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Abstract: With over 350,000 cases occurring each year, out-of-hospital cardiac arrest (OHCA) remains
a severe public health concern in the United States. The correct and timely use of automated
external defibrillators (AEDs) has been widely acknowledged as an effective measure to improve
the survival rate of OHCA. While general guidelines have been provided by the American Heart
Association (AHA) for AED deployment, the lack of detailed instructions hindered the adoption of
such guidelines under dynamic scenarios with various time and space distributions. Formulating
the AED deployment as a location optimization problem under budget and resource constraints,
we proposed an overlayed spatio-temporal optimization (OSTO) method, which accounted for the
spatiotemporal heterogeneity of potential OHCAs. To highlight the effectiveness of the proposed
model, we applied the proposed method to Washington DC using user-generated anonymized
mobile device location data. The results demonstrated that optimization-based planning provided an
improved AED coverage level. We further evaluated the effectiveness of adding additional AEDs
by analyzing the cost-coverage increment curve. In general, our framework provides a systematic
approach for municipalities to integrate inclusive planning and budget-limited efficiency into their
final decision-making. Given the high practicality and adaptability of the framework, the OSTO
is highly amenable to different healthcare facilities” deployment tasks with flexible demand and

resource restraints.

Keywords: optimization placement; automated external defibrillator; out-of-hospital cardiac arrest;
maximal covering location problem; overlayed spatio-temporal optimization

1. Introduction

Out-of-hospital cardiac arrest (OHCA) is the loss of functional cardiac mechanical
activity associated with an absence of systemic circulation occurring outside of a hospital
setting [1]. More than 350,000 people suffer from OHCA in the United States (US) each
year [2], and less than 6% of them survive [3]. From collapse to treatment, every additional
minute will reduce the probability of survival by up to 10% [4]. Public access defibrillation
programs using automated external defibrillators (AEDs) are practical and have been linked
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to a significant increase in the OHCA survival rate [5-7]. However, fewer than 12% of
individuals with OHCAs have an AED applied before the emergency medical services
(EMSs) arrive [1]. Several factors responsible for this rate include an unawareness of AED
locations, a lack of AED training, bystander apathy, and concerns about liability [8-10].
Another major factor is the accessibility to AEDs [11-13]. General guidelines proposed
by the American Heart Association (AHA) [14] suggested that AEDs should be deployed
in areas at risk of cardiac arrest, which did not provide a clear plan for delimiting risk
boundaries and positioning AEDs. Thus, determining the areas of potential OHCAs is the
first step before optimizing the AED placement.

Many previous studies predicted the potential OHCAs using population distribution
or historical OHCAs [15-17]. However, the bias of using population distribution to model
real-time spatial population dynamics has long been revealed [15]. On the other hand,
due to practical factors, the historical OHCA data are not accessible in many scenarios.
To our knowledge, the overwhelming majority of research on AED placement is limited
to western countries with well-developed systematic programs and dedicated personnel
for collecting incident locations of OHCAs, including the National Emergency Medical
Services Information System in the US, the Resuscitation Outcomes Consortium in North
America, and Scottish Ambulance Service in Scotland, among others. These programs
are not always available in some underdeveloped countries or regions due to the global
disparity and imbalance in the development of healthcare systems. Additionally, for some
small areas, it is impractical to collect sufficient historical OHCA data to perform effective
AED placement optimization. In Washington DC, for example, the total number of cardiac
arrests was 605 in 2019, and the number of estimated OHCA cases was only 179 [18,19].
We overcome the drawbacks of the aforementioned methods by representing the potential
distribution of OHCAs with dynamic point of interest (POI) [20] visit data collected from
mobile devices.

In contrast to historical OHCA data, which are usually sparse and uneven across
nations, mobile location data can be acquired in most countries [20] owing to the extensive
reach of mobile phones. By utilizing such data, we may overcome the intrinsic hindrance
in gathering OHCA cases and formulate a method that has the potential to span both
developed and developing regions, bridging the existing public health disparities between
them. POI visit data represent real-time population movement, effectively reflecting
potential OHCA risk areas across space and time. Based on the statistics on cardiac arrest
location types in the US [18], 60.32% OHCAs occurred in public or commercial buildings.
Applying the North American Industry Classification System (NAICS) [21] on POI visit
data suggested that almost all the POIs are subordinate to the public and commercial
buildings where most OHCAs occurred.

In addition, the majority of the studies and AHA guidelines for AED placement
focus on accessibility concerning the spatial pattern of potential OHCAs, including using
the incident location type to predict potential locations at risk of cardiac arrest [22,23],
leveraging GIS techniques [24], or optimization algorithm [15,25,26] to improve the access
level of AEDs and delivering AEDs with the aid of drones [16,27]. Although improvements
have been made by integrating spatial patterns into AED deployment plans, temporal
access has been largely ignored in previous research. Given that there exists a substantial
difference in the occurrence and survival of OHCAs between the different times of day and
different days of the week [28,29], a spatio-temporal analysis method is needed to better
model the spatio-temporal characteristics of OHCAs.

In this study, we propose an adaptable overlayed spatio-temporal optimization (OSTO)
method to optimize the AED placement using fine-grained analysis in time and space.
Taking Washington DC as a case study, the results demonstrate that our proposed methods
can successfully maximize the AED performance with respect to all time periods as well
as improve the AED access level. We also evaluated the cost—coverage increment curve to
determine the most suitable number of total deployed AEDs considering the AED coverage
efficiency and financial budget. Our method presents a general framework that can be
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practically adapted to other facility deployment optimization planning when both spatial
and temporal factors are important.

