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Abstract

Background Out-of-hospital cardiac arrest is one of the most frequent causes of death in Europe. Emergency medical services
often struggle to reach the patient in time, particularly in rural areas. To improve outcome, early defibrillation is required
which significantly increases neurologically intact survival. Consequently, many countries place Automated External Defi-
brillators (AED) in accessible public locations. However, these stationary devices are frequently not available out of hours
or too far away in emergencies. An innovative approach to mustering AED is the use of unmanned aerial systems (UAS),
which deliver the device to the scene.

Methods This paper evaluates the economic implications of stationary AED versus airborne delivery using scenario-based
cost analysis. As an example, we focus on the rural district of Vorpommern-Greifswald in Germany. Formulae are developed
to calculate the cost of stationary and airborne AED networks. Scenarios include different catchment areas, delivery times
and unit costs.

Results UAS-based delivery of AEDs is more cost-efficient than maintaining traditional stationary networks. The results
show that equipping cardiac arrest hot spots in the district of Vorpommern-Greifswald with airborne AEDs with a response
time <4 min is an effective method to decrease the time to the first defibrillation The district of Vorpommern-Greifswald
would require 45 airborne AEDs resulting in annual costs of at least 1,451,160 €.

Conclusion In rural areas, implementing an UAS-based AED system is both more effective and cost-efficient than the con-
ventional stationary solution. When regarding urban areas and hot spots of OHCA, complementing the airborne network
with stationary AEDs is advisable.

Keywords AED - Out of hospital cardiac arrest - Drone - Emergency medical care - UAS

Abbreviations EMS Emergency medical services
AED Automatic external defibrillator OHCA Out-of-hospital cardiac arrest
CFR Community first responder UAS Unmanned aerial systems
CPR Cardiopulmonary resuscitation
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OHCA occurs when the pumping function of the heart
suddenly stops and blood circulation ceases. As a result,
vital organs, e. g. the brain, are no longer supplied with oxy-
gen and loose viability [4]. Therefore, immediate treatment
of OHCA is critical to achieve higher chances of a posi-
tive outcome for the patient. To ensure oxygen supply, it is
important to perform cardiopulmonary resuscitation (CPR)
as quickly as possible. In case of shockable rhythms, defi-
brillation can stimulate the natural heart function. Therefore,
automatic external defibrillators (AED) can help in improv-
ing OHCA outcome [5], if applied promptly.

In urban areas, the probability of survival of an OHCA is
higher than in rural areas. On the one hand, the probability
of OHCA being witnessed is higher in urban regions. On the
other hand, EMS response times are shorter. In rural areas
with low population density the EMS response time are
much longer; the low population density in rural areas does
not allow for a higher number of EMS stations. Furthermore,
terrain (e.g. mountains, rivers or lakes) challenges access
speed, as rural traffic infrastructure is often less developed
compared to urban regions. This calls for innovative solu-
tions in pre-hospital care for rural areas [6—8].

Over the last decades, a number of approaches have been
implemented to reduce the therapy-free interval and the time
to the first defibrillation in OHCA. Amongst these are tel-
ephone or video-assisted Cardiopulmonary Resuscitation
(CPR) [9-11], Community-First-Responder (CFR)[12] con-
cepts as well as extensive networks of publicly accessible
AEDs. For example, Denmark, Sweden, and the Netherlands
have already installed stationary AED networks to achieve
short defibrillation intervals [13].In Germany, however,
existing AEDs are often neither strategically distributed,
nor available 24/7 [14].

Stationary AED networks face several functional chal-
lenges. Most people who witness cardiac arrest do not know
the location of the nearest AED and have to pick it up on
foot. Consequently, the access time to the device can be quite
long and binds first-responding capacities, which may be
needed to perform CPR. The accessibility problem can be
relaxed to a certain degree by digitizing and mapping the
networks [15, 16]. Still, accessibility often depends on the
opening hours of the site where devices are placed. Because
AED:s are frequently stolen or damaged, they are kept in safe
places, e.g. in the office of facility managers. However, open-
ing hours limit the AEDs accessibility to first-responders,
further reducing the stationary AED’s benefits in OHCA
situations. Increasing the number of stationary AEDs does
not necessarily solve the problem of access outside office
hours.

An innovative approach to overcome the disadvantages
of stationary AED networks could be their mobilization
with the help of modern technology. This requires a device
that could deliver the AED with high speed to any place
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on demand 24 h a day at a cost lower than that of existing
airborne solutions, such as helicopters [17]. Unmanned air-
craft systems (UAS), are a possible way to deliver AEDs to
the site of a cardiac arrest and not having first responders
retrieve them in the first place [18]. It has been shown that
UAS networks for AED provision can significantly reduce
the time to first defibrillation [19, 20].

Besides the proven medical benefits of timely AED deliv-
ery by UAS, operating UAS-networks has also been rated as
cost effective. A study published by Bauer et al. [21] rated
the primary outcome of operating UAS networks by using
the incremental cost-effectiveness-ratio (ICER). The ICER
was calculated by the ratio of financial costs to additional life
years gained compared to current EMS outcomes. In three
scenarios, the coverage of a certain rural area by 80%, 90%
and 100% by a UAS network was evaluated, with results
showing live-saving potential and cost-effectiveness for any
modelled area coverage. ICER ranged between 12.158 € and
23.568 € with life years gained between 1477 and 1933 years
in annual average.

