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BACKGROUND Cardiac resynchronization therapy-defibrillators
(CRT-D) are devices established as treatment for symptomatic heart
failure patients at risk of sudden cardiac death. Battery depletion
poses a significant clinical and economic burden; extended service
life may reduce costs because of generator changes and associated
complications.

OBJECTIVE This study estimated cost-savings associated with
extended battery longevity in Medicare patients receiving CRT-D im-
plantation.

METHODS A decision tree was used to explore 3 battery capacities:
1.0 ampere-hours (Ah), 1.6Ah, and2.1Ah. Yearly risk of all-causemor-
tality, device-related complications, and end of battery life were esti-
mated. Over 6 years, estimated costs included device implantation,
replacement, follow-up appointments, and complications.

RESULTS The average total costs to Medicare over 6 years were
$41,527, $48,515, and $56,647 per person (USD 2023) for the
2.1 Ah, 1.6 Ah, and 1.0 Ah, respectively. The total per-person
replacement cost for the 1.0-Ah devices was more than 4 times
that of the 2.1-Ah devices ($20,126 vs $5,006). When extrapolated
to the total number of CRT-D implants over a 6-year period, the
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difference in costs between 2.1-Ah and 1.0-Ah battery capacity ex-
ceeded $500 million.

CONCLUSION Extended longevity CRT-D batteries demonstrate sig-
nificant cost savings to Medicare over 6 years. These data indicate
long-term economic considerations should be included in device se-
lection.
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Introduction
Cardiac resynchronization therapy defibrillators (CRT-D) are
an established treatment for a subset of symptomatic heart
failure patients at risk for sudden cardiac death.1 The service
life of CRT-D poses a significant clinical and economic
burden,2 and prolonged device service life is much more
important than smaller generator size.3 Extended defibrillator
battery longevity is preferred by patients4 and is more cost-
effective for health systems.5,6 Battery capacity as measured
in ampere-hours (Ah) is the strongest predictor of CRT-D
battery longevity. Prior research has reported that CRT-D
extended battery life exceeded patient survival in a typical
heart failure cohort with reduced ejection fraction.7 Extended
longevity CRT-D devices not only outlast average patient life
expectancy, they also avoid costs of generator changes and
associated complications.

CRT-D generator replacement procedures have elevated
risks compared with initial implantation; therefore, avoiding
additional procedures is a reasonable goal.8,9 Implantable
cardioverter defibrillator (ICD) replacements are associated
with an increased risk for pocket-related surgical reinterven-
tions, and the need for surgical reintervention increases with
every consecutive device replacement.10 One in 4 patients
who undergo 2 or more replacements of a cardiovascular
implantable electronic device develop infection.11 Addition-
ally, further hospitalization is associated with increased inci-
dence of adverse events. In a random sample of hospital
admissions in Massachusetts in 2018, at least 1 adverse event
was found in nearly 1 in 4 cases, and approximately one-
fourth of such adverse events were preventable.12 Recent
data reported a 244% increase in cost when 3 CRT-D gener-
ator implant/replacement procedures vs only 1 were per-
formed among 15,002 Medicare patients who underwent
open access https://doi.org/10.1016/j.hroo.2024.09.008
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Table 1 Model assumptions

Component Assumptions

Patient � A patient is implanted with a CRT-D
device as per DRG/APC code at the
start of the model (year 0) and is
followed up for 6 years.

� Patient survival is the same regardless
of device choice.

� The reduction in the patient survival
from years 5 to 6 is similar to the
reduction rate in the previous year
(sensitivity analysis). Physician
guidance was provided for this
assumption.

Procedure � The device survival for all
manufacturers is 100% at the year of
implantation (at year 0) and the
subsequent year (year 1).

� Sensitivity analysis extends the
follow-up period to 15 years. The
reduction in the battery survival from
year 7 to 15 for 2.1 Ah follows the
similar reduction rate for that of 1.0
Ah, based on Alam et al.18 Physician
guidance was provided for this
assumption.

