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Abstract

Background: Despite a consistent association with improved outcomes, public automated external defibrillators (AEDs) are rarely used in out-of-
hospital cardiac arrest. One of the barriers towards increased use might be cost-effectiveness.

Methods: We compared the cost-effectiveness of public AEDs to no AEDs for out-of-hospital cardiac arrest in the United States over a life-time horizon.
The analysis assumed a societal perspective and results are presented as costs per quality-adjusted life year (QALY). Model inputs were based on
reviews of the literature. For the base case, we modelled an annual cardiac arrest incidence per AED of 20%. A probabilistic sensitivity analysis was
conducted to account for joint parameter uncertainty.

Results: The no AED strategy resulted in 1.63 QALYs at a cost of $28,964. The AED strategy yielded an additional 0.26 QALYs for an incremental
increase in cost of $13,793 per individual. The AED strategy yielded an incremental cost-effectiveness ratio of $53,797 per QALY gained. The yearly
incidence of cardiac arrests occurring in the presence of an AED had minimal effect on the incremental cost-effectiveness ratio except at very low
incidences. In several sensitivity analyses across a plausible range of health care and societal estimates, the AED strategy remained cost-effective. In
the probabilistic sensitivity analysis, the AED strategy was cost-effective in 43%, 85%, and 91% of the scenarios at a willingness-to-pay threshold of
$50,000, $100,000, and $150,000 per QALY gained, respectively.

Conclusion: Public AEDs are a cost-effective public health intervention in the United States. These findings support widespread dissemination of public
AEDs.
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Introduction

Out-of-hospital cardiac arrest is estimated to occur in 350,000 individuals
in the United States each year and outcomes remain poor with only 11%
surviving to hospital discharge.’ Observational studies in both out-of-
hospital and in-hospital cardiac arrest have found that early defibrillation,
in patients with an initial shockable rhythm, is associated with improved
outcomes.?® Automated external defibrillators (AEDs) are designed to
allow bystanders to perform early defibrillation in patients with out-of-
hospital cardiac arrest. Arandomized trial* and anumber of observational
studies®” have found that bystander AED use is associated with
improved clinical outcomes. Bystander training in cardiopulmonary
resuscitation and the use of AEDs are therefore recommended by both
European and American cardiac arrest guidelines.®®

Despite these recommendations, AEDs are often not used during
out-of-hospital cardiac arrest. In a recent study from the United States,
an AED was only applied in 11% of public out-of-hospital cardiac
arrests.” Based on estimates from this recent study, approximately
4000 additional lives could be saved each year in the United States if
AEDs were used in all public out-of-hospital cardiac arrests (see
Supplemental Appendix).” There are multiple potential reasons for the
low use of AEDs, including a lack of adequate bystander training,
awareness, and willingness to use an AED and the costs of acquiring
and maintaining an AED.'®'' Despite the evidence indicating a
positive effect of AED use*”, it is unknown whether AEDs are cost-
effective as a public health intervention.'® Multiple factors could
potentially limit the cost-effectiveness of AEDs. First, out-of-hospital
cardiac arrest at a given location is relatively rare. Second, AEDs are
only effective when a shockable rhythm is present (which occurs in
approximately half the patients).>” Third, acquiring an AED and
training large numbers of potential bystanders are relatively expensive
endeavors. Fourth, despite being present, AEDs are often not used. '°
These, and other considerations, have resulted in the European
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Fig. 1 - Schematic overview of the model.
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Resuscitation Council only recommending AED placement in settings
with a relatively high risk of out-of-cardiac arrest (at least 1 every 5
years) while the American Heart Association guidelines recommend
AED placement in communities with people “at risk” of out-of-hospital
cardiac arrest.®?

The objective of this study was to evaluate the contemporary cost-
effectiveness of public AEDs in the United States, to inform guidelines
as well as local and national public health initiatives.

Methods
Overview

The population of interest was patients with a public out-of-hospital
cardiac arrest in the United States without emergency medicine
service personnel present at the time of cardiac arrest. We compared
the cost-effectiveness of public AEDs (“AED strategy”) to no public
AEDs (“No AED strategy”). Both strategies included standard of care,
which  we assumed included bystander cardiopulmonary
resuscitation.