The results by Bauer et al. [21] are especially important to
evaluate the cost-effectiveness of UAS networks in terms of
additional life years gained. However, little is known about
the cost-systematic of operating the necessary network of
drones. Further, a comparison of the UAS network as the
innovation to stationary AED-networks, representing the
existing and widely used solution, has not been undertaken
as of yet.

In this paper, we would like to close this research gap
by comparing the cost-effectiveness of both systems. In the
next section, we develop the cost functions for both alterna-
tives. We evaluate their effectiveness by comparing their cost
to the AED’s access time. Afterwards, we will present the
respective results and discuss the findings. The paper closes
with recommendations for the German EMS.

Methods
Setting

This study aims to evaluate and improve the efficient supply
of AEDs for the response to OHCA. Using a scenario-based
approach to cover possible uncertainties, we compared the
UAS-supported AED delivery to the common stationary
network regarding their cost and efficiency in a rural district.

As time is of outstanding importance in achieving favour-
able OHCA outcomes, we use the delivery time of AEDs
as the main impact factor of an AED system’s efficiency.
Using clinical outcomes such as DALYs or QALYs would
be preferable, however, they are not available as of yet.
Therefore, time is represented as a physical outcome in this
analysis as an accepted and widely used [22—-24] factor in
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cost-effectiveness analysis. We calculate the cost-effective-
ness by comparing the yearly costs with the respective effec-
tiveness of the alternatives.

The analytical planning period to calculate the cost of
operating an AED system is set to one year. This gives us the
yearly costs (including annual depreciation acc. to straight-
line method) of every scenario. We choose this period to
achieve comparability between the introduced scenarios.
This time horizon is used as the analytical frame, which we
use to develop further assumptions that form our scenario
analysis.

Our analysis is based on the research project
MVILIFEIDRONE—Pilot [25] in the district of Vorpom-
mern-Greifswald in the state of Mecklenburg-Vorpom-
mern in North-Eastern Germany. The research group
MVILIFEIDRONE evaluates the feasibility of UAS-based
AED delivery since 2019 and works on the implementation
of drones to innovate medical transports.

With an area of 3930 km? and a population of some
236,600 (2019), the district of Vorpommern-Greifswald is
rural, sparsely populated and peripheral for German stand-
ards. Consequently, the results of this analysis can be repre-
sentative of other rural areas and may also give implications
for peri-urban and urban settings.

Analysis
Cost modelling

This analysis assumes a cost function with interval-fixed
costs to evaluate the total and unit costs per km? covered
by AED services. [26] To determine the size of a provi-
sioned area, which depends on the delivery time of the AED,
and the number of AED locations, a Christaller comb pat-
tern is applied [27]. The Christaller comb is a very formal
approach, whose practical applicability can be considered
critically in principle. However, there is no existing AED
system in the region of experience or generally in Germany
[14]. Few AEDs are deployed in Germany, their location
is neither mapped or systematically structured—we cannot
speak of a functional AED network. Therefore, to establish
an AED network especially in rural areas, building pads for
both mobile and stationary AED from scratch seems fea-
sible and necessary. Our approach is to supply a specific
area with AEDs, regardless of the population within. This
corresponds to German healthcare practice, which aims to
achieve an equal supply of health services in any place. This
leads to the premise to operate the same amount of AEDs
in a given area.

Every AED’s location has an operational radius that
limits the distance which can be covered within a specific
response time. To avoid both overlapping and unsupplied

areas of provision, the circle’s curves are formed into
lines, creating a hexagonal structure around the AED"s
location. On adjoining hexagons borders, the distance
to either hexagon’s centre, where the AEDs are placed,
is exactly the same. Finally, the total costs to provide an
AED network covering a given region are calculated by
multiplying the number of hexagons, thus the number of
necessary AEDs, with the cost per AED unit [26]. The
hexagonal approach can be applied to both stationary and
airborne AED networks.

Formula (3) calculates the stationary AED’s opera-
tional radius r,. The outward and return journeys of a
first responder are taken into account, which halves the
stationary AED’s operational range. A stationary AED’s
operational range is further reduced by detours that have
to be walked to retrieve the device. The airborne AED
operational radius r,,, calculated by (7), only includes the
outward journey as retrieval by first responders is not nec-
essary. In contrast, UAS can minimize distances by flying
the shortest way by Euclidean distance. However, times for
the UAS to take off and land have to be taken into account.

The catchment areas A, for both stationary (2) and
airborne AEDs (6) are calculated by radian measure and
depend on their operational radii. [28] Total costs result
by multiplying the unit costs with the number of AEDs
needed to provide sufficient area coverage. The number of
AED units is calculated by a trunc function, which gives
the next higher integer of the number of AED locations.