KEY FINDINGS

- The average total costs to Medicare associated with the
implantation of a cardiac resynchronization therapy-
defibrillator (CRT-D) with 2.1-Ah battery capacity over
the study period of 6 years was $41,527 per person,
whereas it was $56,647 with 1.0-Ah battery capacity.

- The total per-person replacement cost for a CRT-D de-
vice that used 1.0 Ah was more than 4 times higher
than that of a 2.1-Ah device ($5006 vs $20,126).

- When extrapolated to the total number of annual CRT-D
implants in the Medicare population, the total cost
savings of using 2.1-Ah battery capacity instead of 1.0
Ah over the 6-year study period exceeded $500 million.
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CRT-D implant or replacement from 2009 to 2020.6 Given
the increased risk of complications and additional costs asso-
ciated with generator replacement, the objective of this study
was to estimate the potential cost-savings associated with
extended battery longevity in a cohort of Medicare patients
receiving an initial CRT-D implantation.
� There are no replacements
attributable to device malfunctions,
only because of battery depletion.

APC5 ambulatory payment classification; CRT-D5 cardiac resynchroni-
zation therapy defibrillator; DRG 5 diagnosis-related group.
Methods
Model structure and assumptions
A Microsoft Excel–based economic model using modeling
good research practices13 was developed in the form of a deci-
sion tree to explore the potential cost-savings associated with
increased battery longevity. The model was used to estimate
the average costs associated with an initial CRT-D implanta-
tion and replacements per person over a 6-year follow-up
from a Medicare perspective, using the model structure devel-
oped by Gadler et al.14 This model explored different battery
longevities corresponding to 3 capacities to represent the lead-
ing device manufacturers available: 1.0 Ah, 1.6 Ah, and 2.1
Ah. The annual risk of all-cause death,15,16 device-related com-
plications,17 and the end of battery life18 (based on the manu-
facturer’s longevity estimate) were applied. The 6-year
follow-up was based on the real-world experience from a
high-volume implanting institution.18 Costs for CRT-D im-
plantation, replacement, and follow-up appointments were
calculated using the 100%Medicare Standard Analytical Files
(SAF) and the national 2023 Medicare payment level for spe-
cific diagnosis-related groups (DRG), Ambulatory Payment
Classifications (APC), and Current Procedural Terminology
(CPT�) codes. Given the Medicare payer perspective, direct
cost to the facility of the device was not included. The fre-
quency of follow-up visits was based on the recommendation
from Heart Rhythm Society.19 The costs related to CRT-D–
associated complications were obtained from Schmier et al,17

who used Medicare claims to calculate costs. The conditions
and procedures used by Schmier et al to identify complications
are described in the Supplemental Material, and costs were
converted to 2023 United States Dollars (USD) using the con-
sumer price index.20The costs over the 6-year follow-upperiod
were discounted at a rate of 3%, and total costwas calculated as
the sum of these costs.

The assumptions applied to patients and procedures are
presented in Table 1. In the base case, a patient entering the
model is indicated for and undergoes implantation of a
CRT-D device at the start of the model (ie, in year 0) and is
followed up for 6 years. Patient survival probability is the
same regardless of device choice. The model assumed device
survival would be 100% for the year of implant/replacement
and the following year. As a result, a maximum of 3 replace-
ments for an individual patient could be performed over the
model time horizon of 6 years, and in that worst-case scenario,
replacement procedures would occur in years 2, 4, and 6.

In addition to a base-case analysis, a univariate determin-
istic sensitivity analysis was performed varying patient
survival, battery survival, incidence and costs of complica-
tions, procedure costs, and the time horizon.