The base case analysis assumed a societal perspective and
accounted for lifetime costs and health outcomes measured in quality-
adjusted life years (QALYs). A secondary analysis was performed
from a health care sector perspective (see Supplemental Appendix).'®

All costs and effects were discounted at a rate of 3% per year.'®
Results are presented as costs per QALY gained. According to the
most recent American Heart Association classification of medical
strategies of high and intermediate level of value, which are generally
consistent with recommendations from the World Health Organiza-
tion, we used a willingness-to-pay threshold of $150,000 per QALY
gained to signify the ratio below which an intervention would be
considered cost-effective.'*'® Analyses were performed in TreeAge
Pro 2018 Suite (TreeAge Software Inc., Williamstown, MA, USA).
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The letters A, B and C represents clones of the tree structure (left). M signifies a Markov model and the numbers in the
Markov model (right) corresponds to CPC scores. In the Markov model, individuals can either stay within the same CPC
category or transition to death. “Trained” refers to whether a bystander trained in AED use was present. “Shockable”
and “Non-shockable” refers to the initial rhythm of the cardiac arrest.

OHCA denotes out-of-hospital cardiac arrest, AED automated external defibrillator, and CPC cerebral performance

category.



252 RESUSCITATION 138 (2019) 250-258

Table 1 - Overview of estimates used in the model.

Variable Base case estimate Empirical 95%CI Distribution®®  Key reference(s)®
Miscellaneous
Incidence of cardiac arrest per year (%) 20¢ - - °
AED use when present (%) Bystander trained 50 - Triangular 20
(25-75)
Bystander not trained 10 = Triangular See Appendix
(0-20)
Proportion shockable (%) No AED group 48 46, 50 Beta ’
AED group 53 51, 55 Beta ’

Short-term outcomes

Favorable functional outcome® in the no AED Shockable 34 33, 35 Beta U

group (%) Non-shockable 7 7,8 Beta ’

Risk ratio for favorable functional outcome in  Shockable 1.52 1.18, 1.95 Lognormal ’

the AED group®' Non-shockable 1 - - 2

CPC score at hospital discharge See See Beta ’
eTable 10 eTable 10

Long-term outcomes

Post-discharge yearly mortality stratified by CPC (%) — the first year ¢ 1:9 1:7, 11 Beta =0
2:23 2:18, 29
3: 36 3: 27, 47
4:72 4: 58, 84
Post-discharge yearly mortality stratified by CPC (%) — subsequent 1:5 1:3,7 Beta 20
years? 2:8 2:5,12
3:9 3:4,18
4:5 4:0,23
Utilities stratified by CPC" 1:0.77 - Empirical =3
2:0.49
3:0.32
4:0
Costs per cardiac arrest ($)
Yearly cost of an AED' 255 — Triangular See Appendix
(£30%)
Bystander AED training 19,286' - Triangular See Appendix
(£30%)™
Emergency department costs 2643 - Triangular st
(£30%)
Hospital costs stratified by discharge CPC 1: 89,027 - Empirical” 92
2: 100,469
3+4: 130,846
5: 37,262
Costs after hospital discharge stratified by discharge CPC — first year 1: 24,857 - Triangular 3
2: 46,276 (£30%)
3: 83,356
4:13,918
Costs after hospital discharge — subsequent years 5761 - Triangular 54
(£30%)

