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1 | INTRODUCTION

The prevalence of cardiac pacemakers increases with age. Extending

device battery longevity in an aging population should reduce surgical
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Background: The rate of device replacement in pacemaker recipients has not been investigated
in detail.

Hypothesis: Current pacemakers with automatic management of atrial and ventricular pacing
output provide sufficient longevity to minimize replacement rate.

Methods: We considered a cohort of 542 pacemaker patients (age 78 4 9 years, 60% male, 71%
de-novo implants) and combined 1-month projected device longevity with survival data and late
complication rate in a 3-state Markov model tested in several Monte Carlo computer simulations.
Predetermined subgroups were: age < or > 70; gender; primary indication to cardiac pacing.
Results: At the 1-month follow-up the reported projected device longevity was 153 & 45
months. With these values the proportion of patients expected to undergo a device replacement
due to battery depletion was higher in patients aged <70 (49.9%, range 32.1%-61.9%) than in
age 270 (24.5%, range 19.9%-28.8%); in women (39.9%, range 30.8%-48.1%) than in men
(32.0%, range 24.7%-37.5%); in sinus node dysfunction (41.5%, range 30.2%-53.0%) than in
atrio-ventricular block (33.5%, range 27.1-38.8%) or atrial fibrillation with bradycardia (27.9%,
range 18.5%-37.0%). The expected replacement rate was inversely related to the assumed
device longevity and depended on age class: a 50% increase in battery longevity implied a 5%
reduction of replacement rates in patients aged >80.

Conclusions: With current device technology 1/4 of pacemaker recipients aged =70 are expected
to receive a second device in their life. Replacement rate depends on age, gender, and primary indi-
cation owing to differences in patients' survival expectancy. Additional improvements in device ser-

vice time may modestly impact expected replacement rates especially in patients 280 years.
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interventions for device replacements, prevent related complications,

including infections, and ultimately decrease health-care costs.?
Technologic improvements in hardware and in automated algo-

rithms have significantly improved device longevity in the past

20 years,>despite the changes of patients' medical conditions and of

*See Appendix S1 for the complete list of investigators.

pacing parameters.“’6
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Basing on the indications to cardiac stimulation and on life expec-
tancy of contemporary pacemaker recipients, it is speculative whether
device longevity meets patients' expected survival or further improve-
ment of longevity is necessary. This question has important implica-
tions for the allocation of research resources and for the direction of
future technological developments.

We investigated this aspect in the ESSENTIAL Registry,® a pro-
spective non-interventional study assessing the performance of spe-
cific algorithms designed to automatically control and safely minimize
pacing outputs in routine medical practice. In particular, we sought to
estimate the proportion of patients expected to undergo a device
replacement at the end of the projected device service life. Estimations
were obtained with Monte Carlo simulations based on a three-state
Markov model combining estimated patient survival and system-
related complications with individual device longevity collected in the
ESSENTIAL cohort. Several series of simulations were generated by
arbitrarily varying the assumed device longevity with respect to the
actual values, in order to obtain the corresponding variation of the
expected replacement rate.

2 | METHODS

2.1 | Study cohort

We interrogated the database of the ESSENTIAL Registry, a multicen-
ter, prospective, non-interventional study investigating the perfor-
mance of atrial and ventricular Automatic Capture Control (ACC)
algorithms and their effect on the projected device longevity.

Ventricular ACC algorithm is based on detection of the evoked
response and adaptation of pacing output at the measured threshold
plus a programmable safety margin. Capture is automatically verified
on a beat-to-beat basis. Atrial ACC is based on detection of atrial
sensed events: threshold is measured periodically and pacing output is
adapted according to the programmed safety margin. Capture verifica-
tion occurs only at the scheduled threshold measurements.

Study endpoints were ACC success rate in automatically detect-
ing atrial and ventricular pacing thresholds at 1 and 12 months from
implant, under specific operational conditions (maximum output volt-
age that allowed automatic adaptation). The study was approved by
the competent Ethics Committee. Patients with conventional indica-
tions to single or dual-chamber pacemaker implantation (either
de-novo or replacement) were eligible in the study. Biventricular pace-
makers were excluded as ACC algorithms were not available in these
devices at the time of study enrolment. All the included devices were
manufactured by BIOTRONIK SE & Co. KG (Berlin, Germany) and
equipped with ACC functions systematically activated during the
study. Patients who gave written informed consent were visited 1 and
12 months after implant to evaluate pacing system functioning, test
ACC algorithms and collect diagnostic information including projected
longevity. Projections estimates of device service life are based on
battery characteristics and on several system and pacing parameters
including intrinsic current drain, pacing output, amount of pacing, fre-
guency of pacing delivery, etc. We included the projected longevities

collected at the 1-month follow-up.