Base-case analysis and inputs
The input data used for the base case analysis are shown in
Table 2 and include patient survival, battery survival, incidence
and costs of complications, Medicare costs of CRT-D implan-
tation and replacement, and the number and cost of follow-up
visits. Annual patient survival was obtained from Yao et al,15

who performed aMarkov-basedMonte Carlo simulation to es-
timate costs associated with CRT-D therapy from a United
Kingdom (UK) health care perspective. Event-free battery



Table 2 Base-Case Input Parameters

Parameter 2.1 Ah 1.0 Ah 1.6 Ah Notes

Patient survival Source: Yao et al (2007)15

Year 0 100% 100% 100%
Year 1 95% 95% 95%
Year 2 90% 90% 90%
Year 3 85% 85% 85%
Year 4 81% 81% 81%
Year 5 77% 77% 77%
Year 6 72% 72% 72%

Event-free battery survival Source: Alam et al (2017)18

Year 0 100% 100% 100%
Year 1 100% 100% 100%
Year 2 98% 99% 100%
Year 3 98% 92% 100%
Year 4 95% 74% 90%
Year 5 90% 36% 69%
Year 6 77% 10% 44%

Incidence of complication Source: Schmier et al (2017)17 lower
boundComplication first year after primary

implant
4% 4% 4%

Complication first year after
replacement

2% 2% 2%

Infection first year after primary
implant

2% 2% 2%

Infection first year after replacement 3% 3% 3%
Complication cost to Medicare Source: Schmier et al. (2017)17 lower

bound; 2023 USDComplication $1112 $1112 $1112
Infection $29,550 $29,550 $29,550

Medicare costs of CRT-D Sources: implantation and replacement
costs: claims data (see Appendix),
reflect weighted average of IP and OP
costs using 2023 Medicare
reimbursement amounts;

visits: frequency from Wilkoff et al
(2008), cost reflects weighted
average of follow-up visit at facility
using 2023 Medicare reimbursement
amount

Initial implantation $34,436 $34,436 $34,436
Replacement $32,123 $32,123 $32,123

Follow-up visit (per visit; 4 visits per
year)

$82 $82 $82

CRT-D 5 cardiac resynchronization therapy defibrillator; USD 5 US dollars; IP 5 inpatient; OP 5 outpatient.
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survival rates were obtained from Alam et al,18 who examined
battery longevity of 621 CRT-D recipients at their institution.
The source of incidence rates and costs of complications was
the simulation by Schmier et al,17 in which both upper and
lower bounds were reported (lower bounds were used for the
base case). The 100% Medicare SAFs from 2019 to 2021
were used to calculate cost inputs for CRT-D procedures and
follow-up visits, using appropriate DRG/APC/CPT codes
and the Medicare 2023 reimbursement amount for each code.
Final model inputs represent a weighted average reimburse-
ment for that procedure or visit, in which weights reflect the
relative volume of claims during 2019 to 2021 for each
DRG, APC, or CPT code. Details of these calculations can
be found in the Supplementalal Material.

These inputs were used to calculate the average cost per
patient over a 6-year period for initial implantation, replace-
ments, and follow-up visits. These costs were summed to
arrive at the total cost per patient to Medicare. To calculate
the total cumulative cost of replacements among the CRT-
D Medicare population, costs were summed for annual co-
horts of patients who were assumed to have received initial
implantations during years 0 through 6. Specifically, it was
assumed that each year there were 15,577 initial implanta-
tions (which represents the average number of annual
CRT-D implantations observed in the 100% Medicare SAF
claims files during 2019–2021), and each annual cohort
had between 0 and 6 years of follow-up costs, depending
on the year they entered the model. That is, those who entered
at year 0 had 6 years of follow-up costs, those who entered at
year 1 had 5 years of follow-up costs, and so forth. Therefore,
the total cumulative cost reflects 109,039 patients who
received initial implantations between years 0 and 6 and
had between 0 and 6 years of follow-up costs.
Sensitivity analysis and inputs
To perform univariate deterministic sensitivity analysis, indi-
vidual inputs were varied, and the model was re-run to pro-
duce alternative cases. For 1 scenario, patient survival
inputs were based on a prospective study (ALTITUDE) of



