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Abstract

Appropriate accessibility to coronavirus disease 2019
(COVID-19) services is essential in the efficient management of
the pandemic. Different geospatial methods and approaches have
been used to measure accessibility to COVID-19 health-related
services. This scoping review aimed to summarize and synthesize
the geospatial studies conducted to measure accessibility to
COVID-19 healthcare services. Web of Science, Scopus, and
PubMed were searched to find relevant studies. From 1113
retrieved unique citations, 26 articles were selected to be
reviewed. Most of the studies were conducted in the USA and
floating catchment area methods were mostly used to measure the
spatial accessibility to COVID-19 services including vaccination
centres, Intensive Care Unit beds, hospitals and test sites. More
attention is needed to measure the accessibility of COVID-19 ser-
vices to different types of users especially with combining differ-
ent non-spatial factors which could lead to better allocation of
resources especially in populations with limited resources.
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Introduction

Appropriate access to healthcare services is one of the impor-
tant aspects of managing infectous disease pandemics including
coronavirus disease 2019 (COVID-19) (Mohammadi et al., 2021).
These healthcare services include a wide range of hospitals, inten-
sive care units, test centres, and now vaccination facilities
(Silalahi et al., 2020; Kang et al., 2020; Lakhani, 2020; Boitrago
et al., 2021; Lakhani and Wollersheim, 2021). Lack of resources
and massive volume of requests for healthcare services need a
robust geospatial analysis approach to optimize such services
(MohammadEbrahimi ef al., 2021). Some studies have been con-
ducted to measure accessibility to COVID-19 health and medical
care services worldwide with different approaches and research
questions (Mollalo et al., 2021). Synthesizing the results of these
studies would help both researchers and healthcare policymakers
to develop more innovative and efficient work in the future.

Access to healthcare services has been defined in different
ways (Hoseini ef al., 2018). However, most see them as a concept
where the degree of access plays a large role. Access can be cate-
gorized into spatial and non-spatial (Kiani ef al., 2017), where the
former is related to geographical access and measured by geo-
graphical indices such as distance and travel time. The latter, how-
ever, is more about non-geographical indices, such as services
cost, acceptability and accommodation. Some studies have also
measured an integrated accessibility access score, including spa-
tial and non-spatial factors (Hashtarkhani et al., 2020). For exam-
ple, Mohammadi ef al. (2021) aimed at estimating the potential
spatial access to COVID-19 vaccination centres in an urban area
and used travel time as a spatial factor and the age structure of
urban neighbourhoods as a non-spatial one. In addition to the
number and type of factors, spatial and non-spatial, used in vari-
ous studies, different methodologies based on catchment areas,
distance, and density are used. Different studies have been con-
ducted to measure geospatial accessibility to COVID-19 services,
but no study has summarized these studies. Thus, this work aimed
at a scoping review encompassing any spatial accessibility meth-
ods to any of COVID-19 services. The results can be used as a
guide to geospatial accessibility studies.

Materials and methods

This Scoping review was conducted according to the Preferred
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Reporting Items for Systematic reviews and Meta-Analyses exten-
sion for Scoping Reviews (PRISMA-ScR) framework (Tricco et
al., 2018).

Eligibility criteria

The eligibility criteria for this scoping review were: 1) written
in English language; ii) peer-reviewed original research articles;
iii) focused on the spatial access to healthcare for COVID-19 ser-
vices; iv) published after 2019.

We excluded conference papers, review articles and non-peer-
reviewed articles, such as editorials and grey literature communica-
tions. We also excluded studies that did not focus on spatial access
to COVID-19 healthcare services, such as access to nature or urban
green spaces or studies on spatial access with regard to other dis-
eases. Finally, we excluded studies about the distribution of facili-
ties in various regions since we were not interested in healthcare
facility distributions without any accessibility formulation.

Search sources

We systematically searched all published articles in PubMed,
Scopus and Web of Science to identify relevant articles. The search
was conducted without any geographic limitations and took place
on 10 November 2021. The search strategy were outlined by an
experienced researcher and then refined via team discussion. Three
main concepts, i.e. COVID-19, accessibility and geographical
information systems (GIS), were used to extract relevant citations.