Based on experiences made in MVILIFEIDRONE, we
assume a higher technical failure risk associated with
using UAS, e.g. due to crashes, technical failures or high
winds. Consequently, this model assumes UAS being
redundantly provisioned at a rate of 50%. This firstly
ensures a high availability and balances possible deficits in
technical maturity. Secondly, we assume a very conserva-
tive estimation, as data on the availability and reliability
of medical UAS is neither available nor researched as of
yet. Following the explanations above, the cost functions
of stationary AEDs are as follows:

K =k -t X
=k runc<A> ey

s

For total costs, with
A, =3-r?-sin(60) 2)
for one stationary AED’s hexagonal catchment area and

(d—as)-bs
e — 3
S . 3)

for the operational radius.
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Total costs for the coverage of a given area are, there-
fore, calculated as

X

3. (@)2 - sin(60)

K, =k, - trunc

“

Total costs for airborne AEDs can be calculated as

K,=k,- trunc{ <trunc [%]) -1, 5} 5)

for total costs, with

A, =372 - sin(60) (6)

m

to calculate the UAS” hexagonal catchment area and
rm=(d_am>'bm (7)

for the UAS” operational radius, which determines the size
of the hexagon.
Total stationary costs, therefore, are calculated as

Km=km-trunc{<trunc[ o 3 ])-1,5}
3-{(d-a,)-b,} -sin(60)

®)

The models determinants are Variable: Parameter; A, |
: Catchment area; a: time to find the AED; a,,: time to
take off and land the UAS; b,: Speed of a brisk walk; b,,:
Speed of a UAS; d: response time; k;: unit costs station-
ary AED; k,,: unit costs airborne AED; x: Area covered;
K,: Total costs area coverage with stationary AEDs; K,
Total costs area coverage with airborne AEDs.

Fixed costs for either scenario comprise of the acquisi-
tion cost of the UAS and the AED. Costs for the UAS-
pad as a fully automated ground station are integrated as
well as costs for installing a stationary publicly accessible
AED. Maintenance cost, which has to be conducted regu-
larly, is regarded as sunk cost and therefore integrated into
the fixed costs for both airborne and stationary solutions.
Due to the high and still rising degree of automation we
experienced in our field project MVILIFEIDRONE, per-
sonnel cost for piloting are not considered. In fact, they
will presumably further lose in importance.

Variable costs generally depend on the cost per AED's
use. For stationary AEDs, the variable costs consist of
the cost of the battery and the electrodes. In the case of
airborne AEDs, the costs of charging the UAS” battery
would have to be added. However, considering their prob-
able utilization, the variable costs of using the stationary
or airborne AEDs are low. They can be regarded as non-
relevant for decision-making and are therefore neglected.

@ Springer

Sensitivity analysis

In the second step, to illustrate the impact of different unit
costs and response times on results, a sensitivity analysis
is conducted. By keeping all but one model determinant
constant, it gives the highest possible cost of an airborne
AED scenario, that equates the cost of the stationary sce-
nario, or vice versa. In this course, the response time d
and the unit costs k, and k,, of each scenario are regarded.

R(Eam5)

X
trunc| 3 - 1,5

3. {(c_i—a_m> ~b_m} - sin (60)

=k, - trunc

K_m(a, d,a,, a,)_c) =k, - trunc

N2
3. { (@z)h } - sin (60)

Scenarios and data

As shown above, there are two ways to maintain AED
networks to provide medical aid in early OHCA treat-
ment: Stationary AEDs illustrate a conventional approach,
whereas UAS-based airborne AEDs are an innovative solu-
tion. Stationary and airborne AEDs form two overarching
scenarios of AED provision, onto which three variations
are applied. These scenario variations are developed to
understand the effects of different inputs, to cover the
uncertainty of the data and thus to secure a sound deci-
sion-making. We apply the following scenario variations:

— Scenario variation I shows two alternatives to provide
the region of Vorpommern-Greifswald with AEDs:
either covering the whole county or identifying and
concentrating on historical hot spots of OHCA

— Scenario variation II varies the medical-induced
response time, which is an AED network’s primary
determinant,

— Scenario variation III varies unit costs of both station-
ary and airborne AED infrastructure.

For all scenarios modelled in this study, we assumed a
brisk travelling speed for every first responder retrieving
a stationary AED on foot of 0, 1 km/min. For UAS, we
used an average speed of 60 km/h, which is the speed of
the UAS used in the MVILIFEIDRONE - Pilot project.
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Fig. 1 Costs for hot psot coverage. Own source

This average speed takes into account the time-consuming
manoeuvres for take-off and landing.

Scenario variation I: covered area

The variation in area coverage resulted from data provided
by the LandIRettung project. To increase the outcome of
OHCAs, the project documented all OHCA cases between
September 2017 and September 2019 in the district of Vor-
pommern-Greifswald. Using this data, hot spots with at least
twelve OHCA cases within this period were identified.

Supplementary Fig. 1 shows a heat map of all recorded
OHCA in Vorpommern-Greifswald. These form the under-
lying base for the definition of focal points, counting 409
of the 555 emergencies between 2017 and 2019. Retro-
spectively, almost 75% of all OHCA cases could therefore
have been covered by concentrating only on a fraction of
the expanse of the exemplary region. This results in two
different sized areas, constituting scenario variations 1 and
2: The entire area of Vorpommern Greifswald (3930 km?)
and the limited area of the focal points, as shown in Fig. 1
(680.4 km?).