2. Overlayed Spatio-Temporal Optimization Method

The proposed OSTO method includes two stages (Figure 1). The first stage aims to
maximize the AED coverage rate by hour and obtain a total of 24 solutions { ], 5, J, ..., 54}
corresponding to 24 h, with each solution representing a spatial distribution of optimized
AEDs. For each hour, the optimized AED coverage rate {Rq1, Rop, R33, ..., Roapa } was
calculated using the hourly solution to cover the POI visitor distribution of the hour itself.
The second stage is to apply each solution into 24 sets of visitor distribution corresponding
to24h {I}, I, I5,..., 4}, calculate the average performance { N7, Ny, N3, ..., N4} of each
solution over 24 h, and identify the best solution out of the 24 sets. The next two subsections
will illustrate details about the calculation process for these two stages.

hy' hy'  hy' has'
(1) Solutions ) PR PR FYREEITIN PYY
hy Iy 1 E-R_ll_i i-}{z;_i i-_3-1_i i:q_z:u_i
he L | ReliReliRel v R
Py By | Rt iR} (Rl R
b tan L P} Rac R+ Ry
(2) Average performances max (N, N, N3 - Ny)

Figure 1. A Matrix Describing the Process of the Overlayed Spatio-Temporal Optimization. Both
hi,h, hs, ... hog and By, Y, B, ... 1y, referto 24 haday. I, I, I3, . . ., Ipg indicate 24 hourly sets of
POI visitor distribution. J{, J3, J3, .. ., J5, represents 24 hourly AED solutions computed based on the
visitor distribution of the hour itself. Ry, (h, 1’ € 1,2,3,...,24) means the optimized AED coverage
rate applying the /'th solution on hth set of POI visitor distribution. Ny, Np, N3, ..., Noy means the 24
average performances for each solution. For instance, Nj is averaged over Ry1, Ryp, Ry3,... Ryp4, and
Ny, N3, ..., Ny is calculated similarly.

2.1. Optimizing AED Placement by Hour

This section aims to illustrate the first stage of the OSTO. The mixed-integer program-
ming (MIP) model based on a branch-and-bound algorithm [30] was deployed to solve
the maximal covering location problem (MCLP), which is to locate a restrained number of
facilities to maximize the population covered within a particular service distance [31]. Our
scenario of optimizing the AED placement aimed to identify a set of locations where placing
AEDs would maximize the number of covered POI visitors. The objective function (1)
and four constraints (2)—(5) to the MCLP for AED optimizing placement can be expressed
as follows:
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Maximize zZp = Z a;y; forallh e H 1
i€ Ih
Subject to Y x>y foralli€ I, )
j € Ni
Z xj =k 3)
j€]
xj=0o0r1 forallje ] 4)
yi=0o0r1 foralliel, 5)
where:

h = denotes each hour;

H =denotes thesetof 24 h1,...,h...,24;

i = denotes each POI site;

I, = denotes the set of POI sites for each hour;

j = denotes each AED candidate site;

J = denotes the set of AED candidate sites;

a; = the number of visitors to be served at POI site i;

k = the number of AEDs to be located;

dij = the shortest distance from site i to site j;

S = the distance beyond which a POI site is considered uncovered;
N; = {j € J|d;; < S}, denotes the set of AED candidate sites that can cover visitors in the
POl site I;

Zj, = denotes the number of covered POI visitors;

o 1 ifan AED is allocated to site j
J 0 else

{1 if one or more AED candidate sites are established at sites in the set N;
Yi= .
0 else

The constraints can be explained as follows: for AED selection (4), if an AED is
allocated to location j, the x; is assigned 1, otherwise the x; is assigned 0. For budget
constraint (3), the total number of AEDs to be located is k. For POI sites (2) and (5), if there
exists at least one established AED from which a POI site i is within the distance of S, then
y; is assigned 1; otherwise y; is assigned 0. Embedding these constraints and the objective
function into the MIP model, we conducted the model by the hour, and 24 solutions were
computed. The potential AED locations provided for the MIP model to select the optimized
AED locations are named AED candidate sites in this study.

2.2. Identifying the Final Solution of Optimized AEDs

This section aimed to illustrate the second stage of the OSTO. The solution of opti-
mized AED locations at each specific hour & was then applied 24 times to hourly visitor
distribution, and then the average performance of each solution over 24 sets of POI distri-
bution was calculated (N 1, ). A total of 24 N ;8 were generated and the final solution was
identified as the solution with maximal Ny .

Calculation process for identifying the final solution:
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1 min(dm,i) <S8

0; = iel;jel; e H (6)
0 else
Ry, = Zielhofl heH; W eH ()
i€ Ih 1
N]}/l/ = AZ)g(R]h,[l, R]hllz’ R]h/IS’ ceey R]h’124) WeH (8)
Objective Max(Ny, Ny, Ny, ..., Ny ) 9)

where:

h' = also denotes each hour, used for distinguishing itself from #;

H =denotes thesetof 24 h1,...,h...,24;

i = denotes each POI site;

I, = denotes the set of POI sites for each hour;

j' = denotes each optimized AED;

J;; = denotes the set of optimized AEDs for each hour;

Min(d ]}/l,i) = denotes the minimum distance between each site in the set of optimized AEDs
and a POl site;

S = the distance beyond which a POI site is considered uncovered;

O; = denotes whether a POl site i is covered by a set of optimized AEDs;
a; = the number of visitors to be served at POl site i;

R I = denotes the optimized AED coverage rate for each hour /;

N I, = denotes the average performance of each hour’ s set of optimized AEDs.