2.2 | Simulation model

A three-state Markov model with two absorbing states was imple-
mented as shown in the Figure S1 (Supporting information). Individual
patients were assumed to remain in a ‘health’ (H) state until switching
to one of the two absorbing states: ‘death’ (D) or ‘implant revision’ (R).

With a cycle length of 1 month, simulations were run for each
subject assigning transition probabilities based on individual patient
age with a total number of cycles (simulated duration) equal to the
projected device longevity reported in the ESSENTIAL database. The
output was the rate of survivors at the end of the simulation period
(device end of service), and therefore expected to undergo device
replacement.

Simulations were repeated with different assumptions on device
longevity. Longevity of individual devices was arbitrarily reduced or
increased in 10%-steps (from —50% to +50%) in order to evaluate the
corresponding changes in the rate of patients expected to undergo a
device replacement. Effects on costs were estimated in the healthcare
provider perspective (National Health Care System) basing on the
Diagnosis-Related Group (DRG) coded tariffs. For pacemaker replace-
ments current average DRG tariff in the regions of the ESSENTIAL
investigational clinics is EUR 2619.51. Costs are reported per 1.000
patients.

2.3 | Transition probabilities

Transition probabilities from H to D was derived from Brunner et al’
who reported survival rate in a general population of about 6500
pacemaker recipients cumulatively followed up for almost 31 000
patient-years and stratified in several subgroups.

We followed a graphical approach to generate survival probabili-
ties at the individual patient level from the published Kaplan-Meier
curves.® We assumed a Weibull distribution for the survival curves
and a log-log transformation was applied to fit the series of the avail-
able data points and estimate the Weibull's shape and scale distribu-
tion parameters.

Strata with available survival curves were: age (> or <70), sex, pri-
mary indication to cardiac pacing (sick sinus dysfunction or atrio-
ventricular [AV] block), prior atrial fibrillation (AF). We repeated our
simulations to obtain the relative expected replacement rate in each
subgroup.

Transition probabilities from the H to R states were derived from
Eberhardt et al® who reported an annual rate of complications requir-
ing surgical revision of 0.5%/year. The complication rate was assumed
constant throughout the follow-up and was included in a linear model
for free-complication rates. As a further conservative assumption, late
complications (occurring >3 months post-implant) was supposed to
always require a device replacement, while early complications were

ignored for the purpose of our analysis.

2.4 | Sensitivity analysis

A one-way sensitivity analysis was performed in each subgroup to test
stability of simulation outputs.’® Our model essentially depended on
the assumed survival functions and late complication rate. Parameters

were varied one at a time within the range —-10% to +10% and
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simulations were repeated each time. Ten percent variation of the
Weibull distribution parameters corresponded to 4% to 18% varia-
tions in assumed survival. Estimated probabilities of device replace-
ment associated to input variations were recorded and graphically

displayed in each subgroup.

2.5 | Estimation of device replacement per patient
age class

Finally, in order to investigate the association between age and
expected replacement rate in more detail, we tried to combine sur-
vival functions reported by Brunner et al” and available life tables of a
global population. To this purpose, we used the 2015 Life Table of
resident population provided by the annual report of the Italian
National Institute of Statistics, reporting the probability of death per
5-year age classes.!! Survival of the Brunner's cohort (mean age 72.1)
was associated to the 70 to 74 age class. The survival function of
patients in other age classes was derived by applying a correction
based on the national Life Tables. After a log-log transformation, the
entity of correction to the survival curves was proportional to the var-
iation of surviving fraction in the national Life Table changing from

one age class to another (Figure S3).

2.6 | Statistics

Ordinary descriptive statistics was used to report population baseline
characteristics, using average + SD for continuous variables and per-
centages for binary variables. Mutilvariable linear regression models
were implemented to evaluate the effect of heart rate, pacing per-
centage and threshold on the projected longevity. Estimates of regres-
sion coefficients were reported along with their standard errors.
Unpaired Student's T test was used for some between-groups com-
parisons. We used STATA SE 11.0 (StataCorp, Texas, US). Codes for
Monte Carlo simulations were edited in VB. Each simulation run con-
sisted of 250 iterations, reporting the average of the variable of inter-

est along with the minimum and maximum returned values.