Table 3 Base-case analysis results

Cost category

Average per-patient Medicare costs over
6-year follow-up Difference between

1.0 Ah and 2.1 Ah,
USD (%)

Difference between
1.6Ah and 2.1Ah,
USD (%)2.1 Ah 1.0 Ah 1.6 Ah

Initial implant No difference by definition No difference by definition
Procedure $34,436 $34,436 $34,436
Complications $635 $635 $635
Postprocedure follow-ups $82 $82 $82
Total $35,154 $35,154 $35,154

Replacements
Procedures $4856 $19,524 $11,635 $14,668 (302%) $6779 (140%)
Complications $137 $552 $329 $415 (302%) $192 (140%)
Postprocedure follow-ups $12 $50 $30 $38 (302%) $17 (140%)
Total $5006 $20,126 $11,994 $15,120 (302%) $6988 (140%)

Routine follow-ups $1367 $1367 $1367 No difference by definition No difference by definition
Total $41,527 $56,647 $48,515 $15,120 (36%) $6988 (17%)
Cumulative cost of
replacement in full
Medicare population over
6 years if 15,577 CRT-D
implants per year

$152,681,105 $679,635,453 $333,012,260 $526,954,348 (345%) $180,331,156 (118%)

All values are in 2023 USD.
CRT-D 5 cardiac resynchronization therapy defibrillator; USD 5 US dollars.
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patients who received ICD or CRT-D devices (Saxon et al,
2010).16 These data provide estimates for up to 5 years of
follow-up; the survival probability for year 6 was derived us-
ing the trend from these estimates along with physician input.
In a second scenario, the follow-up time was extended to 15
years, approximating the lifetime of the patient’s survival, us-
ing similar methods: deriving years 6 through 15 based on
base-case battery and patient survival probabilities during
years 0 through 5 and physician guidance. A third scenario
explored the effect of using the upper bounds of complication
incidence and cost estimates from Schmier et al.17 Other sce-
narios varied the cost to Medicare for CRT-D implantation
and replacement to 20% more or 20% less of the base-case
amount. The inputs used for these scenarios are shown in
Appendix 2.
Results
Base case
The average total costs to Medicare associated with a 2.1-Ah
CRT-D device implantation over 6 years was $41,527 per
person (Table 3) in the base-case. The corresponding costs
for the 1.6-Ah and 1.0-Ah devices were $48,515 and
$56,647 per person, respectively. The use of a 2.1-Ah
CRT-D device saved Medicare an average of $15,120 per
person compared with the use of a 1.0-Ah CRT-D device,
and an average of $6988 per person compared with a 1.6-
Ah CRT-D device. The costs of the initial implantation,
related complications, and routine follow-up visits were the
same across devices; thus, the differences in total average
per person costs were driven by costs associated with replace-
ments. The total replacement cost for 1.0-Ah CRT-D devices
($20,126 per person) was more than 4 times that of 2.1-Ah
devices ($5006); the total replacement cost for 1.6-Ah
CRT-D devices ($11,994) was more than double that of
2.1-Ah devices.

Using these values and assuming 15,577 CRT-D implants
annually over 6 years, the cumulative replacement cost to
Medicare would be $152,681,105 for 2.1-Ah devices,
$679,635,453 for 1.0-Ah devices, and $333,012,260 for
1.6-Ah devices (Table 3). The difference in cumulative
replacement costs between the 2.1-Ah and 1.0-Ah devices
was $526,954,348, and $180,331,156 between the 2.1-Ah
and 1.6-Ah devices.
Sensitivity analysis
The results of the univariate deterministic sensitivity analyses
produced average total costs to Medicare associated with 2.1-
Ah CRT-D device implantation over 6 years per patient that
ranged from $34,640 to $48,414 (Appendix 3 and Figure 1).
The highest and lowest total cost estimates occurred when the
procedure cost inputs were varied to 20% higher and 20%
lower than the base-case values. The per-person savings to
Medicare for using the 2.1-Ah CRT-D device ranged from
$10,815 to $18,054 compared with the 1.0-Ah device, and
$4,727 to $8,344 compared with the 1.6-Ah device.