Scenario variation Il: response time
According to the state law of Mecklenburg-Vorpommern

on the provision of emergency medical services, the
legal response time for EMS is 8:55 min on average [29].

mAED 8 minutes
sAED 6 minutes

SAED 3 minutes SAED 4 minutes

sAED 7 minutes sAED 8 minutes

However, these response times are frequently exceeded [30].
To legitimate an AED network, the delivery time of AEDs
in OHCA must undercut and improve the status quo. There-
fore, modelled response times vary between three and eight
minutes—from very favourable to less favourable assump-
tions. A response time less than three minutes does not seem
feasible.

Scenario variation lll: unit costs

To cover insecurities concerning unit costs, input data are
varied. For the stationary AEDs, the costs for different AED
types were acquired by research. The cheapest, the most
expensive, and an average price were used to depict possible
cost variations. The assumed lifetime of an AED is 10 years
with a linear depreciation. For the UAS costings based on
the results of the MVILIFEIDRONE project were added to
the mean value of unit costs of an AED. Surmising ongoing
technical development and the relatively simple UAS used
in MVILIFEIDRONE, these known costs form the bottom
line of the assumed cost scale, which assumes two further
and higher values.

Industry-grade octocopter-type UAS can be acquired for
127,500 €. System lifetime is assumed to be 4 years and
charging cost is set at 100 €. We assume a linear deprecia-
tion of the UAS over its lifetime. Equipped with an AED of
medium cost, costs per year in the base scenario are 32,248
€ (Table 1).

@ Springer
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Table 1 Model inputs. Own source

Scenario 1: Stationary AED
Scenario 2: Aerial AED

Scenario varia- Scenario varia- Scenario
tion I tion II varia-
tion III
Covered area ~ Response time d  Radius r [km] Catchment area  Number of AEDs a; a,, [min] b b, Costs
in km? [min] A [km?] [km/ min] per unit
[€p.al]
Full area cover- a. 3 ;o= (d=ay)eb, Ay =372 - 5in(60) mmc<i> 1 min 0.1 km/min a.170 €
age [3930 b. 4 y 2 A b.263 €
km?] .5 c.405 €
Focal points d.6 Fw=(d=ay) by  A,=3-12-sin©0) ,mm.<[,,.,,m.<i)] 1 min 1 km/min a.
[680.4km?] ¢ 7 A 32,248
f. 8 -1.5) €
b.
45,000
€
c.
55,000
€
Results with a focus on airborne AED delivery using UAS as

Scenario 1: stationary AED

Table 2 shows both the total costs for the stationary AED
scenario at full area coverage and focal point setting,
depending on the variation of the response time and the unit
costs. Increasing (decreasing) the response time enlarges
(reduces) the radius of the catchment area and therefore
reduces (increases) the number of AEDs required to cover
the area of Vorpommern-Greifswald. Thus, the associ-
ated costs of covering a specific area decrease (response
time T — radius T — catchment area T — number of required
AEDs | — costs of area coverage |).

To equip the full area of Vorpommern-Greifswald with
stationary devices, between 12,349 and 151,266 AEDs are
needed, depending on the response time as depicted in sce-
nario variation II. If the analysis focuses on the hot spots, only
between 2,138 and 26,189 AEDs are required for sufficient
provision, again depending on the response time. As can be
expected, increasing unit costs impact total costs in both a
total coverage and focal point setting. The total costs for area
coverage with stationary AEDs lie between 2,099,330 € and
61,262,730 €. When considering the hot spots, the total costs
per year are set between 363,460 € and 10,606,545 € depend-
ing on the unit costs and the response time.

Scenario 2: airborne AED

Besides the results for scenario 1, Table 2 also shows the
results of response times and unit costs for area coverage

@ Springer

depicted in scenario 2. Between 47 and 569 AEDs are
required for a full area coverage of Vorpommern-Greif-
swald. Total costs range, depending on the adopted unit
price, between 1,515,656 € and 31,295,000 €. Considering
only focal points, between 9 and 99 AEDs are required to
cover the area, causing yearly costs of between 290,232 €
and 5,445,000 €.

Cost comparison stationary and airborne AEDs

Figure 1 shows the cost for every scenario depending on
the operational area based on the assumption of the low-
est possible cost structures. Evidently, the application of a
trunc function on fixed costs leads to an interval-fixed trend
line, which, however, appears to be linear due to the figure’s
high scale. Comparing the two scenarios illustrates, that the
airborne UAS-based scenario shows in almost any constella-
tion less total costs than the stationary one when comparing
the same response time d. Airborne costs only exceed the
stationary scenario when comparing the highest UAS-related
cost assumption with the lowest of stationary AEDs.
Focusing on varying unit cost and the cost per km? proves
the higher cost efficiency of an airborne AED network over
a stationary. Figure 2 shows the costs per km?, which are
independent of the area coverage or focal point setting.
Evidently, total costs are the highest with a response time
of three minutes and fall with longer time intervals. This
gives insight, as to how far the airborne response time can be
reduced until the airborne costs exceed the stationary cost.