3 | RESULTS

The ESSENTIAL cohort consisted of 542 patients (60% male) who
received a de-novo pacemaker implantation (382, 70.5%) or a replace-
ment (160, 29.5%) due to standard indications in sinus node dysfunc-
tion (123, 22.7%), AV block (410, 75.6%), and reflex syncope
(23, 4.2%), between January 2012 and March 2013. The average age
at implant was 78 + 9 years, with 10th, 25th, 75th, and 90th centiles
of 66, 73, 85, and 88, respectively. The main reported comorbidities
were hypertension (65.9%), history of atrial fibrillation (26.9%), valvu-
lar disease (21.4%), coronary artery disease (20.5%), diabetes mellitus
(18.1%), and renal insufficiency (9.4%).

A vast majority of implanted devices were dual-chamber, with
only 63 (11.6%) single-chamber devices. The average projected device
longevities at 1 and 12 months were 153 + 45 and 141 + 44
months, respectively. There were significant differences between

dual- and single-chamber devices: at the 1-month follow-up,
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174 + 51 months in single-chamber as compared to 150 + 43 in
dual-chamber devices (P = 0.0001), which respectively turned into
156 + 52 and 137 + 42 months (P = 0.0025) at the 12-month
follow-up. As expected, projected longevity was negatively associated
to average heart rate, pacing threshold and pacing percentage. The
effect of heart rate was modest after adjusting for pacing percentage
and threshold, with an estimated 2.22 (0.93) month longevity reduc-
tion every 5 bpm increase in mean heart rate in dual-chamber models
(P =0.018).

3.1 | Results of simulations

Figure 1 shows the results of a first set of simulations for the sub-
groups of patients aged <70 or = 70. With an average projected lon-
gevity of 153 months the expected proportion of patients requiring
device replacement at the end of the device service time was higher
in age < 70 than in age > 70:49.9% (32.1%-61.9%) vs 24.5% (19.9%-
28.8%). The plot also shows how the replacement rate is expected to
trend as a function of progressive 10%-step increase or decrease of
the projected longevity. The replacement rate increased with reduced
device longevity and decreased with an increased device longevity,
the trend being well described by a quadratic fit (R2 = 0.99). Estima-
tions at the edges of the explored device longevity range were as fol-
lows: in patients aged <70, 70.2% (56.0%-83.3%) with a 50% device
longevity decrease, and 35.1% (21.4%-50.0%) with 50% longevity
increase; in patients aged 270, 51.2% (42.8%-57.4%) with 50% lon-
gevity decrease, and 12.3% (8.7%-15.3%) with a 50% longevity
increase.

It is worth noting that trends are not symmetrical with respect to
device longevity variations. Although only 1.2 out of ten over-70
patients are expected to undergo device replacement with a 50% lon-
gevity increase, more than 1 out of two would need a device replace-
ment should device longevity be 50% lower than its current value. In
terms of projected costs to National Health, device longevity of
153 months corresponds to about EUR 745.000 per 1000 implants
within 12 years. Each 10%-decrease in device longevity would cost
EUR 135.000 more in the national budget, with an overall cost of
about 1.4 million in 6 years with 50% decrease in longevity. On the
other hand, 10%-increase in device longevity would generate an aver-
age saving of EUR 66.000 every 1000 implants in the next 18 years.

Results of simulations conducted in pre-specified subgroups are
displayed in Figure 2. By combining current device longevities with
survival rates in each subgroup (as reported in Brunner et al’) we
obtained the following estimates of device replacement rates: 32.0%
(24.7%-37.5%) in men as compared to 39.9% (30.8%-48.1%) in
women; 27.9% (18.5%-37.0%) in patients with bradycardia and atrial
fibrillation, 33.5% (27.1-38.8%) in AV block, 41.5% (30.2%-53.0%) in
sick sinus dysfunction. Similar quadratic trends were obtained varying
the assumed projected longevities from —50% to +50%.

As a result of the performed one-way sensitivity analysis,
Figure S2 shows ranges of variation of the estimated probability of
device replacement for —50%, 0%, +50% variation of projected lon-
gevity, obtained by varying each simulation parameter. Analysis was
repeated in each subgroup. The results of such analysis showed that

+10% variation of input parameters would produce 15% or less
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FIGURE 1

Expected pacemaker replacement rates. Results of the Monte Carlo simulations for the estimation of replacement rates expected in

age subgroups of the study population. The proportion of patients expected to undergo a device replacement due to battery depletion is reported
as a function of 10%-deviations from projected longevity using automatic management of atrial and ventricular pacing output. Second-order

polynomial fits are also displayed

variation in the simulation outputs. Uncertainty on late complication

rate minimally affected outputs.

