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BACKGROUND: Time to treatment is critical for survival from sudden cardiac arrest. Every minute delay in defibrillation results in a
7% to 10% reduction in survival. This is particularly problematic in rural and remote regions, where emergency medical service
response is prolonged and automated external defibrillators (AEDs) are often not available. Our primary objective was to ex-
amine the feasibility of a novel AED drone delivery method for rural and remote sudden cardiac arrest. A secondary objective
was to compare response times between AED drone delivery and ambulance to mock sudden cardiac arrest resuscitations.

METHODS AND RESULTS: We conducted 6 simulations in 2 rural communities in southern Ontario, Canada. In the first 2 simu-
lations, the drone and ambulance were dispatched from the same paramedic base. In simulations 3 and 4, the drone and
ambulance were dispatched from separate paramedic bases; and in simulations 5 and 6, the drone was dispatched from
an optimized location. During each simulation, a “mock” call was placed to 911 and a single AED drone and an ambulance
were simultaneously dispatched to a predetermined destination. On scene, trained first responders retrieved the AED from
the drone and initiated resuscitative efforts on a mannequin until paramedics arrived. No difficulties were encountered during
drone activation by dispatch, ascent, landing, or bystander retrieval of the AED from the drone. During simulations 1 and 2,
the distance to the scene was 6.6 km. For simulations 3 and 4, the ambulance response distance increased to 8.8 km while
drone remained at 6.6 km; and in simulations 5 and 6, the ambulance response distance was 20 km compared with 9 km
for the drone. During each flight, the AED drone arrived on scene before the ambulance, between 1.8 and 8.0 minutes faster.

CONCLUSIONS: This study suggests AED drone delivery is feasible, with the potential for improvements in response time during
simulated sudden cardiac arrest scenarios. Further research is required to determine the appropriate system configuration
for AED drone delivery in an integrated emergency medical service system as well as optimal strategies to simplify bystander
application of a drone-delivered AED.
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tion and rapid defibrillation are the most important
interventions when a patient collapses from sudden
cardiac arrest."? However, bystander use of public
automated external defibrillators (AEDs) during sud-
den cardiac arrest is poor, at 2% to 3%.% Although in-
creasing the number of public AEDs in the community

Immediate high-quality cardiopulmonary resuscita-

is important, it may be insufficient to significantly im-
prove bystander use as the location of cardiac arrests
is often unpredictable, and the vast majority of cases
occur in private residences.* Ensuring an AED is avail-
able when someone experiences a cardiac arrest is
challenging. These challenges are magnified in remote
and rural areas, where population density is low and
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CLINICAL PERSPECTIVE

What Is New?

® Previous research has demonstrated the po-
tential for automated external defibrillator (AED)
delivery by drones to decrease response time in
out-of-hospital cardiac arrest.

e In this Canadian study taking place in rural
communities, we were able to demonstrate
that drone delivery of AED was feasible and de-
creased response time in a simulated 911 emer-
gency response using trained first responders.

What Are the Clinical Implications?

e Survival from out-of-hospital cardiac arrest in
rural and remote communities around the world
remains strikingly low for a simple reason: we
cannot get an AED to the patient fast enough
with our current emergency medical service
response.

e The addition of drone technology to our stand-
ard 911 response provides the potential to de-
crease time to first shock in these communities,
improving the odds of meaningful survival.

e Further research is required to determine the
appropriate system configuration for AED drone
delivery in an integrated emergency medical
service system as well as optimal strategies to
simplify bystander application of a drone-deliv-
ered AED.

Nonstandard Abbreviations and Acronyms

AED automated external defibrillator
BVLOS beyond visual line of sight
EMS  emergency medical service
OHCA out-of-hospital cardiac arrest

emergency medical service (EMS) response times are
long. Survival from cardiac arrest in these locations
continues to be poor.5-8 New models for early defibrilla-
tion must be considered to address these challenges.