Can drones save lives and money? An economic evaluation of airborne delivery of automated external... 1147

§ § § § EEE88 8 In any scenario, the cost per km? operational area is lower
Y leSsEegrrrssses when using an UAS. To maintain fastest availability times at
SR IR - S T S S = the lowest assumable costs, 6543.3 € per km? for stationary
" SN AEDs are more than twice as high compared to an airborne
£88888888 solution with 3103.07 €. If delivery times are modelled to
v 222233383 . . . Y 2
el e =R eI I e B e =N == = 6 min, a significant reduction of costs to 496.49 € per km
g |23§3I8-98EE8S s P
S |l FaddFd 433y for UAS-based delivery and 1046.93 € for stationary AEDs
~ = s can be noted.
ry 5]
< a Y Y w e w e w
S :ggé%@ﬁ%ﬁ@@ﬁ Sensitivity
— | o N N e S S A S SR R I S L}
] < <t © = 0O OV N A = < A4 A
2l [ 293 22920868 , , .
Sld 253332522323 By equating the cost functions and keeping all but one
parameter constant, a decision maker’s indifference in
5 choosing between the mobile or stationary alternative con-
e é —f?j o < o cerning the total costs can be determined. Variable param-
=] . . .
Alz<g8[R 4T85 1 S = o eters are as previously established the unit costs, the area of
a p y
< |g provision and period of help. Results are shown in Table 3.
Qg) E g slazgeasargraes For area coverage, the stationary AED s critical unit costs
£ |2 sElS s T g RSSETET SN range from 121.30 € to 212.70 €, to achieve indifference
=0 at — — &
& with the three cost levels of the mobile scenario (31,966 €,
é - 45,000 €, 55,000 €). This means, that if the stationary AED"s
=] o1 « . .
§ g 8FE cost per year ranged within this interval, the mobile alterna-
=4 .
AlIR<Z om0 oS no~ tive would no longer be more advantageous. However, based
SRBSIETEETRR on this study s research, that is not the case, costs per year
%‘ § nag é EIZELER for stationary AEDs range from 170 € upwards.
g nudcnSFa~ g If the stationary unit costs are kept constant at the unit
~ - - «° costs levels (170 €, 263 €, 405 €), the highest possible unit
0 — QN o>~ -0 T o0 . .
E2ERRIBEERSZSY costs of an UAS-based AED can be determined, that still
L 22588558 E83 leaves the mobile scenario with lower or equal costs to the
@ g E S F G = =gl stationary solution. When covering the total area of Vorpom-
8 | = 8 & y g P
— mern-Greifswald, unit costs would need to range between
< = = e === ) . . g .
s A=28rKa28= 45,193.71 € and 107,667.36 € to achieve indifference with
& 28I RIRES the total costs of the stationary scenario.
gle [RS8 I8 =3RS y
g lgoe Yy —~—=a95%3 If the hot spots only are regarded, the stationary AED
O |~ ~ < o K
must have unit costs of between 121.90 € and 231.52 € to
° o o o o - cause indifference towards the mobile scenario, depending
= ~ on o0 o0 oo . .
£23|8% 28232z on the response time and the related total costs. Evidently,
P y
8 EEE|d o s 8dd =8 Fad . ,
£ sl ema==ax= the unit costs are below the assumed average stationary
i g — unit costs of 263 € and implicate a necessary decrease in
5 i = £ any case. Therefore, the stationary scenario would only be
g 3 Eg - o e oo - " advantageous compared to the mobile scenario, if unit costs
= o st} @ . . .
2|28 ; gE8=2=287s88=284 were significantly lower than the average cost of a stationary
g : © s ceeeeeeeeee e AED that was used in this model.
Ele Keeping the parameters of the stationary scenario con-
S| 2| . ping P y
8 % -_% 8 = “ q . " “ v stant, the mobile AED scenario gains indifference with
< . H .
g sledit|c s s =) S < unit costs between 40,384.44 € and 107,136.82 €. These
Q . . . .
;, 9 costs lie mainly above the base level of mobile cost, which
oy é*u represents real costs determined by the MVILIFEIDRONE
2| &Fao . . . . . . .
S|1EE -t 6t O p.rOJect. Their top line is app.roxn.nately twice as high as the
R= . highest costs level assumed in this study. Consequently, the
2 s & S é < mobile scenario is always superior to the stationary AED
2 E z 2% a % B network, as long as the unit cost per UAS stays lower than
< g0 = 40,384.44 €.
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€18,000.00
€16,000.00
€14,000.00
€12,000.00
€10,000.00

€8,000.00

costs in €/km?

€6,000.00
€4,000.00
€2,000.00

€0.00 4 minutes

€2,908.13
4499.06
6928.20
1379.14
€1,925
€2,352

3 minutes
€6,543.30
10122.87
15588.46
3103.07
€4,330
€5,292

msAED unit cost 170 €
SAED unit cost 263 €
SAED unit cost 405 €
mAED unit cost 32,248 €

mmAED unit cost 45,000 €

mEmAED unit cost 55,000 €

Fig.2 Impact of unit costs. Own source

Discussion

As expected, total costs are lowest, when modelling the
longest possible time interval for the AED delivery together
with the lowest unit prices. However, since the provision
of AEDs to OHCA is time-critical, shorter time intervals
should be aimed for. This raises the question about the social
willingness to pay for AED networks, to improve the out-
comes of OHCA.