The summary of the keywords terms used for PubMed are
shown in Table 1. Detailed information regarding search strategies
in Scopus and Web of Science databases is presented in the supple-
ment (Table S1). The retrieved articles were imported into Endnote
X9 reference manager software (Clarivate Analytics, Philadelphia,
PA, USA) and then duplicate records were removed.

Selection of sources of evidence

We performed the selection of studies in three phases. The arti-
cles were first reviewed by title and type of study with irrelevant
studies excluded, then the abstracts were read to reveal if the foci
were relevant for our approach. Finally, articles were selected for
inclusion by reading the full text. Two reviewers evaluated the

titles, abstracts and full text of all identified publications. If
required, disagreements were resolved by discussion with other
reviewers until consensus was reached.
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Data charting process

Two reviewers developed the data-charting form together and
extracted the data from the included papers. They pulled the rele-
vant data from included articles independently. Disagreements
were resolved by discussion between the reviewers or by further
assistance of a third reviewer.

Data item

The data items collected in this scoping review were: i) title of
the article; ii) first author and publication year; iii) country; iv)
geographical reach; v) type of service; vi) primary methods for
measuring accessibility; vii) software used; viii) aim of study; ix)
key findings; x) spatial factors calculated; xi) non-spatial factors;
xii) target groups.

Synthesis

A geographical map and chart visualized the geographical and
temporal distribution of the included studies. We grouped the stud-
ies by the methods used for measuring spatial accessibility. These
methods were categorized into three main groups: Euclidean dis-
tance (ED), gravity models, and cost distance and network analysis
(CDNA).

Results

Selection of sources of evidence

The initial search of the electronic databases identified 1113
publications after removing duplicate publications. Based on title
and abstract, 1062 studies were excluded. The remaining 51 arti-
cles were assessed for eligibility by reviewing the full text of the
articles, a procedure that excluded a further 25 articles. Finally, 26
articles were included in this scoping review. The PRISMA flow
diagram of the included studies is shown in Figure 1.

Table 1. Concepts and keywords considered to build search strategy in PubMed.

"COVID*" OR "COVID-19" OR "COVID19" OR "Coronavirus” OR "nCoV Infection" OR "SARS-CoV-2"

"SARS-CoV-2" OR "COVID-19" OR "COVID-19 Testing" OR "COVID-19 Vaccines"

COVID-19 Keywords
Medical subject headings
Accessibility Keywords

Inequality OR equality OR equity OR inequity OR access* OR "travel time*" OR "travel distance*" OR availabl*
OR "catchment area" OR "distribution"

Geographical information systems (GIS) Keywords

"geographical distribution" OR "geographic distribution" OR "spatial access*" OR "geospatial access*" OR
"geographic access*" OR "spatial analysis" OR "geospatial analysis" OR "geographic mapping" OR "geographic
information system" OR "geography information system" OR "geographical information system" OR "geographical
mapping" OR "travel time*" OR "travel distance*" OR "GIS" OR "ArcGIS"

Medical subject headings
"Geographic Information Systems"

*Any stacking character after the keyword was also considered as a keyword.
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Characteristics of included studies

The articles were either published in 2020 (n=9, 35%) or in
2021 (n=17, 65%). Figure 2A shows the geographical distribution
of the included studies. As seen in Table S2. most studies con-
cerned only one country, but some of them examined several, e.g.,
14 European countries were examined in a single study (Bauer et
al., 2020) and another study examined 44 sub-Saharan African
counties (Geldsetzer et al., 2020). Most studies were conducted in
the United States (USA) (n=7, 26.9%) followed by China (n=4,
15.3%) and Brazil (n=3, 11.5%). Figure 2B shows the number of
studies at different geographical scales (country, province or city).
Most studies were carried out at the city level (n=10, 38.4%); only
two were conducted at the international level as mentioned above

(Bauer et al., 2020; Geldsetzer et al., 2020).