Advances in technology have changed the way
we view health and healthcare delivery. One example
is the use of drones, otherwise known as unmanned
aerial vehicles. Drone technology has improved
vastly over the past decade, making their use fea-
sible in a variety of situations, including the delivery
of merchandise,® legal documents,’® and medicine.!
Drones have further been proposed to deliver AEDs
to the scene of a cardiac arrest,'®'® and although
some technical challenges need to be addressed,
drone-delivered AEDs are a potential transformative
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innovation in the provision of emergency care to pa-
tients experiencing cardiac arrest, especially in rural
and remote settings.

There is an emerging body of evidence that sup-
ports the idea of timely, feasible AED drone delivery.
Through use of mathematical modeling and system
optimization, Boutilier et al™ were able to demonstrate
that a drone network could significantly reduce the
time to AED arrival at the scene of a cardiac arrest
by up to 10.6 minutes in rural regions.'* Similarly, re-
search performed in Salt Lake County, UT,'® looked at
the theoretical benefit of launching drones from each
EMS station to both urban and rural sudden cardiac
arrests. They found a theoretical increase in AED de-
livery to the scene within 1 minute of call to 911 from
4.3% to 80% if a drone was launched from each EMS
station. Although promising, these studies involved the
use of theoretical models and there is limited evidence
involving actual drone flights. Claesson et al'® found
a significant reduction in response times with drone
delivery of AEDs during simulated cardiac arrest to lo-
cations with physical barriers to ambulance response
(eg, fjords). There are no studies that examine the use
of drone delivery of AEDs in rural or remote locations.

The objective of this study was to examine the fea-
sibility of integrating drone-delivered AEDs into a 911
response system and determine the time to AED appli-
cation during simulated cardiac arrest scenarios. Our
hypothesis was that drone delivery of AEDs would be
feasible and result in faster AED delivery than para-
medic response.

METHODS

This was a feasibility study of simulated AED drone
response to sudden cardiac arrest. Our primary out-
come of interest was to determine the feasibility of
using AED drone delivery during simulated cardiac
arrest. Our feasibility outcome included receiving ap-
propriate regulatory approval from Transport Canada
to allow for flights to take place and examining barri-
ers to ascent, flight using “beyond visual line of sight
(BVLOS)” technology, landing the drone at the scene,
and bystander retrieval of the AED from the drone.
We examined feasibility using 2 distinct systems.
First, drones and ambulances were dispatched from
paramedic bases with the use of a command team
dedicated to the drone response. The second system
involved the drone being dispatched from a location
to optimize the drone response and was controlled
by a paramedic-led team. Our secondary outcome
was to compare the response times between the
drone and the ambulance.

All times were manually recorded throughout the
simulations, including the time of drone and ambulance
dispatch, the time of drone and ambulance arrival, time
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required to remove the AED from the drone, and time
to application of the AED to the mock cardiac arrest
victim. Distances traveled by drone and ambulance
were also recorded. Data from this research will not be
made available beyond what is printed in the article for
future research.

Setting

We conducted the study in 2 distinct rural commu-
nities (Town of Caledon and County of Renfrew) in
Ontario, Canada. The Town of Caledon has a total
population of 66 502 and spans an area of 378.6 km
(175.7 population per km?). Renfrew County has
a total population of 88 512 and spans an area of
7419 km (11.9 population per km?). Each community
is covered by a single municipally run ambulance
service. In Ontario, Canada, each region is covered
by a paramedic service that is run by the city or the
municipal government. The distribution of ambulance
bases within these settings is typical of ambulance
coverage across North America, situated to optimize
response times within the region.

Drone and AED Description

We used the Sparrow X1000 drone (Drone Delivery
Canada, Toronto, Canada) for flights in the Town of
Caledon and the InDro M210C drone (Indro Robotics,
Salt Spring Island, British Columbia, Canada) for flights
in the County of Renfrew (Figure 1). The Sparrow
X1000 drone has a maximum speed of 80 km/h, with
a flight range of 25 km. It has a maximum flight al-
titude of 900 m (=3000 ft) with a maximum payload
of 4.5 kg. The InDro M210C drone has a maximum
speed of 55 km/h, with a flight range of 25 km. It has
a maximum flight altitude of 1000 m and a maximum
payload of 4.0 kg.