Given the established assumptions, this study finds that
the setting of hot spots is of economic advantage, contrary
to the complete coverage of a rural region with AEDs.
This is substantiated in the significantly smaller area that
needs to be covered. In the case of Vorpommern-Greif-
swald, only a sixth of the actual region would have to be
covered with AEDs but would nevertheless cover about
75% of all occurring OHCA. In a two-stepped approach,
covering these focal points would be the first and highly
effective measure, before finding solutions to better serve
the remaining expanse.

This study shows that the cost of UAS-based AED deliv-
ery is always lower than the stationary costs when compar-
ing the same response time in corresponding scenarios. For a
cost equivalence with UAS-based AEDs, the cost of station-
ary systems would have to be significantly reduced. It can be
concluded, that even with equal system costs, mobile AED
networks can achieve faster response times and therefore bet-
ter medical care, than traditional stationary AED. Stationary
AEDs are therefore inferior to mobile solutions.

@ Springer

5 minutes 6 minutes 7 minutes 8 minutes

€1,635.83 €1,046.93 €727.03 €534.15
2530.72 1619.66 1124.76 826.36
3897.11 2494.15 1732.05 1272.53
775.77 496.49 344.79 253.31
€1,083 €693 €481 €353
€1,323 €847 €588 €432

This study is subject to a number of limitations. Firstly,
the Christaller comb applied assumes that the population is
evenly distributed. This theoretical assumption is not true
for Vorpommern-Greifswald and not likely to be found in
other regions. However, the hexagonal approach ensures that
any place within it can be reached at a certain time. There-
fore the Christaller comb is suitable to maintain a formally
exhaustive and constant quality of health services. This
limitation has been answered by the specific examination of
focal points. The formal properties of the Christaller comb
are opposed in this study by the specific examination of focal
points to also include a focus on high-priority OHCA areas.

Furthermore, the time to retrieve the AED, response
times and the respective unit cost levels are assumptions that
need to be further tested and validated. This holds especially
true for the conjecture that UAS are a means of transport of
superior speeds compared to lay persons or first responders.

Our findings show, that UAS-supported AED delivery
is superior in terms of cost efficiency than the existing sta-
tionary solutions. Due to the lack of information on clinical
outcomes, we chose the access time to the AED as an effect
on the cost-efficiency analysis. However, using clinical out-
comes such as DALYs and QALYs would be ideal. Cost
efficiency analyses and comparisons of stationary to UAS-
supported AED networks should be complemented, as soon
as clinical data becomes available.

UAS technology is subject to rapid innovation, enhanc-
ing their utility and operational range. Therefore, technical
capabilities may impact this study’s findings. This holds true
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Table 3 Unit costs needed to achieve indifference regarding the corresponding AED-network alternative

Unit costs aerial AEDs [€]

Unit costs stationary AEDs [€]

Base values

55,000

45,000

32,248

405

263

170

Hot spots

Hot spots Coverage Hot spots Coverage Hot spots Coverage Hot spots Coverage Hot spots Coverage

Coverage

Rescue time

107,136.82
104,760.00
101,997.69

99,844.41

107,667.36
107,197.44
107,104.09
106,545.82
104,726.77
106,411.60

69,572.80
68,029.33
66,235.54
64,837.24

69,917.33
69,612.17

44,971.01

45,193.71
44,996.46
44,957.27
44,722.93
43,959.38
44,666.60

121,90 169.27 170.11 206.89 207.91

121,30

43,973.33
42,813.85

124,60 170.01 173.97 207.79 212.63

121,84

69,55.55

128,05 170.16 178.68 207.98 218.39

121,94
122,58

69,189.01
68,007.75
69,101.85

41,910.00
41,225.00
40,384.44

171.05 182.53 209.06 223.10

130,81

98,212.50
96,210.00

63,777.50
62,477.11

132,98 174.02 185.57 212.70 226.80

124,71

135,75 171.27 189.43 209.33 231.52

122,74

especially for the UAS” travelling speed, which is poised to
increase significantly in the future.

Conclusion

Our aim was to evaluate the cost of alternative solutions
to improve OHCA treatment. The total costs of providing
AED:s in specific areas were compared by modeling two
basic scenarios of a stationary AED against that of a mobile
AED. Based on the exemplary rural region of Vorpommern-
Greifswald, three variations were introduced, based on
innovating existing EMS structures to shorten present EMS
response times, unit costs and area coverage.

The calculated costs per km? show that the coverage of
a given area with mobile AEDs is less expensive and more
effective than placing stationary ones under any simulated
circumstance. Obviously, setting focal points leads to lower
system costs than a full area coverage. This holds true for
any region to be supplied with AEDs.