Figure 2C (and Table S2) shows the type of service studied.
Most of them measured accessibility to vaccination sites (n=7,
26.9%), Intensive Care Unit (ICU) beds (n=6, 23.1%), hospitals
(n=6, 23.1%) and COVID-19 test sites (n=4, 15.4%). Other less
common types of services considered were negative pressure iso-
lation rooms (NPIRs) (Kim e al., 2020), fever clinics (Yong ef al.,
2021) and palliative care facilities (Lakhani, 2020).

All seven of the studies that focused on spatial access to vac-
cination sites had optimization goals and measured their suitability
based on distribution and coverage. The only non-spatial factor
used in these studies was age (n=5, 19.2%). Table S1 (in Appendix)
describes the characteristics of each included paper.

[ Identification of studies via databases and registers
Records identified from
PubMed, Scopus and Web of Removed duplicates
Science I
(n=604)
(n=448+778+491=1717)

!

Records screened Records excluded
>
(n=1113) (n=1062)
Reports sought for retrieval Reports not retrieved
—>
(n=51) (n=0)
i Reports excluded (n=25):
M it B o Non-English full text (n=2)
eligibility |, | e Conference paper (n=3)
e Special issue abstract or
concise research report or

!

Studies included in review

(n=26)

without abstract (n=3)

o Editorial article (n=1)

e Research letter article (n=1)

» Not geospatial access or not
access to COVID-19 (n=6)

e Access to other services
during the COVID-19
pandemic (n=2)

e Access to public services
(0=7)

Figure 1. PRISMA flow diagram of the included studies.
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Main approach

Included studies used various methods to measure spatial
accessibility as follows: ED models (n=2, 7.6%), CDNA (n=13,
50%) and gravity models (n=11, 42.4%).

Euclidean distance

The simplest method for calculating geographical access to
healthcare services is the Euclidean distance. This method creates a
straight line of travel to measure the accessibility of services
(Guagliardo, 2004; Noor et al., 2009). We found two such studies,
one measuring the accessibility to vaccination sites (Alemdar et al.,
2021) and the other to COVID-19 test sites (Hernandez et al., 2021).
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Gravity models

Unlike the ED approach, Gravity modelling considers both
availability and accessibility across defined spatial units. This
method includes the capacity of a facility, competition between
facilities and the ability to estimate values using numerous meth-
ods (Neutens, 2015; Ouma et al., 2021). All of the 11 studies in this
category used variations of the Floating Catchment Area method
(FCA), which is a particular case of the gravity model (Table S1).
The most used method in this category was the two-step floating
catchment area (2SFCA) (n=4, 15.3%), which was used to calcu-
late access to ICU beds (Boitrago et al., 2021), COVID-19 test
sites (Tao et al., 2020), NPIRs (Kim et al., 2020) and hospitals
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Figure 2. Characteristics of included studies.
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(Zhao et al., 2020). All of these studies reported heterogeneous
access as they included both rural and urban areas.

Three of the included studies employed the enhanced two-step
floating catchment area (E2SFCA), which is an advanced version
of 2SFCA (Hashtarkhani et al., 2020). This method was used to
calculate access to ICU beds (Bauer et al., 2020; Pecoraro et al.,
2021). In the study by Bauer et al. (2020), geographical access to
ICU beds varied significantly across European countries, and low
accessibility was associated with a higher proportion of fatalities,
while Pecoraro ef al. (2021) found that regions with high-density
cities tended to concentrate ICU hospitals and beds in highly pop-
ulated zones leaving rural areas without this critical care service.
Anorther study (Ghorbanzadeh ef al., 2021) used both E2SFCA
and 2SFCA to measure the accessibility to ICU beds. They found
that the 2SFCA method overestimates the accessibility in areas
with lower numbers of ICU beds. Importantly, both methods
revealed that many regions have inadequate access to this kind of
service. Mohammadi et al. (2021) used E2SFCA to measure
COVID-19 vaccination coverage finding that GIS can quantify the
suitability of existing healthcare centres in urban areas and opti-
mize coverage, thereby achieving more efficient vaccination,

Pereira et al. (2021) used a balanced floating catchment area
(BFCA) to measure access to ICU beds and mechanical ventilators
and found that almost 50% of the vulnerable population had poor
access to these facilities. The application of the novel BFCA
approach illustrates how this approach can have important, often
overlooked implications for policy planning by considering com-
petition effects in access to healthcare.

