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a b s t r a c t
Background: Public access deﬁbrillation with automated external deﬁbrillators (AEDs) can improve survival from out-of-hospital cardiac arrests (OHCA) occurring in public. Increasing the effective range of
AEDs may improve coverage for public location OHCAs.
Objective: To quantify the relationship between AED effective range and public location cardiac arrest
coverage.
Methods: This was a retrospective cohort study using the Resuscitation Outcomes Consortium Epistry
database. We included all public-location, atraumatic, EMS-attended OHCAs in Toronto, Canada between
December 16, 2005 and July 15, 2010. We ran a mathematical model for AED placement that maximizes
coverage of historical public OHCAs given pre-speciﬁed values of AED effective range and the number of
locations to place AEDs. Locations of all non-residential buildings were obtained from the City of Toronto
and used as candidate sites for AED placement. Coverage was evaluated for range values from 10 to 300 m
and number of AED locations from 10 to 200, both in increments of 10, for a total of 600 unique scenarios.
Coverage from placing AEDs in all public buildings was also measured.
Results: There were 1310 public location OHCAs during the study period, with 25,851 non-residential
buildings identiﬁed as candidate sites for AED placement. Cardiac arrest coverage increased with AED
effective range, with improvements in coverage diminishing at higher ranges. For example, for a deployment of 200 AED locations, increasing effective range from 100 m to 200 m covered an additional 15% of
cardiac arrests, whereas increasing range further from 200 m to 300 m covered an additional 10%. Placing an AED in each of the 25,851 public buildings resulted in coverage of 50% and 95% under assumed
effective ranges of 50 m and 300 m, respectively.
Conclusion: Increasing AED effective range can improve cardiac arrest coverage. Mathematical models
can help evaluate the potential impact of initiatives which increase AED range.
© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Out-of-hospital cardiac arrest (OHCA) is responsible for 300,000
deaths annually in North America, making it a leading cause of
death and a signiﬁcant public health issue.1 Only 5–10% of OHCA
patients survive to hospital discharge.2,3
Early deﬁbrillation can increase the probability of survival
for patients with ventricular ﬁbrillation or pulseless ventricular tachycardia.4–6 However, the beneﬁt of treatment is very
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time-sensitive. Every minute of delay in cardiopulmonary resuscitation and deﬁbrillation following cardiac arrest can substantially
decrease a patient’s chance of survival.7 Automated external deﬁbrillators (AEDs) can be deployed in public locations to allow
bystanders to serve as lay rescuers and administer deﬁbrillatory
shocks prior to the arrival of emergency medical service (EMS)
responders. Despite evidence to support a survival advantage
associated with public access deﬁbrillation programs,8 AEDs are
underused. Bystander AED use is observed in less than 3% of all
cases of out-of-hospital cardiac arrest episodes.2
The reasons for this low usage rate are not entirely understood.
Possible factors include a lack of bystander awareness, training
or willingness to use an AED in an emergency situation. Some
bystanders may be willing to use an AED, but are unaware of the
location of nearby AEDs at the time of an emergency. Even when
the location of an AED is known, there may be visibility and accessibility issues (e.g. AED behind a locked door) that impede timely
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retrieval. If the time required to retrieve and use an AED exceeds
the arrival time of emergency medical service (EMS) responders,
the public access deﬁbrillator might not be used.
All of these potential barriers to AED usage can be viewed as
inﬂuencing the “effective range” of the AED. We assert that each
public access deﬁbrillator has a theoretical effective range, which
we deﬁne, for the purposes of this analysis, as the maximum
straight-line distance between the AED and a cardiac arrest such
that there is a reasonable probability of retrieval and use prior to
EMS arrival.
If an AED is not registered with local EMS authorities and stored
in a discreet location with poor visibility and limited access, we
would expect the effective range for this AED to be small. That is,
we would expect it to be useful only for cardiac arrests in very close
proximity to the AED, where bystanders might have it in their line of
sight. Conversely, if an AED is registered with local EMS, positioned
well, accompanied by signage so that it can be easily seen from a
distance and associated with an internal ﬁrst response plan so that
several regular users of the building know where it is, we would
expect to have a larger effective range.
Although the theoretical nature of AED effective range makes it
difﬁcult to calculate precisely, determining the association between
effective range and coverage of cardiac arrests in a community is
an important analysis. For example, if a health services intervention increases the effective range of every AED in the community
by 100 meters, what is the impact on cardiac arrest coverage? This
knowledge may contribute to a better understanding of how various interventions aiming to increase effective range may impact the
overall effectiveness of public access deﬁbrillation – for example,
smartphone applications or signs which direct bystanders to the
location of AEDs are two such interventions which may increase
effective range. Therefore, we undertook this analysis to characterize the association between public access deﬁbrillator effective
range and cardiac arrest coverage. We use historical cardiac arrest
locations, city planning data and an AED registry from Toronto,
Canada to conduct this analysis.