Based on these findings, supplying hotspots in the study
region of Vorpommern-Greifswald with mobile AEDs with
a four-minute flight radius is recommended as the most cost-
efficient way to ensure a significantly shorter response time.
Historically, about 75% of all past OHCA would have been
covered using this strategy. Hot spot coverage would result
in costs between 1,451,160 € and 2,475,000 € depending on
the unit costs. As the UAS-based AED network is always
more cost-efficient than the stationary, this recommenda-
tion also holds true for a full, yet more cost intensive, full
area coverage.

A strong cost driver in this model is the redundant capac-
ity of UAS, set to 50% in this study, which is deemed nec-
essary regarding possible technical failures. Medical UAS
networks could realize a lot of cost potential by utilizing
aircraft with higher reliability, in that weather conditions
and failure risks become much less influential. This would
further the advantage of airborne AED deliveries over the
stationary solution.

To achieve an applicability of the focal point solution to
other regions, it is necessary to further map OHCA in order
to identify high risk locations. Also, consideration should
be given to how far the response time, and thus flight radii
should be reduced, so that more lives can be saved in the
shortest possible time without neglecting the economic
aspect.

Still, the very low prospective utilization of the UAS net-
work indicates the possibility of integrating possible other
use cases into the network. Those could be the transport of
other medical goods, such as laboratory samples or the use
for situations assessments in crisis management. The avail-
ability of ED delivery to OHCA could be ensured by always
carrying during one on non-related transports.

@ Springer



1150

J.W. A.Roper et al.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10198-022-01531-0.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Grisner, J., et al.: Optimierung der Reanimationsversorgung in
Deutschland. Notfall Rettungsmed. 17, 314-316 (2014)

2. Grisner, J.-T., Lefering, R., Koster, R.W.: EuReCa ONE—27
Nations, ONE Europe, ONE Registry: a prospective one month
analysis of out-of-hospital cardiac arrest outcomes in 27 countries
in Europe. Resuscitation 105, 188—195 (2016)

3. Boyce, L.W., et al.: High survival rate of 43% in out-of-hospital
cardiac arrest patients in an optimised chain of survival. Nether-
lands Heart J 23(1), 20-25 (2015)

4. Gross, V.T., Ilknur E.: Informationen zur Laienreanimation in
Deutschland. [Online] (2019). https://www.bzga.de/fileadmin/
user_upload/PDF/pressemitteilungen/daten_und_fakten/Fakte
nblatt_Reanimation_Stand_Oktober_2019.pdf. Accessed 17 Feb
2021

5. Brinkrolf, P,, Bohn, A., Lukas, R., Heyse, M., van Aken, H. et al.:
Projekt "Woche der Wiederbelebung", Offentlichkeitsarbeit und
SchulungsmaBinahmen verbessern das Wissen zur Wiederbele-
bung in der Bevolkerung. Anésth Intensivmed 57, 496-504 (2016)

6. Mgller Hansen, S., Malta Hansen, C., Folke, F., Rajan, S., Krag-
holm, K., et al.: Bystander defibrillation for out-of-hospital car-
diac arrest in public vs residential locations. JAMA Cardiol 5,
507-514 (2017)

7. FleBa, S., et al.: Der Telenotarzt als Innovation des Rettungswes-
ens im ldndlichen Raum — eine gesundheitsokonomische Analyse
fiir den Kreis Vorpommern-Greifswald. Die Unternehmung. 3,
248-262 (2016)

8. Bertelsmann Stiftung. Demographiebericht - Landkreis Vorpom-
mern-Greifswald (2018)

9. Trappe, H.-J.: Einsatz automatisierter externer Defibrillatoren
(AED). Kardiologe 1, 28-39 (2012)

10. Bein, B., Koch, T., Geldner, G., Bottiger, B.W., Grisner, J.T.:
Notfallversorgung in Deutschland, transformation und trends.
Deutsches Arzteblatt 46, 2152-2157 (2017)

11. Brinkrolf, P., Hasebrook, J. P., Hahnenkamp, K.: LandIRettung:
Zukunftsfahige notfallmedizinische Neuausrichtung eines Land-
kreises. Medizinisch Wissenschaftliche Verlagsgesellschaft, pp.
140-145 (2017)

12. Auricchio, A., Gianquintieri, L., Burkart, R., Benvenuti, C.,
Muschietti, S., et al.: Real-life time and distance covered by lay
first responders alerted by means of smartphone-application,
Implications for early initiation of cardiopulmonary resuscitation
and access to au-tomatic external defibrillators. Resuscitation 141,
182-187 (2019)

13. Hansen, C.M., Kragholm, K., Granger, C.B., Pearson, D.A.,
Tyson, C., et al.: The role of bystanders, first responders, and

@ Springer

emergency medical service providers in timely de-fibrillation and
related outcomes after out-of-hospital cardiac arrest: Results from
a statewide registry. Resuscitation 96, 303-309 (2015)

14. Baumgarten, M., et al.: Drones delivering automated external defi-
brillators—integrating unmanned aerial systems into the chain of
survival: a simulation study in rural Germany. Reuscitation 172,
139-145 (2022)

15. Sakai, T., Iwami, T., Kitamura, T., Nishiyama, C., Kawamura, T.,
et al.: Effectiveness of the new “Mobile AED Map” to find and
retrieve an AED, A randomised controlled trial. Resuscitation 1,
69-73 (2011)

