 581
for Germany, ltaly, and England, respectively. This difference was pri-
marily driven by the higher risk of infection in this patient subgroup
of our population when compared to WRAP-IT (~7% vs. 4%).
Discrepancies in reported infection rates in real-world populations
vs. trial populations are well-known, and likely arise from patient selec-
tion in randomized controlled trials.

An important detriment to CIED infections not captured in the cur-
rent analysis relates to challenges when re-implanting the left ventricu-
lar (LV) lead following CRT extraction. Often, it is not possible to

re-implant the LV lead in the same position. Suboptimal LV lead posi-
tioning is established as an important determinant of clinical outcomes
after CRT.?* Hence, the clinical benefit from CRT may be less following
a CIED infection, which further underscores the importance of pre-
venting infections in this patient group.

In this study, costs were estimated based on DRG tariffs with
individual-level corrections for the duration of hospitalization. We esti-
mated average costs of €40 765 for CRT-Ps and €50 366 for CRT-Ds.
This was in concordance with previous estimates for costs relating to
CIED infections in other european healthcare settings; £41 820 for pa-
tients with implanted ICDs and CRTs based in a UK setting,"" and £27
661-£37 633 (UK), €37 168-€42921 (Germany), and €37 777—-€45
560 (ltaly) (assuming an extraction was performed) for implanted
CRT-Ps and CRT-Ds in an economic evaluation based on a
WRAP-IT high-risk sub-cohort.” Meanwhile, our cost estimates were
significantly lower than estimates from the USA ($67 586)'° but com-
parable to cost inputs from a study based in a Canadian setting (Can
$64 809).” Differences in costs associated with infection and variations
in willingness-to-pay thresholds and reimbursement policies hamper
extrapolation of results from economic analyses in one country to an-
other. For this reason, local analyses are pivotal.

The estimates for infection-related costs further highlight the signifi-
cant financial implications of CIED infections. However, an envelope is
costly, and even when the feasibility and clinical efficacy of an interven-
tion has been established, there is a growing need to provide assess-
ments of the balance between economic and clinical utility. Results
from this analysis indicate that an absorbable antibacterial envelope
may be an attractive option for patients undergoing CRT reoperations
in Denmark, especially for patients with multiple previous procedures.
Efforts should be directed towards development and validation of risk
prediction tools to enhance our ability to identify patients at high risk of
infection,**>% in whom both the clinical and economical value of an
antibacterial envelope is highest.
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Limitations

Several limitations must be acknowledged when interpreting results from
this analysis. First, the estimated treatment effect of antibacterial enve-
lope was based on observational data, which implied strong assumptions
of no unmeasured or unknown confounding. However, results from sub-
group analyses in WRAP-IT concur with our results indicating that an en-
velope reduces infection risk even in higher-risk situations (e.g. the HR for
patients receiving high-power devices was 0.51, 95% Cl 0.29-0.90).
Assuming that late infections are most likely not associated with use of
an envelope, follow-up was restricted to 2 years, and any effect beyond
this 2-year cut-off would therefore not be captured by our model.
Second, we based our subgroup analyses on smaller patient samples
with fewer events, which can influence the accuracy of the estimated in-
fection risk in these groups (a main driver of the analysis). This was espe-
cially the case for subgroups of patients undergoing revisions and
upgrades (n =23 events) or CRT-P procedures (n =23 events).

Third, a key limitation is the generalizability and uncertainty of the to-
tal cost of infections. To mitigate this limitation, extensive sensitivity
analyses were performed; however, due to the small incremental
QALYs generated, changing this input could potentially have a large ef-
fect on the estimated ICERs. Also, assessment of costs was based on
DRG tariffs for diagnosis and procedure codes. The DRG tariffs com-
prise national averages and hence, do not reflect actual individual-level
costs. Moreover, we observed high variation in costs as the course of
infection could span from simple extractions with 10-day antibiotic re-
gimens to more severe manifestations with prolonged hospitalizations
in the ICU.

Fourth, several model inputs were obtained from external sources
including HRQoL (WRAP-IT), mortality with and without infection
(WRAP-IT).2 lifetime discounted costs (NICE), QALYs beyond 24
months (NICE),18 and risk of re-infection with and without CIED ex-
traction, which was sourced from literature.'®?’ Therefore, these para-
meters may not reflect conditions specific to our population of patients
undergoing CRT reoperations.

Finally, an arbitrary threshold for cost-effectiveness was assumed be-
cause no official threshold is established in Denmark. Any interpret-
ation of cost-effectiveness within the Danish healthcare system based
on this cut-off value should therefore be carefully considered.

Conclusions

Results from this cost-effectiveness analysis based in the Danish
healthcare setting suggest that an absorbable antibacterial envelope
for infection prevention in patients undergoing CRT reoperations is
cost-effective at a cost-effectiveness threshold of €34 125/QALY
gained.

Supplementary material

Supplementary material is available at Europace online.
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