included cardiac arrests occurring in public transportation buildings, commercial, civic and industrial sites, hotels, hostels, schools,
public spaces and recreational areas, but did not include episodes
occurring in single family homes, apartments, nursing homes or
retirement residences. “Non-traumatic” was deﬁned as any cardiac
arrest not caused by obvious blunt or penetrating trauma or burns.
Episodes occurring in medical clinics were excluded. This study was
approved by our institutional Research Ethics Board.

2. Methods

2.3. Analysis of cardiac arrest coverage potential

2.1. Study setting

The primary outcome for this analysis was the cardiac arrest
“coverage potential” for various hypothetical deployments of AEDs
in Toronto. We deﬁne “coverage” for a particular deployment as the
percentage of historical public OHCAs within the effective range
of at least one AED. For instance, if the effective range of an AED
is assumed to be 100 m, then we deem any cardiac arrest within
a 100 m radius of the AED’s location as being “covered” by that
AED. The coverage provided by a set of AEDs deployed in a community will vary depending on where they are placed. Therefore, we
focused on determining the maximum coverage possible, which we
refer to as coverage potential, for a given effective range and number of AED locations. This allowed us to consistently compare the
best-case coverage across all 600 combinations of effective range
and number of AEDs.
To determine coverage potential, we used a mathematical
model for AED placement based on the Maximal Covering Location
Problem (MCLP).13 This model is designed to determine the maximum cardiac arrest coverage possible for a given number of AEDs
and their effective ranges. The MCLP model has been previously
used to study other healthcare location problems.14,15 The model
requires two sets of data as input: the coordinates of historical cardiac arrest locations and the candidate sites for AED placement. For
these two inputs, we used cardiac arrest episodes from Epistry and
non-residential building locations from the Toronto Employment
Survey, respectively.
The AED effective range and the number of AEDs to be deployed
are parameters in the model. Values for effective range between

The City of Toronto is Canada’s largest city and the ﬁfth most
populous city in North America. It has over 2.7 million inhabitants.9
A single EMS serves the entire city, though neighboring EMS will
occasionally respond to emergencies in Toronto. A tiered response
system is used for dispatching EMS and ﬁre ﬁghting units for
medical emergencies, with cardiac arrest belonging to the highest
priority category.
2.1.1. Study design
We conducted a retrospective analysis of a population-based
out-of-hospital cardiac arrest registry. We used data from the
Resuscitation Outcomes Consortium (ROC) Epistry Cardiac Arrest
database.10
2.1.2. Selection of cardiac arrest episodes
We included consecutive public location, non-traumatic, EMSattended OHCA episodes in the City of Toronto captured by the
Toronto coordinating center of ROC between December 16, 2005
and July 15, 2010. Patients were identiﬁed as having OHCA if they
were evaluated by EMS personnel and had attempts at external
deﬁbrillation by lay responders or EMS personnel, chest compressions by EMS personnel, or were pulseless and did not receive
CPR or attempts to deﬁbrillate.10 “Public locations” were deﬁned
as all areas that were not private dwellings. For instance, we