16. Riyapan, S., Lubin, J.: Emergency dispatcher assistance decreases
time to defibrillation in a public venue, A randomized controlled
trial. Am J Emergency Med 3, 590-593 (2016)

17. Roper, J., Krohn, M., FleBa, S., Thies, K.-C.: Costing of helicopter
emergency services — a strategic simulation based on the example
of a German rural region. Health Econ Rev (2020). https://doi.org/
10.1186/s13561-020-00287-8

18. Claesson, A., Biackmann, A., Ringh, M., Svensson, L., Nordberg,
P., et al.: Time to delivery of an automated external defibrilla-
tor using a drone for simulated out-of-hospital cardiac arrests vs
emergency medical services. JAMA 317(22), 2332-2334 (2017)

19. Boutilier, J.J., Brooks, S.C., Janmohamed, A., Byers, A., Buick,
J.E., Zhan, C., et al.: Optimizing a drone network to deliver auto-
mated external defibrillators. Circulation 135(25), 2454-2465
(2017). https://doi.org/10.1161/CIRCULATIONAHA.116.026318

20. Pulver, A., Wei, R., Mann, C.: Locating AED enabled medical
drones to enhance cardiac arrest response times. Prehosp Emerg
Care. 20, 378-389 (2016). https://doi.org/10.3109/10903127.
2015.1115932

21. Bauer,J., et al.: Development of unmanned aerial vehicle (UAV)
networks delivering early defibrillation for out-of-hospital cardiac
arrests (OHCA) in areas lacking timely access to emergency medi-
cal services (EMS) in Germany: a comparative economic study.
BMJ Open (2021). https://doi.org/10.1136/bmjopen-2020-043791

22. Chase, D., et al.: Using simulation to estimate the cost effective-
ness of improving ambulance and thrombolysis response times
after myocardial infarction. Emergency Med (2006). https://doi.
org/10.1136/em;j.2004.023036

23. Zailani, M.A., et al.: Drone versus ambulance for blood products
transportation: an economic evaluation study. BMC Health Ser-
vices Res (2021). https://doi.org/10.1186/s12913-021-07321-3

24. Espinoza, A., et al.: Time gain needed for in-ambulance telemedi-
cine: cost-utility model. JMIR Mhealth Uhealth. (2017). https://
doi.org/10.2196/mhealth.8288

25. Baumgarten, M., Hahnenkamp, K.: Wenn Drohnen Leben Retten.
Klinik Management aktuell 2021, 61-62 (2021)

26. FleBa, S.: Systemisches Krankenhausmanagement. DeGruyter,
Berlin (2018)

27. Ritter, W.: Allgemeine Wirtschaftsgeographie, Eine systemtheo-
retisch orientierte Einfiihrung. Oldenbourg, Miinchen (2001)

28. FleBa, S.: Kleinere Krankenhduser im ldndlichen Raum,
Losungsmodelle fiir eine finanzierbare Versorgung. Springer
Gabler, Wiesbaden (2020)

29. Land Mecklenburg-Vorpommern. Rettungsdienstgesetz Mecklen-
burg-Vorpommern. 9. Februar 2015.

30. Landesregierung Mecklenburg-Vorpommern. Erfiillung der Hilfs-
frist bei Rettungsdiensteinsitzen im Jahr 2018. Kleine Anfrage
und Antwort der Landesregierung. Schwerin : Drucksache 7/3637,
6.6 2019.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s10198-022-01531-0
http://creativecommons.org/licenses/by/4.0/
https://www.bzga.de/fileadmin/user_upload/PDF/pressemitteilungen/daten_und_fakten/Faktenblatt_Reanimation_Stand_Oktober_2019.pdf
https://www.bzga.de/fileadmin/user_upload/PDF/pressemitteilungen/daten_und_fakten/Faktenblatt_Reanimation_Stand_Oktober_2019.pdf
https://www.bzga.de/fileadmin/user_upload/PDF/pressemitteilungen/daten_und_fakten/Faktenblatt_Reanimation_Stand_Oktober_2019.pdf
https://doi.org/10.1186/s13561-020-00287-8
https://doi.org/10.1186/s13561-020-00287-8
https://doi.org/10.1161/CIRCULATIONAHA.116.026318
https://doi.org/10.3109/10903127.2015.1115932
https://doi.org/10.3109/10903127.2015.1115932
https://doi.org/10.1136/bmjopen-2020-043791
https://doi.org/10.1136/emj.2004.023036
https://doi.org/10.1136/emj.2004.023036
https://doi.org/10.1186/s12913-021-07321-3
https://doi.org/10.2196/mhealth.8288
https://doi.org/10.2196/mhealth.8288

	Can drones save lives and money? An economic evaluation of airborne delivery of automated external defibrillators
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Setting
	Analysis
	Cost modelling

	Sensitivity analysis
	Scenarios and data
	Scenario variation I: covered area
	Scenario variation II: response time
	Scenario variation III: unit costs


	Results
	Scenario 1: stationary AED
	Scenario 2: airborne AED
	Cost comparison stationary and airborne AEDs
	Sensitivity

	Discussion
	Conclusion
	Anchor 24
	References