The AED used for each flight differed on the
basis of the size of each drone. The Zoll AED3
(Zoll Medical, Chelmsford, MA) was carried in the
Sparrow X1000 drone. The AED has dimensions
(heightxwidthxdepth) of 12.7x23.6x24.7 cm and a
weight of 2.5 kg (battery included) and was carried
within the payload portion of the drone. The FRED
Easyport AED (Schiller AE, Baar, Switzerland) was
carried in the InDro M210C drone. The AED has di-
mensions (heightxwidthxdepth) of 3.5x12.6x13.3 cm
and a weight of 490 g and was carried via a hold-
ing mechanism external to the drone. Both AEDs are
shown in Figure 2.

BVLOS Flight and Drone Command
During Testing

Drones were operated using BVLOS technology dur-
ing the simulated responses. BVLOS flight of a drone
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Figure 1. Sparrow X1000 drone (Town of Caledon) and
Indro Robotics M210C drone (County of Renfrew).

A, Sparrow X1000 drone (picture courtesy of Drone Delivery
Canada). B, M210 C drone. Picture courtesy of Indro Robotics.

is defined as “an operation in which no crew member
maintains unaided visual contact with the aircraft suf-
ficient to be able to maintain control of the aircraft and
know its location.”” The flight of drones using BVLOS
technology differs significantly from visual line of sight
drones (defined as “unaided visual contact with the
drone sufficient to be able to maintain operational con-
trol of the aircraft, know its location, and be able to
scan the airspace in which it is operating to decisively
see and avoid other air traffic or objects”)"” often used
for recreational purposes. Details of the differences be-
tween BVLOS and visual line of sight are summarized
in Table 1.

Drone command during flights differed between
the 2 communities. Flights taking place in the Town of
Caledon were monitored remotely by Drone Delivery
Canada using FLYTE technology, allowing control
of the drone over a large area from a remote flight
command. Flights taking place in Renfrew County
were monitored by a paramedic-led drone command
system that was available in their ambulance. Both
systems used global positioning system tracking as
well as multiple communication techniques to en-
sure knowledge of the position of the drone at all
times. Oversight by Transport Canada was facilitated
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SCHILLER _

FRED easyport

Figure 2. Automated external defibrillators used during feasibility flights.
Schiller FRED Easyport defibrillator (left) and Zoll AED3 defibrillator (right). Pictures courtesy of Schiller

and Zoll Medical.

through visual observers (Town of Caledon) or oc-
curred through the use of a special flight operations
certificate, allowing the use of drones under specific
conditions (County of Renfrew).

Description of Simulated Emergency
Responses

The first 4 test flights took place in the Town of Caledon.
During the first 2 flights, the drone and ambulance
were dispatched from the same paramedic station.
During the second 2 flights, the ambulance and drone
were dispatched from 2 distinct paramedic stations,
which added 2.2 km to the ambulance response.
During each flight, a simulated 911 call was placed
to a dispatcher, who simultaneously dispatched the

Table 1. Differences Between BVLOS and VLOS Drones

Visualize Must be within line of UAV monitored
sight of user remotely
Altitude 15-90 m 90-900 m
Weather conditions Must be able to see Below the cloud
unaided line
Payload 2.25 kg >13.75 kg
Air speed 50 km/h 120 km/h
Range 500 m maximum 15-100 km
Useful for AED No Yes
transport
Navigation Manual/semiautomated Fully automated
Advanced None “Sense and avoid”
technologies and “detect and
required avoid”