2.2. Data sources
2.2.1. Cardiac arrests
The ROC Epistry – Cardiac Arrest is a large, population-based
prospective registry of consecutive, EMS-attended OHCAs from 11
Regional Coordinating Centers across Canada and the United States
of America. This study used data from the Toronto coordinating
center only. Cardiac arrest locations are stored in Epistry as street
addresses. We converted the data into the Universal Transverse
Mercator coordinate format to perform our analysis.
2.2.2. Candidate sites for AED placement
Data from the City of Toronto Employment Survey (2009),
administered by the City of Toronto’s Planning Division, was
used to identify potential locations for public access deﬁbrillator
placement.11 The Toronto Employment Survey is a tool used by
the City of Toronto Planning Division to monitor progress of planning policies and the City’s economic health. This survey has been
used as a data source to characterize urban infrastructure in other
published epidemiologic analyses, for example, exploring neighborhood environments and resources for healthy living in patients
with diabetes.12
Data in the Toronto Employment Survey is updated annually by
a team of trained surveyors, and includes the geographic location of
all non-residential buildings in Toronto. In our analysis, we consider
each of these buildings as a candidate site for placing a public access
deﬁbrillator.
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Fig. 1. Inclusion/exclusion criteria for cardiac arrest episodes.

10 m and 300 m were tested in increments of 10 meters. At each
assumed effective range, the number of locations in which AEDs
are placed was adjusted between 10 and 200, also in increments of
10. This resulted in 600 (30 × 20) unique combinations of effective
range and total AEDs being tested. For each of these 600 runs, the
output of the model provided the resulting coverage potential along
with the corresponding AED locations.
We also measured the coverage potential associated with placing an AED in every single non-residential building from the
Toronto Employment Survey, again for effective ranges between
10 and 300 m, in increments of 10 m. This analysis did not require
use of the mathematical model.
3. Results
During the approximately 4.5 year study period, there were
a total of 15,786 cardiac arrest episodes recorded in the Greater
Toronto Area. After applying the inclusion/exclusion criteria
(Fig. 1), there were a total of 1310 cardiac arrests that occurred
in public locations, with 67% (876/1310) occurring indoors and
33% (436/1310) occurring outdoors. Demographic characteristics
of these cardiac arrest episodes are described in Table 1. A total of
25,581 non-residential buildings were identiﬁed from the Toronto
Employment Survey and were used as candidate sites for AED
placement. The geographic locations of the included cardiac arrests
and all candidate sites are shown in Fig. 2.
3.1. Coverage potential for combinations of effective range and
total AED locations
Fig. 3 shows the coverage potential for all effective ranges tested,
for deployments of 50, 100, 150 and 200 AEDs. In general, for a

ﬁxed quantity of AEDs, coverage potential increases as AED effective range increases, though this gain diminishes at higher values of
effective range. An example of the model output is shown in Fig. 4,
for the case where 100 AEDs are optimally placed at an effective
range of 100 m. In this case, each AED covers at least two cardiac
arrests.

Table 1
Demographic characteristics of included public location cardiac arrests.
Characteristic

All included cardiac arrests
(n = 1310)

Average age, y (±SD)
Male
Female
Male sex, n (%)*
Witnessed by bystander, n (%)*
Received bystander CPR, n (%)*
Received bystander AED, n (%)*
Average interval between 911 call
to EMS vehicle arrival, median
min [IQR]*
Initial heart rhythm, n (%)* , †
Shockable
Not shockable
Survival to discharge*

59.4 ± 17.6
59.1 ± 17.0
60.8 ± 19.9
1052 (80.3)
582 (44.4)
499 (38.1)
70 (5.3)
5.7 [2.4]

421 (32.1)
843 (64.4)
160 (12.2)

*
Number of missing/not noted cases: Male sex (17), Witnessed by bystander
(13), Received bystander CPR (32), Received bystander AED (76), Average interval
between 911 call to EMS vehicle arrival (21), initial heart rhythm (46), Survival to
discharge (4).
†
“Shockable”includes ventricular ﬁbrillation, ventricular tachycardia and
patients identiﬁed as “shockable” with an AED. “Not shockable” includes Pulseless
electrical activity, asystole, and patients identiﬁed as “not shockable” by an AED,
and patients where the initial rhythm was not obtained because resuscitation was
ceased prior to rhythm analysis.