AED denotes automated external defibrillator and CPC Cerebral Performance Category.
2 Distributions used for probabilistic sensitivity analyses. When no numbers are presented, the distribution was based on the empirical distribution as expressed by
the 95% confidence intervals.
© See text and Supplemental Appendix for additional details on sensitivity analyses.
° The key references are listed here. Additional discussion and references are provided in the Supplemental Appendix.
d Corresponding to one cardiac arrest per AED every five years.
¢ Defined as a CPC score of 1 or 2 at hospital discharge.
f Comparing the use of an AED to no use of an AED.
9 Sensitivity analyses were performed where AED use resulted in a lower post-discharge mortality compared to no AED use. See Supplemental Appendix for
additional details.
" 0.10 were deducted for the first year after the cardiac arrest.
' See eFig. 5 in the Supplemental Appendix.
J Includes use and maintenance.
K Calculated based on a base case incidence of 0.20 out-of-hospital cardiac arrests per AED per year. Corresponds to a per AED cost of $1275. See Supplemental
Appendix for additional details.
! Calculated based on approximately 9% of the United States population being trained in AED use each year and 15$ per bystander trained. See Supplemental
Appendix for additional details.
™ Distributions modelled around the per bystander cost (i.e. 15$, see Supplemental Appendix).
" See eFig. 9 in the Supplemental Appendix.
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Model

The decision analytic model combined a decision tree of initial
treatment, and a Markov model for post-discharge survival according
to functional status at hospital discharge (Fig. 1). The model had a
one-year cycle length and was terminated after 50 years.

The analysis evaluated outcomes of out-of-hospital cardiac arrest
with an AED present, as compared to outcomes without an AED
present. The probability of an AED being used is related to bystander
training'®, so we modelled that an AED would be used more often if a
bystander trained in AED use was present when compared to a
bystander not trained in AED use. Short-term outcomes (i.e. survival
and functional status at hospital discharge) were stratified according
to the initial cardiac rhythm (shockable vs. non-shockable) and AED
use (used vs. not used). Long-term outcomes (i.e. after hospital
discharge) were stratified in five health states according to functional
status at hospital discharge as assessed by the Cerebral Performance
Category (CPC) score, which is commonly used in cardiac arrest
research.'” A CPC score of 1 represents good cerebral performance,
2 represents moderate cerebral disability, 3 represents severe
cerebral disability, 4 represents coma or a vegetative state, and 5
represents death.'®

Model inputs were based on de novo reviews of the literature,
previous published systematic reviews®'®', and a recently pub-
lished observational study on the association between AED use and
outcomes in public out-of-hospital cardiac arrest in the United States.”
Model inputs are provided in Table 1 and described briefly below.
Additional details, including a rationale for the estimates used as well
as supplementary references, can be found in the Supplemental
Appendix (including eTables 1+-13 and eFigs. 1-10).

Probability of clinical events

For the base case, we modeled an annual cardiac arrest incidence of 20%
per AED (i.e. on average, one cardiac arrest every 5 years).” Approximately
half of all public out-of-hospital cardiac arrests have an initial shockable
rhythm.” Since AED use might facilitate earlier rhythm analysis, and the
proportion of patients with a shockable rhythm decreases over time, this
proportion was modelled as slightly higher in the AED group (see
Supplemental Appendix for details). Short-term outcomes (i.e. outcomes at
hospital discharge) were based on a recent observational study which used
adifference-in-difference approach to estimate the causal effect of AED use
in public out-of-hospital cardiac arrest patients with an initial shockable
rhythm.” This study found that AED use was associated with an
approximate 50% relative increase in survival to hospital discharge with
a favorable functional outcome (CPC score 1 or 2).” It was assumed that
there would be no effect of AED use in those with a non-shockable
rhythm.>” Long-term outcomes (i.e. after hospital discharge) were obtained
from Phelps et al. and stratified by discharge functional status as measured
by the CPC score.?° For the base case, it was assumed that survival after
hospital discharge was dependent on the discharge CPC score, and noton
the initial rhythm or use of an AED.

Costs

Allcosts are presented in 2017 United States dollars ($). When needed,
costs were adjusted using the Consumer Price Index for Medical Care
Services.?! All costs were modelled as costs per cardiac arrest, e.g.
costs of bystander training and AED acquisition and maintenance were
modeled as the average cost per cardiac arrest (see Supplemental

Appendix). As such, the incidence of cardiac arrest around a specific
AED was included as anintegral part of the cost of the AED with a higher
incidence resulting in a lower per cardiac arrest AED cost.