Four steps for identifying the final solution are: (6) Calculate whether a POl site i is
covered by any site of an AED solution (O;); (7) Obtain the optimized AED coverage rate
(R 1, 1,) using a solution in a specific hour (W) to cover a POI visitor distribution in another
spe;ciﬁc hour (h); (8) Compute the averaged performance (N I;,l/) of a solution in a specific

hour ('); (9) Compare the average performances between 24 h and identify the maximal
one (Max(N]}/l, ).

2.3. Cost-Coverage Increment Analysis

The cost-coverage increment curve was evaluated by assessing the increased average
performance obtained from an increasing number of AEDs. Specifically, it is calculated by
dividing the increased AED average performance (AN ]’/l,) by the increased number of AEDs
to be located (Ak) (the intervention cost). Steps for calculating the average performance of a
certain k number of AEDs were as follows: (1) The optimized AED locations are computed
based on the visitor distribution of the hour (/1) with the highest performance; (2) Calculate
the average performance (N ]}/1/) of the set of optimized AED locations on all 24 h visitor

distributions; (3) The final cost-coverage increment curve is generated based on AN I, /Ak.

3. Application in Washington DC
3.1. Data Source and Preprocessing
3.1.1. POI Visit Data

The POI visit count data in 2019 in Washington DC originates from the SafeGraph
Pattern Dataset [20], indicating that the count of visits to each POI during each hour
accumulated across the whole year of 2019. Considering the fact that the visit duration
must last at least 4 min to count as valid for a given POI and that the visitor would be
counted once in each hour if they stay for multiple hours [20], visit counts and visitors are
interchangeable in our study. Since we focused on deploying public-access defibrillators, we
excluded residential areas that are not publicly accessible. Considering the full equipment
with healthcare facilities including AEDs in hospitals, we also excluded hospital areas.
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After removing the POI visit counts in residentials and hospitals, 134,850,972 POI total
visit counts were used for analysis. The number of visitors per hour is shown in Figure 2.
Considering the computational efficiency, we randomly sampled 1/6 visitor locations per
day for the optimization analysis. The sample size was Nsampte = Niotal /365/6 = 61,575.
The value calculated from Ny, /365 means the average daily visits, and further dividing
by six means that one in every six POI visit counts.

. 10000000
=
£ 8000000
>
< 6000000
2 4000000
s
S 2000000
o
kS 0
g 1 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
g Hour
=4
Visitors Visitors out of hospital and residential areas

Figure 2. Number of POI visitors by Hour in Washington DC.

3.1.2. Existing AEDs and AED Candidate Sites

The data of 2302 AEDs in Washington DC were obtained from Open Data DC (updated
until 8 December 2021) [32]. A total of 2113 AEDs were left after removing the existing AEDs
in hospitals and residential areas. A total of 18,098 AED candidate sites were generated
from the centroids of buildings other than hospitals and residential areas, and building
data were obtained from the Open Street Map [33].

3.1.3. Hospital and Residential Data

Data on 54 hospitals were accessed from the Geographic Names Information System
(GNIS) (updated until 25 August 2021) [34]; the land use data with 137,626 polygons came
from Open Data DC (updated until 18 March 2022), which includes residential data [32].

3.2. Analysis

In our model, we set k as the maximum number of locations where AEDs could be
deployed. We set k as equal to 100, 200, and 300 separately to explore the optimization
under different situations. The distance S beyond which a POl site is considered uncovered
is set as 100 m as suggested by the AHA [5]. To simulate the mobility of visitors, we
randomly spread out the visitors of each POI in each hour into a 5 min walking circle. Thus,
the a; (the number of POI visitors to be served at site 7) that was used to maximize the z;, (the
number of covered POI visitors) in the maximizing function (Maximize z, = }; ¢ I a;y;)
was set to 1. Hence, the zj, value is only determined by y; (whether the visitor is covered
or not). The radius of the walking circle is calculated as 414.3 m based on the average
comfortable gait speed (138.10 cm/s) of all the adults of different ages [35]. For each k value,
we conducted the first stage of the OSTO, and then compared the trendlines of the AED
coverage rate across 24 h between different ks. Since trends were similar between different
ks, we conducted the second stage of the OSTO only with k equals to 100. The trend of
the average performance (N ]z;') of each solution across 24 h was then calculated. We used
the Python (Python 3.7.11) programming language to code the algebraic formulation of
the model and used the Gurobi [30] solver to solve the optimization problem. The whole

process took 446,293.68 s of computing time with the use of a workstation with Intel®
Xeon® CPU E5-1650 6 cores 3.78-GHz processor and 128 GB of RAM.
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3.3. Results
3.3.1. Applying the OSTO in Washington DC

The matrix showing the detailed result across the whole process of the OSTO in this
case is illustrated in Figure 3. The results from the first stage of the OSTO are elaborated
as follows. The trends of optimized AED coverage rates across 24 h a day for different
ks are highly similar (Figure 4), although minor differences exist in the peak and valley
hours between these three ks. In general, the peak hours for all three ks are approximately
14:00, and the valley hours are around 6:00 and 22:00, implying a general pattern of
dynamic population distribution not significantly affected by the sample size k. Exploring
the divergence of the optimized AED coverage rate between different hours helps us
understand the regularity of how the optimization algorithm works on different visitor
distributions. We analyzed the spatial clustering level of POI visitors of each hour by
adopting the kernel density estimation and directional distribution analyses, and it was
found that the optimized AED coverage rate is positively associated with visitor clustering
level. Take three particular hours (one peak and two valleys) as an example (Figure 5). One
standard deviation ellipse includes 68% of visitors, and two standard deviations ellipse
includes 95% of visitors. Compared with 6:00, a more compacted directional ellipse and
a higher kernel density in the central area at 14:00 indicates a higher clustering level of
visitors, and a higher optimized coverage rate. Compared with 14:00, a more expanded
directional ellipse and a lower kernel density at 22:00 indicate a lower clustering level and a
lower optimized coverage rate. The optimized coverage rate can be referred to in Figure 4.