AED indicates automated external defibrillator; BVLOS, beyond VLOS;
UAV, unmanned aerial vehicle; and VLOS, visual line of sight.
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ambulance response vehicle and the drone. During the
simulated responses, the paramedic was instructed to
take the most direct route to the location of the call
while obeying all traffic laws. As this was a simulated
911 call, the ambulance did not use lights and sirens
during the response. The coordinates of the emer-
gency call were provided to the drone team from the
dispatcher, who then programmed the most direct
route to the call. At the scene of the simulated out-of-
hospital cardiac arrest (OHCA), there were 2 off-duty
trained 911 first responders (a firefighter and a para-
medic) who performed cardiopulmonary resuscitation
on a mannequin until arrival of the ambulance. When
the drone landed, one of the responders removed
the AED from the drone and incorporated it into the
resuscitation effort. Neither responder had any previ-
ous training specific to this scenario with the drone.
The drone landed in an area on the opposite side of
a parking lot from where the simulated cardiac arrest
occurred (=90 ft away).

The last 2 simulated 911 responses occurred in
the County of Renfrew. During these flights, the drone
was simultaneously dispatched from a location that
optimized the drone response to cardiac arrest within
the region. This technique was used to account for the
much larger size of the rural community than the first
4 test flights, and to establish a “real-life” positioning of
drone resources in a rural community used to optimize
the drone response. We believed this technique would
allow for maximal improvement in 911 response times
with the use of an AED drone. During this phase of the
project, the ambulance used lights and sirens during
the simulated response.

Our primary outcome of interest was to examine any
concerns with feasibility of dispatching drones during
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a 911 emergency response. We defined our feasibility
outcomes as any barriers that we encountered that did
not enable us to get the AED to the scene of the car-
diac arrest. This included legislative barriers that would
not allow us to fly the drones between our launch site
and the scene of the call, issues that occurred during
ascent, flight, or descent that prohibited the drone from
landing on scene, and any barriers that did not allow
the bystanders to retrieve the AED from the drone. Our
secondary objective was to evaluate the difference in
response times between the ambulance and the drone.
Times were recorded manually throughout the simula-
tions, including the time of ambulance and drone dis-
patch, the time of drone and ambulance arrival, and the
time required to retrieve the AED from the drone and
apply it to the mannequin. The distances traveled by the
drone and ambulance were also recorded.

After reviewing the study protocol, the Research
Ethics Board at the lead institution determined the
study qualified for Research Ethics Board exemption
on the basis of the Tri-Council Policy Statement: Ethical
Conduct for Research Involving Humans.'®

RESULTS

We performed a total of 6 test flights during the study.
The first 4 flights occurred on the same day in May
2019, whereas the last 2 flights occurred over a sin-
gle day in November 2019. The weather on each of
the flight days was clear, with no precipitation (snow or
rain), low wind speed, and mild temperatures.

Overall, there were no feasibility concerns identified
during drone takeoff, flight, or landing at the scene of
the cardiac arrest. The drones were able to fly (BVLOS)
and deliver the AED to the appropriate predetermined
location using both methods of drone delivery. We
identified that controlled decent of the drone slowed
down the overall response and negated a portion
of the improved response times of the drone. There
were no safety concerns identified during the flights
or landing of the drone and bystander retrieval of the
AED. Responders were able to easily retrieve the AED
from the drone and incorporate it into the simulated
resuscitation.

During the first 2 flights (drone and ambulance dis-
patched from the same location), the distance traveled by
the ambulance and the drone to the scene was 6.6 km.

Drone-Delivered AED

The response time to the scene for the drone was 5.8 min-
utes for both test flights. The ambulance response time
was 7.6 and 7.5 minutes for flights 1 and 2, respectively.

During flights 3 and 4 (drone and ambulance dis-
patched from separate paramedic bases), the distance
traveled by the drone remained 6.6 km; however,
the distance traveled by the ambulance was 8.8 km.
During the 2 simulated flights, the drone response was
6.7 and 6.3 minutes, whereas the ambulance response
times were 11.1 and 8.4 minutes, respectively.