Quality of life

Post-discharge quality of life was quantified using utilities (a value from
0to 1 with higher values indicating a better quality of life).?* Utilities were
obtained from Stiell et al.>® and stratified according to functional
outcome (i.e. CPC score) at hospital discharge. Given that quality of life
might be lower during the first year after cardiac arrest,>* a value of 0.10
was deducted from the utility values during the first year.

Sensitivity analyses

We conducted a number of secondary and sensitivity analyses to
explore the robustness of our findings and to guide public health
initiatives in various settings. For example, in one-way sensitivity
analyses we varied the incidence of cardiac arrest in the vicinity of an
AED, the short- and long-term effects of AED use, and the use of an
AED when present. We also performed a probabilistic sensitivity
analysis with 150,000 iterations to account for multivariable
uncertainty. See Supplemental Appendix for additional details.

Results
Main results

Inthe base case analysis, the no AED strategy resultedin 1.63 QALYs
at a cost of $28,964. The AED strategy yielded an additional 0.26
QALYs for an increase in cost of $13,793 per individual over their
remaining lifetime (Table 2). From the societal perspective, at a cost-
effectiveness threshold of $150,000 per QALY, the AED strategy was
cost-effective with an incremental cost-effectiveness ratio (ICER) of
$53,797 per QALY gained (Table 2).

The AED strategy was cost-effective from a health care sector
perspective, at an ICER of $13,700 per QALY gained (Table 2).

The AED strategy resulted in a 1-year and 5-year survival of 21.6%
and 17.2%, respectively. The corresponding values for the no AED
strategy were 19.0% and 15.1%. Survival curves are presented in
eFigure 11. The distributions of CPC scores areillustrated in eTable 14.

Incidence of cardiac arrest

The yearly incidence of cardiac arrests occurring in the presence of an
AED had minimal effect on the ICER except at very low incidences
(Fig. 2). Foranincidence as low as 1% (i.e. one cardiac arrest per AED
every hundredth year), the ICER was $101,040 per QALY gained
(Table 3).

AED effectiveness

The results were sensitive to the favorable effect of an AED in patients
with a shockable rhythm, i.e. the increased chance of survival to
hospital discharge with a favorable functional outcome (Fig. 3).
However, even when it was assumed that there were no other
favorable effects of the AED (see Supplemental Appendix), the AED
strategy remained cost-effective at substantially lower effects than the
one used for the base case (risk ratio of 1.52). For example, for a risk
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Table 2 - Main results.

Strategy Cost Incremental cost Effectiveness

Incremental effectiveness

Incremental cost-effectiveness ratio (3 per QALY

(%) (%) (QALYs) (QALYs) gained)
Societal perspective
No AED 28,964 = 1.63 = =
AED 42,757 13,793 1.88 0.26 53,797
Health care sector perspective®
No AED 28,964 = 1.63 = =
AED 32,477 3,513 1.88 0.26 13,700

AED denotes automated external defibrillator and QALY quality adjusted life year.
2 Health care sector costs were similar to societal costs except that the costs of the AED and bystander training were not included (see Supplemental Appendix).

Therefore, only the costs in the AED strategy group changed.

200,000+
175,000
150,000
125,000
100,000
75,000+
50,000+
25,000
0

ICER ($/QALY)

Base case

0 2 4 6 8 10 12 14 16 18 20 22 24

OHCA incidence per AED (% per year)

Fig. 2 - Relationship between the yearly cardiac arrest incidence per AED and the ICER.

One-way sensitivity analysis of the yearly incidence of cardiac arrest in the vicinity of an AED (x-axis) and the ICER (y-
axis). The vertical dotted line represents the yearly incidence in the base case scenario (20%).

ICER denotes incremental cost effectiveness ratio, QALY quality-adjusted life year, OHCA out-of-hospital cardiac

arrest, and AED automated external defibrillator.

ratio of 1.30 (i.e. a 30% increased chance of a favorable functional
outcome), the ICER was $108,038 per QALY gained. The ICER
remained below the willingness-to-pay threshold after accounting for
the potential (negative or positive) effect of AEDs in patients with a
non-shockable rhythm, and potential favorable long-term effects (i.e.
post-discharge) in those with a shockable rhythm (eFig. 12).