The results from the second stage of the OSTO are also elaborated as follows. The
hour of 19:00 has the highest average performance of optimized AEDs (Figures 3 and 6).
The trend and the magnitude of the average performance across 24 h were compared with
that of the optimized AED coverage rate with k equals 100 (Figure 6). The curve of the
optimized AED coverage rate is almost reversed to that of average performance. We noticed
exceptions from the reversed shape at the beginning and end of the curves, but in general,
the reversal relationship dominates. Specific values of optimized AED coverage rates
and average performances at particular hours {fg, hi,, h'q, ..., h%,} are shown in Figure 3.
For the magnitude comparison, the range of the magnitude of optimized AED average
performance is smaller than that of the optimized AED coverage rate. Average performance
on all 24 h can help mitigate the extremely high or low optimized coverage rate caused by
a particular visitor distribution.

h1’ h2’ h3’ hsl h14’ h19’ h21’ h22’ h23’ hz4’
]1’ ]2’ ]3’ ]5, ]14’ ]19’ ]z1’ ]22’ ]z3’ ]24’
hy I (1758 1737 1742 -- 17.05 - 12.03 .- 1510 -+ 1547 16.05 17.04 17.307
h, I, (1762 1743 1757 -- 1715 -- 11.87 - 1489 -- 1523 1584 1694 17.25
hy, I (1733 1716 1741 -- 17.09 - 11.69 -- 1461 -- 1489 1552 16.66 16.96
h, I, |[16.04 1595 16.06 - 1639 -- 13.78 - 1532 -- 1508 1532 1610 16.11
hy, I, |1438 1454 1381 - 1515 .- 2129 .. 1975 - 1803 1690 16.38 15.24
hys I, [1533 1520 14.72 - 1567 - 1723 -+ 1911 - 1842 17.88 1732 16.27
hyy I; 1487 1461 1437 - 1475 - 1431 - 1686 -+ 1737 17.09 165 1545
hy; L, [1579 1554 1542 - 1561 .- 13.79 - 1661 -+ 1716 17.21 1696 16.22
h,; Ls [16.75 1650 1651 -+ 1651 .- 13.12 -+ 1611 -+ 1667 1699 1731 17.01
hyy I, 11734 1710 1718 - 1698 - 1246 -- 1555 -+ 1598 1651 17.24 17.36
Max (1565 1561 1535 == 1593 == 1617 == 17.25 == 1667 1642 1657° 16.06)

Figure 3. A Matrix Showing the Whole Process of the OSTO on the Case in Washington DC (k = 100).
All numbers in Figure 3 are percentages. Numbers in black show the AED coverage rate when apply-
ing the solution in a specific hour (e.g., | {) to cover a visitor distribution at all hours (e.g., h1, hy, ..., ho4).
Numbers in red show 24 of the average performances (N I, ) of each solution. The number marked in
red bold is the highest average performance 17.25% (when [, is applied to all hours).
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3.3.2. Relocating Existing AEDs in Washington DC

To make the results before and after optimization comparable, we calculated the
existing AED coverage rate based on the average performance of existing AEDs on all visitor
distributions of 24 h. The unsatisfactory rate of 29.68% calls for an improvement in AED
placement. Based on the result that the AED solution at 19:00 a higher performance than at
any other time, we adopted the visitor distribution at 19:00 to optimize and relocate the
existing AEDs. The AED coverage rate is improved to 73.99%. As shown in Figure 7, there is
a great difference in AED spatial pattern before and after optimization. Before optimization,
AEDs in the central area have a significantly higher density than those in peripheral areas.
The range between the highest and lowest density reached 1124. After optimization, AEDs
spread around, and the range between the highest and lowest densities narrowed down
to 46.

uoneziwndQ 240499

¥) Existing AED

Kernel Density of
Existing AED

- 0.001

Existing coverage rate: 55657

29.68%

uoneziwndo oYy

@) Optimized AED

Kernel Density of
Optimized AED

. 0.001

46.196

Optimized coverage rate:
73.99%

Figure 7. Comparison of the Distributions between Existing AEDs and Relocated AEDs in Washington
DC. (b,d) shows the detailed locations of existing and relocated AEDs in a zoomed area. The kernel
density maps (a,c) are computed based on the locations of existing and relocated AEDs.