A.A. Siddiq et al. / Resuscitation 84 (2013) 904–909

907

Fig. 2. Locations of included cardiac arrests from December 16, 2005 to July 15, 2010 (top) and candidate sites for AED placement (bottom).

Fig. 5 shows the combination of total AED locations and effective
range required to achieve ﬁxed coverage levels between 5% and
50%, in increments of 5%. Two points on the same curve represent
the same coverage potential. For example, points A and B represent
two deployment schemes that both achieve coverage of 15% of all
historical public cardiac arrests, each under different combinations
of radius and AED locations.
3.2. Coverage potential from placing AEDs in all non-residential
buildings
At an assumed effective range of 30 m, placing an AED in each of
the 25,851 candidate sites covers 29.9% of historical cardiac arrests.

At 50 m, coverage potential is 50.9%. In general, the coverage potential associated with placing an AED in all 25,851 candidate sites
increases rapidly with effective range at low values (<70 m), but
levels off quickly beyond 100 m (Fig. 3).
4. Discussion
In the present study, we calculated the maximum cardiac arrest
coverage attainable for various hypothetical deployments of public
access deﬁbrillators. To the best of our knowledge, this is the ﬁrst
study to examine the sensitivity of cardiac arrest coverage to AED
effective range. We examined the best-case coverage scenario for
various combinations of AED effective range and total AED locations
by using a mathematical model to optimize AED placement. We
also quantiﬁed the cardiac arrest coverage resulting from placing
an AED in every non-residential building in a large urban setting,
at various assumed values of effective range.
4.1. Limitations

Fig. 3. Coverage potential from placing AEDs in all 25,851 candidate sites in Toronto
and coverage potential of 50, 100, 150 and 200 optimal AED locations.

First, we designated all non-residential buildings as candidate
sites for AED placement. In reality, some of these locations may not
be suitable for placing AEDs. Second, we use straight-line distances
in all measurements, which is not necessarily representative of the
distance a lay rescuer would have to travel to retrieve an AED. Third,
in our spatial analysis we used the UTM coordinate system to consider the location of a cardiac arrest in only two dimensions – data
on the altitude of these cardiac arrest episodes was unavailable (for
example, if a cardiac arrest had occurred in an ofﬁce tower).
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Fig. 4. Example model output showing historical cardiac arrests and optimal 100 AED locations for effective range of 100 m.

This was a retrospective cohort study, and did not attempt to
identify the locations of future cardiac arrests. It should be noted,
however, that the geographic distribution of cardiac arrests is not
random, but rather determined by underlying epidemiological factors such as trafﬁc ﬂow and the demographic composition of the
study region, which tend to be relatively stable over time.16 As a
result, we believe the data collected over the 4.5 years of this study
reasonably reﬂect longer term geographic risk of cardiac arrest
events within the study region. Several previous studies have interpreted historical cardiac arrest patterns as being representative of
future cardiac arrest locations.16,17
4.2. Main ﬁndings
Our results suggest that the beneﬁt of increasing the number
of locations in which AEDs are deployed depends on the effective range of the AEDs. If the effective range of each public access
deﬁbrillator in a community is low, then the deployment of even
thousands of additional AEDs may still result in low cardiac arrest
coverage, which may then lead to infrequent AED usage during
OHCA. Notably, even in the extremely idealized and optimistic scenario where an AED is placed in each of the 25,851 non-residential
buildings in Toronto, the closest AED would have still been more
than 50 m away in roughly half (49.1%) of the cardiac arrest episodes
considered (Fig. 3). This suggests that even a large supply of
“short-range” AEDs (i.e., within a bystander’s line-of-sight) may be
insufﬁcient for covering most public location cardiac arrests. This