AED and bystander costs

The cost of the AED only had a marginal impact on the ICER. For
example, when the yearly cost of an AED was tripled, the ICER
increased to $58,770 per QALY gained (eFig. 13).

The ICER increased with increasing costs of training bystanders
(eFig. 14). Forexample, if the per bystander costs were doubled ($30), the
ICER was $91,408 per QALY gained. Similarly, if training retention
intervals were reduced, the ICER increased e.g., if training retention only
lasted a half year, the ICER was $87,610 per QALY gained (eFig. 14).

Hospital and post-discharge costs
Hospital costs and post-discharge costs according to each CPC score

had limited impact on the ICER (eFigure 15, 16, and 17). While the
ICER was sensitive to a combined increase in all post-discharge costs

(eFigure 18), even at a large combined increase in costs, the AED
strategy remained cost-effective. For example, when all post-
discharge costs were increased to 300% of the base case value,
the ICER was $101,949 per QALY gained.

Additional sensitivity analyses

Additional one-way sensitivity analyses are presented in Table 3 and
eFigs. 19-25. The ICER was sensitive to the proportion of the
population that were trained in AED use, the proportion of bystanders
using the AED, as well as the proportion of patients with survival to
hospital discharge with a favorable functional outcome within the no
AED strategy (i.e. baseline survival), but consistently remained below
$150,000 per QALY gained across the range of estimates. It was only
in isolated scenarios that the ICER exceeded the willingness-to-pay
threshold: (1) the scenario of one bystander present when the
incidence of cardiac arrest per AED per year was very low (1%); and
(2) when baseline favorable functional outcome in the no AED strategy
was very low (10%) for shockable out-of-hospital cardiac arrest
($155,603 and $158,736 per QALY gained, respectively).
Accounting for age-related increases in post-discharge mortality
did not meaningfully change the results (see model survival curves in
eFig. 26). For the analysis assuming no disease-specific mortality
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after 5 years, the ICER was $48,139 per QALY gained. For the
analysis assuming a constant disease-specific mortality the ICER was
$61,139.

Probabilistic sensitivity analysis

When accounting for parameter uncertainty, the AED strategy was
cost-effective in 43%, 85%, and 91% of the scenarios at a
willingness-to-pay threshold of $50,000, $100,000, and $150,000

per QALY gained, respectively (eFigs. 27 and 28). The results of the
expected value of perfect information analysis are presented in
eFig. 29.

Discussion

In this cost-effectiveness analysis, we found that public AEDs were cost-
effective at a commonly accepted societal willingness-to-pay threshold
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and in several sensitivity analyses across a plausible range of health care
and societal estimates. While the majority of previous cost-effectiveness
analyses on AEDs for out-of-hospital cardiac arrest were performed more
than 10 years ago and largely focused on select settings (eTable 15)°, the
current analysis provides a contemporary estimate to guide current and
future public health initiatives and inform guidelines.

One of the main drivers of cost in our analysis was the cost of
bystander training. This reflects that a large number of bystanders
need to be trained per cardiac arrest and that retraining at certain
intervals are currently necessary. Consequently, decreasing
costs related to bystander training could have a major positive
impact on the incremental cost-effectiveness ratio. While it is
challenging to meaningfully lower the cost of individual bystander
training, an increased use of public AEDs by non-trained
bystanders could have a similar effect. Ongoing efforts, such
as dispatcher-assisted use of AEDs, might achieve this.'®
Similarly, recruiting more (trained and non-trained) bystanders
to the scene of a cardiac arrest, the goal of recent mobile
application initiatives'®, would also increase the chance of AED
use at a likely small incremental cost.'°

We selected a societal perspective for the base case analysis as
multiple stakeholders (for example, private companies, non-profit
organizations, or public initiatives) may potentially incur the costs
related to AEDs. A societal perspective provides an upper bound for
this ICER as this perspective includes all relevant societal costs. As
AEDs were cost-effective in the societal perspective, they will
therefore also be cost-effective from the perspective of other
stakeholders.