3.3.3. Cost—Coverage Increment Curve

In view of the similarity of the trends of optimized AED coverage rate between dif-
ferent ks, it is extrapolated that, regardless of the k value, the average performance of
optimized AEDs will always reach the highest at 19:00. Therefore, we computed the cost—
coverage increment curve based on the visitor distribution at 19:00. From the average
performance curve (Figure 8), the average performance increases with more AEDs at first.
However, the plateau is reached after 3600 AEDs. From the curve of improved average
performance (cost—coverage increment curve), the gain of improved performance per addi-
tional 100 AEDs is decreasing monotonically. After the threshold of 3600, the performance
will only increase marginally. The improved average performance per additional 100 AEDs
(Ak) is shown as AN 1, (W' = 19). Both smooth lines are calculated based on a cubic spline

with a lambda of 0.05.
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Figure 8. Cost—Coverage Increment Curve.

4. Discussion
4.1. Comparison of Current Planning and Optimized Planning of AEDs

Previous spatial analytic methods, including the AHA guideline-based and population-
based method, could lead to a paradoxical result with many AEDs placed in an area with a
relatively low risk of OHCA. For example, the existing AED placement in Washington DC,
which follows AHA guidelines, puts a disproportionate number of AEDs (1134 out of 2113)
in downtown areas where the evaluated risk of potential OHCA incidence is relatively
low. However, our study adopting the spatio-temporal optimization method demonstrated
the improved AED coverage level. Such an increment results in shortened average time
from collapse to treatment, which could positively improve the probability of survival.
Compared with the existing plan in Washington DC, our proposed method deployed 298
out of 2113 AEDs downtown based on evaluating potential OHCA distribution. This
deployment plan maximized the AED coverage rate across all areas at risk and balanced
the supply and demand to a certain extent.

4.2. Designing an Inclusive Strateqy Considering Potential OHCA Distributions across All
Space-Time Ranges

The optimized AED coverage rate (Figure 4) showed highly similar trends across 24 h
between different numbers of AED to be configured. This result implicated that the trends
of the AED coverage rate were only affected by the spatial pattern of visitors at different
times. This effect may result from the MIP model that always deploys AEDs proportionally
concerning the distribution of the potential risk of OHCAs when maximizing the coverage
level, regardless of the number of AEDs to be configured.

We also observed a reversed relationship between the trend of the optimized AED
coverage rate and the trend of average performance across 24 h (Figure 6). We attribute this
effect to the correlation between the visitor clustering level and the optimized pattern of
AED locations. For hours with more clustered visitors, the optimized AED locations on
that hour will follow a high-density pattern. Although this can give a high coverage rate
for that hour on the visitor distribution of the hour itself, the performance of the optimized
AEDs on all hours’ visitor distribution will be alleviated. A high-density set of AEDs is
more challenging to couple with all kinds of visitor distributions. Selecting the solution
from hours with low-density visitors could improve the overall coverage level across
all spaces and times. These findings should initiate critical thinking for researchers and
policymakers that the overall solution in a given geographic area needs to be designed to
serve all the potential risk populations at any space and time, instead of simply maximizing
a population shown in a limited space-time domain.

Finally, to make our solution of optimized AEDs more inclusive of potential OHCAs
in different time periods, we applied the average performance evaluation and identified



ISPRS Int. ]. Geo-Inf. 2023, 12,91

110f13

the solution with the highest performance based on the original purpose of maximizing
efficiency. This efficiency maximization strategy is supported by utilitarianism to maximize
the sum of benefits for all people [36]. However, from another perspective of egalitarian
theories, which encourages a policy on equalizing the relative level of accessibility between
different groups [37], we might need to adjust the performance evaluation by selecting
the solution with the smallest coverage gap. In further studies, careful consideration and
exploration of the moral interpretation of utilitarianism and egalitarianism in adopting
different policy measures should be conducted.

4.3. Limitations

There are several limitations to our study. First, this study is contingent upon the
reliability and accessibility of SafeGraph data. However, in real-world situations, these data
may be limited by drawbacks such as the inadequate coverage of mobile device signals,
the inaccurate counting of visit data, or only encompassing public or commercial buildings,
which neglects 39.68% of out-of-hospital cardiac arrests [21]. In the future, the limitations of
this study could be overcome by implementing cutting-edge communication technologies
such as 5G and indoor positioning systems, as well as the procurement of more compre-
hensive datasets. Second, we optimistically assumed that all bystanders within proximity
could locate and access AEDs and that all the AEDs could be appropriately used. However,
this assumption first failed to consider the lack of guidance applications to locate AEDs.
For access to AED, this assumption also ignores physical obstructions such as walls or
multistory buildings that may impede access to AEDs or extend the access time, leading
to an overestimation of the AED coverage level. This also ignores that using a Euclidean
distance to represent an actual distance may also overestimate the rate. For the use of AEDs,
this assumption assumes that everyone is trained and knows how to use AEDs correctly.
Combining accessibility optimization with several practical measures, including placing
AEDs in visible places, developing an app or online website for checking, and publicizing
AED training, can help encourage the full use of AEDs. Including vertical space factors
such as elevator speed in multistory buildings and elevation in a network analysis can
improve the accuracy of predicting the AED access time, assisting in designing a more
precise AED deployment plan. Thirdly, limiting the temporal analysis to monthly inter-
vals with SafeGraph data hinders the ability to differentiate between holidays, weekdays,
and weekends. A more refined time unit can enable a more detailed and adaptive plan for
AED placement. Fourthly, the parameter setting in the optimization algorithm, such as the
accessibility distance to AEDs and the walking circle size used to simulate visitor mobility,
can impact the optimization result. Finally, the age distribution of OHCA demonstrates the
peaks during infancy and after the age of 45 [38]. Taking age into the spatial and temporal
optimization model may improve the accuracy of locating AEDs.