During the last 2 flights (drone dispatched from
geographical location to optimize cardiac arrest re-
sponse in the region), the distance traveled by am-
bulance to the scene was 20 km, whereas the drone
response occurred from a distance of 8.8 km. During
the 2 simulations, the response time for the drone was
13.0 and 11.0 minutes, whereas the response time for
the ambulance was 20.0 and 19.0 minutes. In all our
test flights, the drone was able to deliver the AED to
the scene of the cardiac arrest before arrival of the am-
bulance. The AED was applied between 1.7 minutes
(test flight 1) and 8.0 minutes (test flight 6) earlier when
delivered via drone. The times and distances of each
flight are reported in Table 2.

DISCUSSION

Our study demonstrates that the use of drones to de-
liver AEDs is feasible as part of an integrated response
to OHCA. We were able to perform all 6 test flights
without any identified issues in terms of drone ascent,
drone flight, or removal of the AED from the drone.

In all flights, the drone had a faster response time to
the scene compared with the ambulance. The test re-
sults were consistent using 2 different drones carrying
2 different AEDs and 2 similar flight control systems,
suggesting there may be multiple solutions available
for differing rural and remote communities. Given the
time-dependent survival from time of collapse to first
defibrillation, the response time savings noted in all
test flights could conceivably result in shorter time to
first defibrillation, which may ultimately improve survival
from rural and remote OHCA.'®

To improve the time to defibrillation for cardiac ar-
rest patients, it is important to explore novel methods
of AED delivery, such as the use of drones. The ver-
satility, speed, and ability to fly beyond line of sight

Table 2. Ambulance and Drone Response Times During Each Test Flight

Variable Flight 1 Flight 2 Flight 3 Flight 4 Flight 5 Flight 6
EMS response time, min 7.6 7.5 14 8.4 20.0 19.0
Drone response time, min 5.8 5.8 6.7 6.3 13.0 11.0
EMS distance traveled, km 6.6 6.6 8.8 8.8 20.0 20.0
Drone distance traveled, km 6.6 6.6 6.6 6.6 8.8 8.8

EMS indicates emergency medical service.

J Am Heart Assoc. 2020;9:e016687. DOI: 10.1161/JAHA.120.016687
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make drones a promising option to improve timely
access to AEDs during OHCA. Being able to fly be-
yond line of sight is an essential feature for the use of
drones during a 911 response as this allows drones to
be placed in locations that optimize the response to
the scene without the requirement of having the op-
erator close by. Although optimizing EMS response
times is paramount for improving survival,?>?! there
is a lower limit for EMS response times in which it is
not possible to improve beyond, and there are dimin-
ishing returns as response times approach this lower
threshold. This issue is magnified in rural and remote
regions, where it is not practical to reduce ambulance
response times beyond a certain duration because of
low call volumes and population density. As well, given
the paucity of AEDs found in most rural communities,
drone-delivered AEDs may be the only viable method
to provide early defibrillation in these communities.
There are several factors that must be considered
when determining the utility of AED drone response,
including the distance to the patient, traffic patterns,
weather, and terrain. The location of drones in compar-
ison to current emergency response resources is es-
sential in determining the optimal response of drones
and their use in the context of an organized 911 re-
sponse. In our study, although the drone was faster
than the ambulance response in all simulations, we
found the largest improvements in response time when
we dispatched drones from locations that optimized
the drone response. This is consistent with previous
research that has shown it is possible to use mathe-
matical modeling to optimize drone response in several
different settings.'*2?2 The size of the drone used and
the size of the payload carried may also impact de-
cision making. As noted in our study, smaller drones
may be appropriately used with smaller defibrillators,
whereas larger AEDs may require larger drones to en-
sure optimum speed and travel distance. The utility of
drone responses will be determined through a combi-
nation of these factors, which will ultimately impact the
ability of the drone to improve response time to OHCA.
Our findings are similar to previous research ex-
amining the feasibility of AED drone delivery. A feasi-
bility study by Claesson et al'® compared the delivery
of an AED using fully autonomous drones with EMS
response times for simulated OHCA. The median (in-
terquartile range) time from emergency call to dispatch
of EMS providers was 3.0 (2.0-5.5) minutes, com-
pared with 3 seconds from dispatch to drone launch.
The median (interquartile range) time from dispatch to
arrival of the drone was 5.3 (3.0-8.5) minutes versus
22.0 (17.8-29.0) minutes for EMS. The drone arrived
to the scene faster than EMS providers in all 18 sim-
ulations, with a median reduction in response time of
16.7 minutes (95% ClI, 13.8-20.2 minutes). No adverse
events or technical issues occurred during any flights.
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Claesson et al'® found a larger reduction in response
times; however, the settings where the drones were de-
ployed in their study differed significantly. In the study
by Claesson et al,'® AED drones were used in remote
communities with fjords and waterways, which made
ambulance access difficult. In our study, we have used
AED drones in communities with low population den-
sities but without physical barriers to ambulance ac-
cess. We believe that our setting is more generalizable
to most settings in North America. It is reasonable to
assume in situations where there are physical barriers
to ambulance access that AED drones could provide
further improvements in emergency response times.