The average total cost per person to Medicare associated
with CRT-D implantation and replacement over a 15-year
time horizon was $60,994 (2.1 Ah), $67,491 (1.6 Ah), and
$75,266 (1.0 Ah). That value was 11% higher for 1.6-Ah de-
vices and 23% higher for 1.0-Ah devices compared with 2.1-
Ah devices (Appendix 3).
Discussion
The data presented here demonstrate significant cost savings
when extended-longevity CRT-D devices are used in Medi-
care patients. The cumulative cost of replacement in the
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Medicare cohort over 6 years was $152.7 million for the 2.1-
Ah device vs $333.0 million and $679.6 million for devices
with 1.6-Ah and 1.0-Ah batteries, respectively. The differ-
ence in costs between the 2.1-Ah and 1.0-Ah devices was
over $527.0 million (345% higher).

CRT-D replacement because of battery depletion is a sig-
nificant cost driver for payers14,21 and a significant complica-
tion driver for patients.22,23 Landolina et al21 found the need
for device replacements at 6 years was reduced from 83% to
68% with the use of devices with improved battery
longevity.21 Modeling has shown that increased utilization
of extended-longevity CRT-D led to a 39% annual reduction
in major complications and a 12.8% reduction in total annual
costs ($496 million) for Medicare.24 A prior study examining
15,002 Medicare patients who underwent CRT-D implant or
replacement from 2009 through 2020 reported a total cumu-
lative cost to Medicare for a patient undergoing 1, 2, and 3
generator implant or replacement procedures to be $52,795,
$88,976, and $128,846, respectively.6 These data demon-
strate the substantial increased costs to Medicare when pa-
tients are subjected to repeat CRT-D generator changes that
extended longevity devices may help to reduce. More impor-
tantly, longevity seems to be more important to patients than
the size of the device; most prefer a larger device when it is
accompanied by greater longevity.4 Guidelines should
consistently emphasize the importance of patient preferences
in all clinical decisions.25 The value offered by extended-
longevity CRT-D led the National Institute for Health and
Care Excellence, which provides guidance to the National
Health Service of the United Kingdom, to conclude
extended-longevity CRT-D benefits patients, are associated
with fewer procedures, and save the National Health Service
approximately £6 million within first 5 years of utilization.5

The Board of Medicare Trustees determined in 202326 that
the Hospital Insurance trust fund is not adequately financed
over the next 10 years; the program can only guarantee 8
years of paying 100% of scheduled benefits to over 65
million Americans. Incremental improvements to clinical
practice that reduce complications and improve cost-
effectiveness may help the financial stability of the Medicare
program.

Although this study has several strengths, the results
should be viewed in light of its limitations. First, the avail-
able data on input parameters such as patient survival, bat-
tery survival, complication rate, and infection rate are
limited. Some of these data are from older studies, from
countries other than the United States (the setting for this
study), and conditional on other factors such as co-
morbidity. Second, the model does not include societal costs
among patients, which include transportation and opportu-
nity costs. Third, the primary factor of interest for device
replacement in this model is battery survival, and we did
not consider other factors related to replacement, such as
electronic component failure or device programming.
Finally, the model also does not consider patient preference,
although previous research suggests patients would prefer
options with extended battery longevity.
Conclusions
The per-person and estimated cumulative cost to Medicare
for generator replacement of CRT-D devices is substantial.
The exclusive use of extended-longevity devices over 6 years
would save Medicare between $15,120 and $6988 per per-
son, and between $180 million and $527 million cumula-
tively. Adequate consideration of the multiple factors
affecting device choice, including the economic impact of
generator replacement because of battery longevity, should
be a consideration in physician decision-making at the time
of initial implant.
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