5. Conclusions

Using the OSTO method, our model provides an improved AED deployment solution
under specific conditions as well as multiple options for a decision maker to quantify the
trade-off between the budget and coverage level. Compared to the previous literature,
where the instantaneous characteristics and critical time relevance of OHCA occurrences
are often ignored, our results remind both researchers and policymakers that healthcare
facilities” placement schemes should reasonably consider all populations across time and
space. In addition, our cost-coverage increment analysis revealed that solely increasing
the number of healthcare facilities may not guarantee an increasing coverage rate. The
trade-off between the budget and coverage level need to be balanced in real scenarios.
Furthermore, in addition to the AED deployment optimization planning shown in this
study, our model is highly transferable to other scenarios for tackling different healthcare
facilities” deployment tasks with certain constraints. Nevertheless, considering the current
limitations illustrated in the previous section, this method can be improved, but it also
takes us one step closer to applying this approach in a real scenario.



ISPRS Int. ]. Geo-Inf. 2023, 12,91 12 0f13

Author Contributions: Conceptualization, Jielu Zhang, Lan Mu, Donglan Zhang, Janani Rajbhandari-
Thapa, Zhuo Chen, José A. Pagan and Yan Li; methodology, Jielu Zhang and Lan Mu; software, Jielu
Zhang; validation, Jielu Zhang and Lan Mu; formal analysis, Jielu Zhang and Lan Mu; investigation,
Jielu Zhang; resources, Lan Mu, Donglan Zhang, Janani Rajbhandari-Thapa, Zhuo Chen, José A.
Pagan, Yan Li, Heejung Son and Junxiu Liu; data curation, Jielu Zhang; writing—original draft
preparation, Jielu Zhang and Lan Mu; writing—review and editing, Jielu Zhang, Lan Mu, Donglan
Zhang, Janani Rajbhandari-Thapa, Zhuo Chen, José A. Pagan, Yan Li, Heejung Son and Junxiu Liu;
visualization, Jielu Zhang; supervision, Lan Mu, Donglan Zhang, Janani Rajbhandari-Thapa, Zhuo
Chen, José A. Pagan and Yan Li; project administration, Lan Mu, Donglan Zhang, Janani Rajbhandari-
Thapa, Zhuo Chen, José A. Pagan and Yan Li; funding acquisition, Lan Mu, Donglan Zhang, Janani
Rajbhandari-Thapa, Zhuo Chen, José A. Pagan and Yan Li. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the NIH-NIMHD (National Institute on Minority Health and
Health Disparities) 1IR01IMD013886-01.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of the University of Georgia (IRB ID:
PROJECT00005093, approved 25 March 2022).

Informed Consent Statement: Patient consent was waived due to the data we used being secondary
data and the waiver was approved by Institutional Review Board.

Data Availability Statement: Data available upon request due to restrictions, e.g., privacy or ethical.
Acknowledgments: The authors thank Jue Yang and Nemin Wu for their valuable discussion.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.
2.

10.

11.

12.

13.

Myat, A.; Song, K.J.; Rea, T. Out-of-hospital cardiac arrest: Current concepts. Lancet 2018, 391, 970-979. [CrossRef] [PubMed]
American Heart Association. Highlights of the 2020 American Heart Association’s Guidelines for CPR and ECC. Available
online: https://cpr.heart.org/-/media/cpr-files/cpr-guidelines-files /highlights /hghlghts_2020_ecc_guidelines_english.pdf
(accessed on 10 October 2022).

Berger, S. Survival from out-of-hospital cardiac arrest: Are we beginning to see progress? J. Am. Heart Assoc. 2017, 6, €007469.
[CrossRef]

Valenzuela, T.D.; Roe, D.J.; Cretin, S.; Spaite, D.W.; Larsen, M.P. Estimating effectiveness of cardiac arrest interventions: A logistic
regression survival model. Circulation 1997, 96, 3308-3313. [CrossRef] [PubMed]

Aufderheide, T.; Hazinski, M.F,; Nichol, G.; Steffens, S.S.; Buroker, A.; McCune, R.; Stapleton, E.; Nadkarni, V.; Potts, J;
Ramirez, R.R.; et al. Community lay rescuer automated external defibrillation programs: Key state legislative components and
implementation strategies: A summary of a decade of experience for healthcare providers, policymakers, legislators, employers,
and community leaders from the American Heart Association Emergency Cardiovascular Care Committee, Council on Clinical
Cardiology, and Office of State Advocacy. Circulation 2006, 113, 1260-1270. [PubMed]

Hazinski, M.F,; Idris, A.H.; Kerber, R.E.; Epstein, A.; Atkins, D.; Tang, W.; Lurie, K. Lay rescuer automated external defibrillator
(“public access defibrillation”) programs: Lessons learned from an international multicenter trial: Advisory statement from the
American Heart Association Emergency Cardiovascular Committee; the Council on Cardiopulmonary, Perioperative, and Critical
Care; and the Council on Clinical Cardiology. Circulation 2005, 111, 3336-3340.