One study (Kim et al., 2020) used the three-step floating catch-
ment area (3SFCA) method and found that serious cases can vary
across periods in rural areas, where there often is a lack of health-
care resources and developed transportation systems. Such areas
are more likely to be overwhelmed by recurrent COVID-19 waves.

Kang et al. (2020) developed a parallel computing approach
called P-E2SFCA to measure the accessibility of healthcare
resources to both COVID-19 patients and vulnerable populations
at risk. Using a parallel computing strategy based on (https://cyber-
gis.illinois.edu or https://dl.acm.org/), they showed that P-
E2SFCA run-time is six-time faster than that of E2SFCA.

= .Cpress

Cost distance and network analysis

When cost distance is combined with network analysis the
nearest healthcare service provider or the optimum location can
more easily be discovered (Noor ez al., 2006; Owen et al., 2010;
Ouma et al., 2021). Due to the overlap and concurrent use of these
two methods, we considered them together under the abbreviation
CDNA. Thirteen studies (Table S2) used this approach, which uses
a more intuitive way defining accessibility when measuring travel
time. CDNA is a more realistic representation of access as people
find it easier to relate to the time it takes to get to a health facility
than to the distance itself (Nesbitt et al., 2014; Noor et al., 2006;
Ouma et al., 2021).

The Origin-Destination (OD) cost matrix identifies and mea-
sures the most inexpensive routes from several origins to several
destinations. It shows the movements of people in a particular area
and is a conventional and commonly used approach for modelling
the spatial and temporal distribution of travel demand. The OD
cost matrix aims to find a solution that addresses traffic flow con-
straints by showing surroundings as a matrix of actual achievable
spaces (Silalahi ef al., 2020). One study used Beere’s road network
(Beer and Brabyn, 2006) and the OD cost matrix to measure access
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to COVID-19 vaccination sites finding that many people could not
only face significant travel times to potential vaccine delivery
sites, but communities with elevated risk of COVID-19 and sever-
ity of disease could also amount to obstacles since travel to and
from them would be restricted (Whitehead et al., 2021). OD cost
matrix has also been used to measure access to the palliative care
and related health services (Lakhani, 2020). Results presented in
this study showed the spatial analysis could identify priority areas
with elderly people suffering from disability who also had low
access to health services (Lakhani, 2020).

Some of the studies used location-allocation modelling from
network analysis toolbox to measure spatial accessibility and
resource allocation. The method based on the location set covering
problem (LSCP) identifies the minimum number of facilities loca-
tions in such a way that each demand point has at least one facility
within a certain distance or a standard time (Marianov and Revelle,
1994). One study measuring the accessibility to fever clinics (Yong
et al., 2021) found that this approach actually reduced travel time
for medical treatment in the community, thus improving accessibil-
ity. Another study used mathematical programming to compute the
optimal selection of vaccination sites (Leithauser ez al., 2021) find-
ing a clear trade-off between the travel distances and the required
number of vaccination facilities.

Google Maps application programming interface (API) has the
potential to measure the travel times between service providers and
potential users. One study using this approach (Hu et al., 2020)
measuring access to test sites showed that the drive time to testing
sites was significantly negatively associated with the COVID-19
incidence rate implying the importance of good accessibility to test
sites for all.

The standard deviational ellipse (SDE) tool can be used to
summarize the spatial characteristics of geographic features, such
as central tendency, dispersion and directional trends. Using the
Network Analyst tool extension and OD cost matrix to calculate
access to the referral hospitals in combination with the SDE to
model the distribution of COVID-19 cases, Silalahi et al. (2020)
found the need for additional referral hospitals specializing in the
treatment of COVID-19. They also found the spatial illustration of
the growth of the COVID-19 in support of the implementation of
social distancing (Silalahi et al., 2020).