Fig. 5. Combinations of total AEDs and effective range required to achieve constant
coverage potentials between 5% and 50%; points A and B show 70 and 15 additional
AEDs are needed to increase coverage from 15% to 20%, respectively.

result also highlights the reality that there are a ﬁnite number of
suitable locations to place AEDs. This physical constraint may be
mitigated by increasing the effective range of public access deﬁbrillators. This would allow AEDs to provide coverage for nearby areas
that may not suitable for direct AED placement, such as the outdoor locations where one-third of the cardiac arrests included in
this study occurred. There may also be value in exploring whether
AEDs can be placed in non-traditional places, for example, in bus
shelters or at major road intersections.
Whether an AED can be successfully used in a cardiac arrest
emergency depends in part on how quickly the AED can be transported to the site of the cardiac arrest by a bystander. As a result,
technologies that reduce the retrieval time for an AED have the
potential to increase its effective range. For example, an AED registry that allows EMS dispatchers to communicate the precise
location of a nearby AED over the phone to a lay rescuer can
save precious minutes during a cardiac arrest emergency.18 Smartphone applications that recruit lay rescuers in real-time to perform
CPR have also been developed.19 A similar GPS-based smartphone
application that is linked to EMS systems could notify laypersons in
close proximity of an AED that a cardiac arrest has occurred nearby.
This could allow for AEDs to be transported to the victim in a oneway trip, relieving immediate bystanders from having to make a
round-trip to retrieve a deﬁbrillator, thereby potentially doubling
the AED’s effective range.
For a ﬁxed number of AEDs, the incremental improvement in
coverage potential associated with expanding AED range diminishes as effective range increases (Fig. 3). This may be a consequence
of how cardiac arrest events are spatially distributed – once
hotspots for cardiac arrest are covered by an AED, expanding the
range of that AED yields diminishing returns on total coverage.
Therefore, when AED effective range is already known to be relatively large, it may be more fruitful to deploy additional AEDs in
uncovered areas rather than investing in expanding AED range.
Fig. 5 shows that the beneﬁt of increasing the number of AEDs
increases with effective range. For example, points A and B in
Fig. 5 both mark AED deployment scenarios that achieve coverage
potentials of 15%. At point A, where effective range is low (30 m),
increasing coverage potential to 20% requires 70 additional AEDs. At
point B, where effective range is higher (100 m), increasing coverage potential to 20% only requires 15 additional AEDs. This suggests
that a small number of long-range AEDs may achieve the same
improvement in coverage as a large number of short-range AEDs.
The savings that would result from requiring fewer AEDs to achieve
the same target cardiac arrest coverage could help to defray the
costs of investing in technologies which increase the effective range
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of the AEDs. A more thorough economic assessment of increasing
AED range may play an important role in deciding how to most
cost-effectively improve cardiac arrest coverage, and could be the
focus of future work.
Existing AEDs in Toronto were intentionally omitted from this
study, since our objective was to quantify a theoretical relationship
between AED effective range and cardiac arrest coverage. However, it may be beneﬁcial to investigate the coverage resulting from
existing AEDs in a future study.
Although AED effective range is a theoretical concept, this study
demonstrates the importance of considering AED effective range
in designing public access deﬁbrillation strategies. Previous studies
on public access deﬁbrillation have focused on identifying the locations that have a high incidence of cardiac arrest.20,21 These efforts
should be complemented with further research into the effective
range of public access deﬁbrillators. Consideration of AED effective
range may improve understanding of why the frequency of AED use
in OHCA is low and what interventions may improve it.

5. Conclusion
The potential improvement in cardiac arrest coverage from
adding AEDs in a community depends on the effective range of the
AEDs. If effective range is small, cardiac arrest coverage may be low,
regardless of how many AEDs are deployed. Health interventions
which increase the effective range of AEDs may increase the number of cardiac arrest victims who receive bystander deﬁbrillation,
and may also lead to fewer AEDs being required to achieve desired
coverage levels.
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Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.resuscitation.2012.11.019.
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