3.2 | Estimation of replacement rates per age class

Monte Carlo simulations were finally repeated for twelve 5-year age
classes from <45 up to 95-99 years. Figure 3 shows the results for
6 age classes from 60-64 to 90-94. As expected, the estimates of
replacement rates decreased with increasing age. It is worth noting
that the dependence of replacement rates on device longevity varied
with age, being almost constant in 60-64 and 90-94. This is more
clearly evident in Figure 4 where the amplitude of replacement rate
variation is displayed for +50% longevity change in each age class.
We may note that increasing or decreasing device longevity by 50%,
the respective variation of replacements rates depended on class age,
reaching the maximum increase in the 70-80 age range in case of lon-
gevity reduction, and the maximum reduction at 65-75 for longevity
increase. A reduction of device longevity implied higher increase of
replacement rate than an equivalent increase reduced it. Extending
device longevities up to +50% minimally affected replacement rate in

>80 patients.

4 | DISCUSSION

4.1 | Main results

Computer simulations showed that the pacemaker population
selected in our analysis, implanted with devices equipped with auto-

matic management of pacing output, had a 24.5% chance of

undergoing a device replacement due to normal battery depletion if
aged 70 or more and 49.9% if aged less than 70, given the sample
device longevity (153-months on average) and current ordinary medi-
cal care level. However simulations could detect effects also related
to gender and primary indications owing to differences in life expec-
tancy among subgroups. More importantly, while lower device longev-
ities were associated to considerable increases in replacement rates,
extending service life beyond current values would not produce an

equivalent reduction of expected replacements and related costs.

4.2 | Implications for resource optimization

Pacemaker is a common therapy in the elderly and its use has
increased with aging population, it actually increased by 56% in
United States from 1993 to 2009.2 More recent investigations have
revealed that the overall use of pacemakers is still growing and
demand for pacing services is likely to continue to grow in addition to
burden of device replacement as equilibrium has probably not been
reached.! Therefore minimizing the need of subsequent device
replacement has straightforward implications in terms of reduction of
surgical interventions, associated risks and, ultimately, related costs.
Implant surgical revision is a well-known risk factor for subse-
quent infection and in particular, device replacement has been often

reported as an independent predictor.® Klug et al**

reported a rate of
infection of about 1% in the replacement subgroup of a cohort of
6319 consecutive recipients of implantable systems, with 2-fold
increased risk as compared to de-novo implants. In consideration of
the continuously increasing pacemaker use, these data have epidemi-
ological and financial importance. A single life-long device would be

the safest and most effective aid to prevent replacement-related
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FIGURE 2 Expected device replacement rate in patient subgroups. Results of the Monte Carlo simulations for the estimation of replacement
rates expected in patient subgroups according to varying % deviations from expected pacemaker longevity. Panel A, gender; Panel B, primary
indication to cardiac pacing: sinus node dysfunction (SSS); atrio-ventricular block (AVB); atrial fibrillation with bradycardia (AF)

complications with direct impact on quality of life, costs associated to:
replacement procedure, new devices, treatment of related complica-
tions, and mortality.*®

There are differences among reported estimates of annual pace-
maker replacement rates. Nationwide registries and international sur-
veys®1” have reported values in the 15%-35% range. These data may
have some limitations. However it may be difficult to observe the
effect of the progressive increase of device longevity on the replace-

ment rate in a general pacemaker population, unless specifically

designed, long-term follow-up studies are conducted. That is why
computer simulations appear as an interesting tool to obtain at least
rough estimations.

The ESSENTIAL study cohort included 29% replacements, rather
in line with reported rates in Italy.2”~1% According to an annual report
of pacemaker implantations in Italy,” it is estimated that about 45%
of patients who received a pacemaker in 2015 were aged >80 and
21% were replacements of devices with a median service time of

about 94 months. According to our projections, a patient aged >80
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FIGURE 3 Expected device replacement rate per age class. Results of simulations for 5-year age classes at implant, from 60 to 94. Survival in
each class was obtained by applying a correction derived from the 2015 Life Tables of the National Institute for Statistics®?

should have 10% or less chance of undergoing a replacement of
devices ensuring 153 months of service, corresponding to potential
halving of future replacements. As a rough estimation, this would pro-
duce a net saving for the national health care system of about 6.4min
EUR with the current DRG tariffs for pacemaker replacements.