One of the capabilities of network analysis is the creation of
Thiessen tesselation (also known as Voronoi polygons) that shows
the access coverage of each service site (Yamada, 2016). This
method can identify areas with poor accessibility. Two studies
based on this approach identified spatial inequalities in vaccination
sites and proposed activation of additional sites, either located at
ad hoc places or using a mobile vaccination approach
(Krzysztofowicz and Osinska-Skotak, 2021), while Zheng et al.
(2021) used this method for an analysis of the distribution of refer-
ral hospitals designated for COVID-19 patients.

Closest facility is part of the network analysis family of spatial
tools. It measures the cost of travel between incidents and health
facilities and determines which are closest to each other. One study
employed this approach to measure access to vaccination sites
used for both influenza and COVID-19 (Guhlincozzi and Lotfata,
2021). They found geographical methods useful for the study of
weaknesses and strengths in the health infrastructure and discov-
ered that combining influenza and COVID-19 vaccination sites
would significantly reduce geographic access for many people,
particularly those with limited mobility (Guhlincozzi and Lotfata,
2021). A study using this tool to measure accessibility of point of
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care test (POCT) site locations (Lakhani and Wollersheim, 2021)
showed that residents closest to POCT sites located in urban loca-
tions would have a much lower travel time, but that this was not
necessarily so in rural locations.

Two studies used travel time and distance to calculate access to
medical facilities. Zhou et al. (2021) found that although accessi-
bility to medical facilities in the peripheral areas of a community
in general were inferior compared to those in the central regions,
there was spatial inequality of medical resources within and across
districts implying that relevant accessibility data could be rapidly
identified even with open-source data. Using the same technique,
Geldsetzer ef al. (2020) determined that the COVID-19 pandemic
has caused a far higher need for hospital services among older than
younger people; approximately 10% of adults aged >60 years
across sub-Saharan Africa have an estimated travel time to the
nearest hospital of 6 hours or longer.

ArcGIS Pro’s zonal statistics and the Hotspot Analysis Tool
(ESRI, Redlands, CA, USA) were used by Rocha et al. (2021) to
ensure the effective implementation of the national COVID-19
vaccination access plan in Brazil. They concluded that innovative
strategies like measuring spatial accessibility are needed to address
the challenges posed by implementing a new scheme covering the
whole country (Rocha et al., 2021).

Software

The most used software for analysing data respectively, were
ESRI’s ArcMap (n=8, 30.7%), ArcGIS Pro (n=7, 26.9%), R soft-
ware (https://www.r-project.org/) (n=3, 11.5%), Baidu Map
(https://github.com/Dafrok/vue-baidu-map) (n=3, 11.5% ) that
were utilized in three of the Chinese studies (Zhao et al., 2020;
Yong et al., 2021; Zhou et al., 2021). QGIS (https://qgis.org) (n=2,
7.7%) was used by Hernandez et al. (2021) and Pecoraro et al.
(2021). Other software applications were: AccessMod
(https://www.accessmod.org/) (Geldsetzer et al., 2020),
OpenTripPlanner (https://www.opentripplanner.org/) (Pereira et
al., 2021), Open Source Routing Machine (http://project-
osrm.org/) (OSRM) (Kim et al, 2021), Python 3
(https://www.python.org/) (Leithauser et al., 2021), Google Maps
Distance Matrix API (https://developers.google.com/) (Hu et al.,
2020), CyberGIS-Jupyter & Virtual ROGER (https://dl.acm.org/)
(Kang et al., 2020). Some studies used more than one type of soft-
ware.

Discussion

The studies included in this study were largely conducted in
developed countries; a few in middle-income countries but only
one represented low-income countries (Geldsetzer et al., 2020).
Obviously, low-income and middle-income countries have limited
resources to control the spread of infectious diseases, in particular
the current COVID-19 pandemic. However, the basic principle of
spatial access is the same for all, even if less developed countries
are in a more difficult situation compared to developed countries
when it comes to implementation of effective health care manage-
ment. In addition, there was a dearth of health care facilities in
low-income countries long before the COVID-19 pandemic
(Geldsetzer et al., 2020), however, the problem became aggravated
when COVID-19 struck resulting in a catastrophic inequality with
respect to healthcare access (Kim ef al., 2021). The distribution of
hospitals and the number of ICU beds cannot be changed
overnight, but access studies can influence planning and future
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organization. Most of the studies in the developed world reported
inadequate geographic distribution rather than lack of facilities,
inequalities that can be solved using GIS optimization techniques.
Although COVID-19 is a pandemic, the impact differs
between countries. Importantly, almost all of the publications
reviewed had been conducted in areas of countries during periods
of high COVID-19 risk. According to the Worldometer website
(www.worldometers.info/coronavirus), the accumulated number
of reported cases per million inhabitants climbed to particularly
high levels in Europe, less so in the Americas, while the numbers
of cases were surprisingly few in China, mainly due to rigorous
lockdown early on, which strongly limited transmission.