Public Access Defibrillation Trial Investigators. Public-access defibrillation and survival after out-of-hospital cardiac arrest.
N. Engl. ]. Med. 2004, 351, 637—-646. [CrossRef]

Gundry, ] W.; Comess, K.A.; DeRook, F.A.; Jorgenson, D.; Bardy, G.H. Comparison of naive sixth-grade children with trained
professionals in the use of an automated external defibrillator. Circulation 1999, 100, 1703-1707. [CrossRef]

Lee, ]. H.; Lee, D.E.; Ryoo, H.W.; Moon, S.; Cho, ] W.; Kim, Y.J.; Kim, ].K.; Kim, ].H.; Lee, K.W,; Jin, S.c.; et al. Public awareness and
willingness to use automated external defibrillators in a metropolitan city. Clin. Exp. Emerg. Med. 2021, 8, 1. [CrossRef]
Merchant, RM.; Asch, D.A. Can you find an automated external defibrillator if a life depends on it? Circ. Cardiovasc. Qual.
Outcomes 2012, 5, 241-243. [CrossRef]

Ho, C.; Lui, C; Tsui, K.; Kam, C. Investigation of availability and accessibility of community automated external defibrillators in
a territory in Hong Kong. Hong Kong Med. ]. 2014, 20, 371-378. [CrossRef]

Karlsson, L.; Hansen, C.M.; Wissenberg, M.; Hansen, S.M.; Lippert, EK.; Rajan, S.; Kragholm, K.; Meller, S.G.; Sendergaard,
K.B.; Gislason, G.H.; et al. Automated external defibrillator accessibility is crucial for bystander defibrillation and survival: A
registry-based study. Resuscitation 2019, 136, 30-37. [CrossRef]

Kwon, P; Lee, Y.; Yu, K,; Lee, WH. A Study of optimal location and allocation to improve accessibility of automated external
defibrillator. J. Korean Soc. Surv. Geod. Photogramm. Cartogr. 2016, 34, 263-271. [CrossRef]


http://doi.org/10.1016/S0140-6736(18)30472-0
http://www.ncbi.nlm.nih.gov/pubmed/29536861
https://cpr.heart.org/-/media/cpr-files/cpr-guidelines-files/highlights/hghlghts_2020_ecc_guidelines_english.pdf
http://dx.doi.org/10.1161/JAHA.117.007469
http://dx.doi.org/10.1161/01.CIR.96.10.3308
http://www.ncbi.nlm.nih.gov/pubmed/9396421
http://www.ncbi.nlm.nih.gov/pubmed/16415375
http://dx.doi.org/10.1056/NEJMoa040566
http://dx.doi.org/10.1161/01.CIR.100.16.1703
http://dx.doi.org/10.15441/ceem.20.053
http://dx.doi.org/10.1161/CIRCOUTCOMES.111.964825
http://dx.doi.org/10.12809/hkmj144258
http://dx.doi.org/10.1016/j.resuscitation.2019.01.014
http://dx.doi.org/10.7848/ksgpc.2016.34.3.263

ISPRS Int. ]. Geo-Inf. 2023, 12,91 13 0f 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.
32.
33.
34.
35.
36.

37.
38.

American Heart Association. Part 7: Systems of Care. Available online: https://cpr.heart.org/en/resuscitation-science/cpr-and-
ecc-guidelines/systems-of-care (accessed on 10 October 2022).

Chan, T.C; Li, H.; Lebovic, G.; Tang, S.K.; Chan, J.Y.; Cheng, H.C.; Morrison, L.J.; Brooks, S.C. Identifying locations for public
access defibrillators using mathematical optimization. Circulation 2013, 127, 1801-1809. [CrossRef]

Claesson, A.; Bickman, A.; Ringh, M.; Svensson, L.; Nordberg, P.; Djarv, T.; Hollenberg, J. Time to delivery of an automated
external defibrillator using a drone for simulated out-of-hospital cardiac arrests vs. emergency medical services. JAMA 2017,
317, 2332-2334. [CrossRef]

Leung, K.B.; Brooks, S.C.; Clegg, G.R.; Chan, T.C. Socioeconomically equitable public defibrillator placement using mathematical
optimization. Resuscitation 2021, 166, 14-20. [CrossRef] [PubMed]

Cardiac Arrest Registry to Enhance Survival. Measuring Outcomes. Improving Care. Saving Lives. Cardiac Arrest Registry to
Enhance Survival. Available online: https://mycares.net/ (accessed on 10 October 2022).

Washington DC Fire and EMS Department. Utstein Survival Report. FY 2019 FEMS Utstein Report. Available online: https:
//fems.dc.gov/ (accessed on 10 October 2022).

SafeGraph. Places Data Curated for Accurate Geospatial Analytics. Available online: https://www.safegraph.com/ (accessed on
10 October 2022).

North American Industry Classification System. Introduction to NAICS. Available online: https://www.census.gov/naics/
(accessed on 10 October 2022).

Becker, L.; Eisenberg, M.; Fahrenbruch, C.; Cobb, L. Public locations of cardiac arrest: Implications for public access defibrillation.
Circulation 1998, 97, 2106-2109. [CrossRef]

Fedoruk, J.; Currie, W.L.; Gobet, M. Locations of cardiac arrest: Affirmation for community Public Access Defibrillation (PAD)
Program. Prehospital Disaster Med. 2002, 17, 202-205. [CrossRef]

Fredman, D.; Haas, J.; Ban, Y.; Jonsson, M.; Svensson, L.; Djarv, T.; Hollenberg, ].; Nordberg, P.; Ringh, M.; Claesson, A. Use of a
geographic information system to identify differences in automated external defibrillator installation in urban areas with similar
incidence of public out-of-hospital cardiac arrest: A retrospective registry-based study. BMJ Open 2017, 7, €014801. [CrossRef]
Chan, T.C.; Demirtas, D.; Kwon, R H. Optimizing the deployment of public access defibrillators. Manag. Sci. 2016, 62, 3617-3635.
[CrossRef]