Further source of savings would come from the cost of treat-
ments of complications associated with device replacements, which
may not be negligible. These may be less readily estimated, however it
has been recently calculated that current costs for treatment of
replacement-related infections are in the range of 26 200 to 36 500
EUR per infection incident at the current exchange rate.*®

25%

121%  +21%

+19%

5% +17%

+10%
+5%  +5% |:| +4%

-4%

o
S
\

6% -5%
-10% 10%
-13%  -13%

Expected variation of device replacement rate

-25%
<50 50-54 55-59 60-64 65-69 70-74 75-79 80-84 85-89 90-94
Age class

[ 50% longevity reduction 150% longevity increase

FIGURE 4 Expected variation of device replacement rate per age
class. The bar graph shows the variation range of the expected device
replacement rate in each age class obtained by varying the assumed
device longevity by +-10%. The maximum increase (+21%) of
replacement rates for a 50% reduction in longevity is expected in the
70-79 age classes; while the maximum decrease (-13%) for 50%
increase in longevity is expected in the 65-74 age classes

4.3 | Implications for technological development

Pacemaker longevity has increased over last decades. In the cohort
considered here 153 months were technically achievable with current
battery technology and outputs optimized to reduce energy consump-
tion, but at full diagnostic capabilities. In the ESSENTIAL study the
93%-97% reliability of the ACC function for managing pacing output
may have significantly contributed to minimization of energy drain.®
Although such longevity values are still not ideal and there is room for
improvement, our projections showed that further increase of device
service life are expected to have less effect on future replacement
rate. A 10% increase in individual device longevity would translate in
only a 2.3% absolute reduction in expected replacement rates in the
75-79 age class and 1.6% in the 80-84 age class. A 50% increase in
device longevity, which probably requires a significant advancement
in battery technology, would only reduce subsequent replacement
rate by 13% in patients aged 70-74 and by 5% or less in 280.

By contrast, as a result of our analysis a decrease in device lon-
gevity with respect to current values was associated to a higher
increase in the expected replacement rates. In the 270 age group
replacement rates increased by 5% each 10% reduction in device lon-
gevity. From this point of view our estimations may be important in
ordinary practice for manufacturer/model selection which may be
based on patient's age, characteristics and device longevity as
reported in user manuals. As long as the cohort selected in our analy-
sis is a sufficiently reliable sample of current pacemaker recipients,
our assumptions on device longevity may be used for estimating the
chance of replacement at time of model selection. On average,
patients with indication for sinus node dysfunction and advanced AV
block had 13% and 9% respectively higher chance of device replace-
ment as compared to patients with atrial fibrillation; women 3% higher

than in men.
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4.4 | Limitations

Computer simulations cannot replace direct observations, irrespective of
model accuracy. Epidemiologic changes may have occurred along decades
owing to improved medical care, current pacemaker recipients being older
but with better survival expectancy at midterm than in the Brunner's study
that represents the basis of our model. Nevertheless the model appeared
rather stable at a one-way sensitivity analysis with +10% variation of
model inputs. On the one hand, variations due to complication rates were
negligible. On the other hand, variations of survival inputs, corresponding
to 4% to 18% variation at the end of the simulated period, always induced
15% or less variations of the estimated replacement rate.

Finally we used projected device longevity as inputs of our analysis.
Although some discrepancy may be observed between projections and
real longevities, yet projections suited the “what-if” purpose of our analy-
sis providing estimations of future expected replacements, given the
reported service times. Nevertheless longevity projections in the study
devices has been proven sufficiently reliable at least in the 1-year term
as 1-month projections fairly well predicted 12-month projections.®

5 | CONCLUSIONS

By combining life expectancy, device-related complication rate and pro-
jected longevities of the pacemaker models included in the study, we
estimated that about 1/4 of the selected population aged 270 will
undergo a device replacement due to battery depletion. The proportion
may vary depending on patient's characteristics, being higher in women
and in patients with sinus node dysfunctions. The sample average of
projected device longevity was 153 months. While shorter service time
would inevitably increase future replacements with a quadratic trend,
further increase in longevity will have less effect. Further technology
developments are still desirable but will progressively generate modest

reductions of expected device replacement rates.
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