cpress

Access measurements

The FCA method, a descendant of the original gravity model,
is frequently used to measure the accessibility of COVID-19 ser-
vices which is possibly due to FCA being simplistic and easy to
understand. In the 2SFCA approach, as the name implies, the com-
putation consists of two steps: 1) computing the provider-to-popu-
lation ratio for each health care catchment; and ii) allocating
providers to populations by determining which providers fit the
catchment of each population, which sums up the population-to-
provider ratios obtained in the first step of the procedure. While
traditional gravity methods are very often used in transport geog-
raphy, including cumulative opportunities, they are not commonly
applied in healthcare research, presumably because the spatial
choice of alternative providers is not valued as such in most health
settings. Still, the 2SFCA has emerged as a key measure of spatial
accessibility in the health care area (McGrail, 2012). Recent vari-
ations, such as the E2SFCA, 3SFCA, P-E2FCA and BFCA noted
in various communications reviewed here, either account for dis-
tance-decay within a catchment area or can be used for variable
catchment sizes. These different variations of the original CFA
approach demonstrate that the operation can be appropriate at dif-
ferent scales as well as between rural and metropolitan areas. They
also show the utility of combing the distance-decay function and
the variable catchment size function in measuring healthcare
access across different geographical regions.

Network analysis and online mapping platforms like Google
Map (https://www.google.com/maps/) and Open Street Map
(https://www.openstreetmap.org/) have been used to estimate the
travel time from population centroids to service areas. These meth-
ods need more sophisticated approaches to simulate real-world sit-
uations like traffic and urban infrastructures. However, they are far
better than simple approaches of measuring accessibility, such as
regional availability, which only measure the provider to popula-
tion ratios in the administrative areas.

Strengths and limitations

The term ‘access’, even when applied to a limited area such as
infectious diseases, is closely connected to context. Thus, accessi-
bility varies in different countries and times as well as between
urban and rural areas. Evidently, the greatest difference concerns
access to hospitals and ICU beds, which are in short supply in low-
income and middle-income countries. Given these great variations,
it is clear that different methods cannot be tested in equal or at least
similar situations, a fact particularly difficult to achieve with only
26 papers under review. However, a relatively good coverage was
still possible. For example, six papers (23%) in the present study
focused on ICU beds and ventilators (Table S2) leaving ample
room for collecting information on test sites, vaccination centres

OPEN aACCESS



and other aspects of accessibility. On the other hand, even if some
of the studies reported age as an important factor in measuring
accessibility to COVID-19 services, only one employed an age-
integrated model to measure accessibility (Mohammadi et al.,
2021). It is important to also consider non-spatial factors as it
could potentially improve the spatial accessibility in the real-world
situation, and too few of the studies reviewed included a focus on
these factors to assist functional conclusions. It would be useful to
pay attention to the role of non-spatial factors when designing
access studies in the future.
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Conclusions

GIS plays an important role in measuring the spatial accessi-
bility to COVID-19 services. Vaccination sites, ICU beds, hospi-
tals and test sites have been studied. Most of the studies used var-
ious extensions of the FCA method to discover inequalities in
access to COVID-19 services. Among them, studies involving
more complex measures to estimate the travel time coverage of
COVID-19 services provided more realistic measures than dis-
tance-based approaches did. Few of the studies involved non-spa-
tial factors in access method formulation, something that needs
greater attention in future studies. Accessibility methods can lead
to better allocation of resources and optimize them, especially in
larger areas and in developing countries where there are limited
resources.
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