The results should be interpreted in the context of some
considerations. First, only one randomized trial performed from
2000 to 2003 has assessed public AEDs.* We therefore used
estimates from observational studies to inform our analysis. While
observational studies are prone to bias, our main measure of AED
effectiveness was obtained from a large contemporary observation-
al study (data from 2013 to 2016) which used a difference-in-

Base case

200,000+ .
175,000+
150,000+
125,000+
100,000-
75,000
50,000-
25,0001
0

ICER ($/QALY)

difference approach to minimize bias.” Under the assumptions of
the difference-in-difference model, this approach accounts for both
measured and unmeasured confounders and therefore provides a
valid estimate of the treatment effect.” Of note, the treatment effect
used from this study is smaller (i.e. closer to one) compared to a
meta-analysis of observational studies, another recent observation-
al study, and the aforementioned randomized trial (see Supple-
mental Appendix).*® Furthermore, in sensitivity analyses, public
AEDs remained cost-effective even at lower estimates of the AED
treatment effect (Fig. 3). Second, the incremental cost-effectiveness
ratio of AEDs was just above the traditional willingness-to-pay
threshold of $50,000 per QALY gained. However, multiple stake-
holders, including the American Heart Association and the World
Health Organization, support a higher threshold of up to $150,000 in
the United States.'™'® Ultimately, local, regional, and national
stakeholders will determine whether AEDs are cost-effective at a
socially acceptable threshold in their specific settings. Third, our
population of interest included public out-of-hospital cardiac arrests
in the United States. We chose to focus on public cardiac arrest
since AEDs are very rarely used in non-public out-of-hospital
cardiac arrests.?>2® Given that non-public out-of-hospital cardiac
arrests are rare at any given location, more often have a non-
shockable rhythm, and have low baseline survival®”?%, it is unlikely
that our findings directly translate to this setting, where the ICER
might be substantially larger. The model was primarily informed by
estimates from the United States, but the effects of AEDs are
presumably independent of country. Since the United States
generally have higher health care related costs®®, our conclusions
are likely generalizable to other high-income countries. Whether
AEDs are cost-effective in low- and middle-income countries remain
unknown. Lastly, the cost-effectiveness of public AEDs might vary
depending on the specific public setting (e.g. shopping mall, sport
facility, street corner) given the potential variation in demographics
of patients with cardiac arrest at these locations. As detailed data is
not available for specific locations, we did not limit our analysis by

— Base case
--- No other effects of AED

10 11 12 13 14 15 16 1.7 18 19 20

Effect of AED in shockable OHCA (risk ratio)

Fig. 3 - Relationship between the effect of an AED in those with a shockable rhythm and the ICER.

One-way sensitivity analyses of the relationship between the effect of an AED in those with a shockable rhythm (x-
axis) and the ICER (y-axis). The effect is quantified by the RR indicating the risk (i.e. proportion) of a favorable
functional outcome when an AED is used divided by the risk of the same outcome when an AED is not used. AnRRof 1.0
corresponds to no direct effect on this outcome from AED use. The solid line represents the analysis when all other
variables are at their base case values. The dotted line represents the analysis when other beneficial effects of an AED
(i.e. more shockable rhythms and different distribution of CPC scores, see Supplemental Appendix) are nullified (i.e.
the same between groups). In this analysis, a RR of 1.0 truly represents no effect at all of AED use. The vertical dotted
line represents the effect used in the base case scenario (RR=1.52).

ICER denotes incremental cost-effectiveness ratio, QALY quality-adjusted life year, AED automated external
defibrillator, OHCA out-of-hospital cardiac arrest, and RR risk ratio.



RESUSCITATION 138 (2019) 250-258

257

the geographic location of the cardiac arrests and instead
conducted numerous sensitivity analysis to confirm the robustness
of our results.

In conclusion, we found that public AEDs are a cost-effective public
health intervention in the United States. These findings support
widespread dissemination of public AEDs.
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