The potential of public access defibrillation pro-
grams to improve outcomes from OHCA in public
locations has been demonstrated in multiple stud-
ies.® The harsh reality of public access defibrillation
programs, however, is they are unable to deliver an
AED to most cardiac arrests, which occur in private
locations. Research from the Resuscitation Outcomes
Consortium demonstrates an extremely low use of
AEDs for OHCA in private locations, significantly dimin-
ishing the overall benefit of public access defibrillation
programs.?* Drone delivery of AEDs has the potential
benefit of delivering AEDs to cardiac arrests in private
and public locations, providing a solution to improving
current public access defibrillation programs.

Our feasibility study has several limitations. Our
study used a small number of test simulations aimed
at determining feasibility of drone flights and was
not developed to test specific hypotheses related
to response times. Second, our test flights were
done during simulations and may not replicate real-
life emergency responses in which a lay responder
would be required to interact with a drone carrying
an AED. Our testing assumes a smooth transition
between the drone-delivered AED and the lay by-
stander using the AED in an emergency situation.
Further community consultation is required to ensure
lay rescuers are comfortable with this concept. Third,
as these were simulated encounters, the ambulance
did not use lights and sirens during the first 4 simu-
lated responses, so we are unsure if response times
would be different during actual calls for OHCAs. In
the last 2 simulations, however, a lights and sirens
response was used and we still noted a decrease in
response times with the AED drones. Furthermore,
we believe that the use of lights and sirens during
these responses would result in minimal time savings
as the responses were in rural communities with lit-
tle traffic and a maximum of 2 stoplights (situations
where lights and sirens typically save time during a
911 response). Fourth, our flights occurred during
optimal weather conditions (sunny with little wind)
and may not be replicated in environments with high
winds or colder temperatures. Previous testing has
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suggested that drone flight is feasible during inclem-
ent weather conditions.?® The drones used in this
study have been tested, with no adverse effects, in
temperatures as low as —30°C and in wind speeds
up to 20 to 30 km/h, with larger drones being able
to withstand higher winds (Drone Delivery Canada,
personal communication, March 13, 2020). As well,
cardiac arrest is a 24/7 medical emergency and as
such drone flights need to occur during both the
night and the day to be effective, although most
BVLOS flight systems have the capacity for night
flight. Last, although drones improved response
times in all our tested scenarios, the precision of the
controlled drone descent blunted the time savings
that occurred during the response to the scene.
Optimization of drone decent at the scene needs to
be further researched before use in 911 response. It
is not known whether it is optimal to land the drone at
the scene or to drop the AED using a tether or other
method of controlled drop. Current research to opti-
mize drone descent is underway, which may improve
response times further.

CONCLUSIONS

Our study suggests AED drone delivery is feasible,
with improvements in response times during simulated
OHCA scenarios. AED drone delivery has the potential
to decrease the time to defibrillation in rural and remote
communities. Further research is required to optimize
the integration of drones into the emergency response
system, as well as improve strategies to simplify by-
stander application of a drone-delivered AED.
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