Sun, C.L.; Karlsson, L.; Morrison, L.J.; Brooks, S.C.; Folke, E; Chan, T.C. Effect of Optimized Versus Guidelines-Based Automated
External Defibrillator Placement on Out-of-Hospital Cardiac Arrest Coverage: An In Silico Trial. . Am. Heart Assoc. 2020, 9, e016701.
[CrossRef]

Boutilier, J.].; Brooks, S.C.; Janmohamed, A.; Byers, A.; Buick, J.E.; Zhan, C.; Schoellig, A.P.; Cheskes, S.; Morrison, L.J.; Chan, T.C.
Optimizing a drone network to deliver automated external defibrillators. Circulation 2017, 135, 2454-2465. [CrossRef]

Bagai, A.; McNally, B.F.; Al-Khatib, S.M.; Myers, ].B.; Kim, S.; Karlsson, L.; Torp-Pedersen, C.; Wissenberg, M.; van Diepen, S.;
Fosbol, E.L.; et al. Temporal differences in out-of-hospital cardiac arrest incidence and survival. Circulation 2013, 128, 2595-2602.
[CrossRef] [PubMed]

Brooks, S.C.; Schmicker, R.H.; Rea, T.D.; Aufderheide, T.P; Davis, D.P.; Morrison, L.J.; Sahni, R.; Sears, G.K.; Griffiths, D.E.; Sopko,
G.; et al. Out-of-hospital cardiac arrest frequency and survival: Evidence for temporal variability. Resuscitation 2010, 81, 175-181.
[CrossRef] [PubMed]

Gurobi Optimization. Introducing Gurobi 10.0. Available online: https:/ /www.gurobi.com/ (accessed on 10 October 2022).
Church, R.; ReVelle, C. The maximal covering location problem. Pap. Reg. Sci. Assoc. 1974, 32.1, 101-118. [CrossRef]

Open Data DC. Engage with the District through Government Open Data. Available online: https://opendata.dc.gov/ (accessed
on 10 October 2022).

Geofabrik Download Server. Download Openstreetmap Data for This Region: United States of America. Available online:
http:/ /download.geofabrik.de/north-america/us.html (accessed on 10 October 2022).

United States Geological Survey. Available online: https://www.usgs.gov/u.s.-board-on-geographic-names/download-gnis-
data (accessed on 10 October 2022).

Bohannon, R.W. Comfortable and maximum walking speed of adults aged 20-79 years: Reference values and determinants. Age
Ageing 1997, 26, 15-19. [CrossRef]

Rawls, J. A Theory of Justice; Routledge: New York, NY, USA, 2004; pp. 229-234.

Van Wee, B.; Geurs, K. Discussing equity and social exclusion in accessibility evaluations. Eur. |. Transp. Infrastruct. Res. 2011, 11, 4.
Adabag, A.S.; Luepker, R.V.; Roger, V.L.; Gersh, B.]. Sudden cardiac death: Epidemiology and risk factors. Nat. Rev. Cardiol. 2010,
7,216-225. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://cpr.heart.org/en/resuscitation-science/cpr-and-ecc-guidelines/systems-of-care
https://cpr.heart.org/en/resuscitation-science/cpr-and-ecc-guidelines/systems-of-care
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.001953
http://dx.doi.org/10.1001/jama.2017.3957
http://dx.doi.org/10.1016/j.resuscitation.2021.07.002
http://www.ncbi.nlm.nih.gov/pubmed/34271132
https://mycares.net/
https://fems.dc.gov/
https://fems.dc.gov/
https://www.safegraph.com/
https://www.census.gov/naics/
http://dx.doi.org/10.1161/01.CIR.97.21.2106
http://dx.doi.org/10.1017/S1049023X00000509
http://dx.doi.org/10.1136/bmjopen-2016-014801
http://dx.doi.org/10.1287/mnsc.2015.2312
http://dx.doi.org/10.1161/JAHA.120.016701
http://dx.doi.org/10.1161/CIRCULATIONAHA.116.026318
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.004164
http://www.ncbi.nlm.nih.gov/pubmed/24045044
http://dx.doi.org/10.1016/j.resuscitation.2009.10.021
http://www.ncbi.nlm.nih.gov/pubmed/19942338
https://www.gurobi.com/
http://doi.org/10.1007/BF01942293
https://opendata.dc.gov/
http://download.geofabrik.de/north-america/us.html
https://www.usgs.gov/u.s.-board-on-geographic-names/download-gnis-data
https://www.usgs.gov/u.s.-board-on-geographic-names/download-gnis-data
http://doi.org/10.1093/ageing/26.1.15
http://dx.doi.org/10.1038/nrcardio.2010.3

	Introduction
	Overlayed Spatio-Temporal Optimization Method
	Optimizing AED Placement by Hour
	Identifying the Final Solution of Optimized AEDs
	Cost-Coverage Increment Analysis

	Application in Washington DC
	Data Source and Preprocessing
	POI Visit Data
	Existing AEDs and AED Candidate Sites
	Hospital and Residential Data

	Analysis
	Results
	Applying the OSTO in Washington DC
	Relocating Existing AEDs in Washington DC
	Cost–Coverage Increment Curve


	Discussion
	Comparison of Current Planning and Optimized Planning of AEDs
	Designing an Inclusive Strategy Considering Potential OHCA Distributions across All Space–Time Ranges
	Limitations

	Conclusions
	References

