= .Cpress

Geospatial Health 2025; volume 20:1339

The future of general practitioner care in Lower Saxony, Germany:
an analysis of actual vs target states using a GIS-based floating
catchment area method

Jonas Schoo, Frank Schiissler

Department of Civil Engineering Geoinformation Health Technology, Jade University of Applied Sciences, Oldenburg, Germany

Correspondence: Jonas Schoo, Department of Civil Engineering
Geoinformation Health Technology, Jade University of Applied
Sciences, Ofener Strale 16-19, Oldenburg, 26121 Germany.
E-mail address: jonas.schoo@jade-hs.de (J. Schoo)

Key words: healthcare equity, healthcare accessibility, general practitioner
care, two step floating catchment area, needs-related planning, Germany.

Ethical approval: the transmission of personal data, comprising a com-
prehensive list of all general practitioners in Lower Saxony including
names, specialties, and locations, was approved by the Lower Saxony
Ministry of Social Affairs, Labour, Health and Equality (German:
Niedersichsisches Ministerium fiir Soziales, Arbeit, Gesundheit und
Gleichstellung) in accordance with § 75 SGB X.

Consent for publication: not applicable. No personal data of individuals
are published in this paper.

Availability of data and materials: the datasets used and/or analysed dur-
ing the current study are available upon reasonable request from the cor-
responding author.

Conlflict of interest: the authors declare that they have no conflict of interest.

Funding: this research was supported by the Ministerium fiir
Wissenschaft und Kultur of the state Lower Saxony (MWK) with fund-
ing from the resources of the Niederséchsischen Vorab. The funder had
no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Contributions: JS, conception and design, analysis and interpretation of
data, drafting the article, final approval of the version, accountability for
all aspects of the work, and data collection; FS, conception and design,
drafting the article, critically revising the article, final approval of the
version, and accountability for all aspects of the work. Together, JS and
FS ensured all aspects of the work are properly covered and accountable.
All the authors read and approved the final version of the manuscript and
agreed to be accountable for all aspects of the work.

Declaration of generative Al and Al-assisted technologies in the writing
process: during the preparation of this work the authors used HAWKI in
order to improve language and readability. After using this tool/service,
the authors reviewed and edited the content as needed and take full
responsibility for the content of the publication.

Received: 22 August 2024.
Accepted: 28 November 2024.

©Copyright: the Author(s), 2025
Licensee PAGEPress, Italy
Geospatial Health 2025; 20:1339
doi:10.4081/gh.2025.1339

This work is licensed under a Creative Commons Attribution-
NonCommercial 4.0 International License (CC BY-NC 4.0).

Publisher's note: all claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organi-
zations, or those of the publisher, the editors and the reviewers. Any prod-
uct that may be evaluated in this article or claim that may be made by its
manufacturer is not guaranteed or endorsed by the publisher.

[Geospatial Health 2025; 20:1339]

Abstract

Ensuring universal and equitable accessibility to healthcare
services is crucial for fostering equal living conditions aligned
with global and national objectives. This study examines dispari-
ties in accessing General Practitioner (GP) care within Lower
Saxony and Bremen, Germany, using the two-step floating catch-
ment area method for spatial analysis at street section level, incor-
porating various transportation modes. Findings are compared
with needs-related planning guidelines to uncover spatial dispari-
ties and deviations between prescribed guidelines (target state)
and empirical findings (actual state). The analysis reveals signifi-
cant discrepancies, with over 50% of the population inadequately
supplied due to accessibility or capacity issues, particularly in
rural and some urban areas, challenging assumptions of sufficient
urban healthcare provision. This is the first detailed analysis of
primary care provision at this granular level in Lower Saxony,
exposing substantial gaps between current GP care and planning
targets. Fine-grained spatial analysis proves essential for revealing
healthcare accessibility inequities and offers a roadmap for target-
ed policy interventions. Despite limitations, such as not fully cap-
turing real-world dynamics or patient preferences, the study pro-
vides valuable insights into enhancing geographically equitable
GP care. It contributes to the discourse on achieving equal living
conditions through equitable healthcare accessibility, advocating a
more refined, localised approach to healthcare planning, empha-
sizing the importance of detailed spatial analysis for informed
decision-making and promoting health equity.

Introduction

The establishment and preservation of equitable living condi-
tions represent foundational principles within the governance
frameworks of both the German federal and state authorities
(Terfriichte, 2019). This commitment is directed towards fostering
uniform development across all regions of Germany, particularly
concerning services deemed of general public interest. Ensuring
equivalent living standards has thus emerged as a pivotal concern
within the welfare architecture of the Federal Republic of
Germany (Kahl & Lorenzen, 2019; Deitelhoff et al., 2020).

Healthcare assumes paramount significance in this global con-
text. The World Health Organization (WHO) Alma-Ata
Conference of 1978 heralded health as an intrinsic human entitle-
ment, with primary healthcare designated a cornerstone principle
(WHO, 1978). The United Nations (UN) acknowledges that health
constitutes a prerequisite, outcome, and barometer of all facets of
sustainable development. It underscores that sustainable develop-
ment objectives are only attainable when populations achieve
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states of physical, mental, and social well-being. Moreover, the
UN underscores the pivotal role of universal health coverage in
fortifying health outcomes, social cohesion, and sustainable human
and economic progress, committing to bolstering health systems to
facilitate equitable universal coverage (UN General Assembly,
2012). Consequently, the UN Sustainable Development Goals
(SDGs) enshrined health and accessibility to healthcare facilities
as core components of Goal 3 in 2015 (United Nations Regional
Information Centre, 2023). Furthermore, the European
Commission regards accessibility to healthcare facilities and the
operational efficacy of healthcare systems as essential components
of general societal interest, serving as crucial safety nets for citi-
zens and fostering social cohesion (European Commission, 2011).
Within this framework, ensuring an equitable geographical disper-
sion of healthcare services, i.e., spatial accessibility to healthcare,
emerges as a paramount public health imperative (Stacherl &
Sauzet, 2023).

Voigtlinder and Deiters (2015) as well as Ozegowski and
Sundmacher (2013) highlight regional disparities in the accessibil-
ity of care as given by medical General Practioners (GPs) in
Germany, with rural and economically weak areas facing longer
travel times and higher costs. Gerlinger (2011) points out that an
uneven GP distribution leads to oversupply in some regions and
(imminent) undersupply in others. The geographic allocation of
GPs in Germany is predetermined by the needs-related planning
guideline (Bedarfsplanungsrichtlinie in German) set by the Federal
Joint Committee (G-BA). This guideline ensures nationwide out-
patient care by standardising procedures for needs-related planning
and admission restrictions within Statutory Health Insurance (SHI)
services, addressing both oversupply and undersupply (Federal
Joint Committee, 2023). It forms the basis for needs-related plans,
which regulate the number and spatial distribution of SHI-accred-
ited physicians, collaboratively developed by the Associations of
Statutory Health Insurance Physicians and regional health insur-
ance bodies (Schweikart & Pieper, 2019). The needs-related plan-
ning guideline establishes a framework for medical care planning
based on the local physician-to-resident ratio, adjusted by a mor-
bidity factor. In this way, the supply levels within each planning
area can be assessed, and establishment opportunities can be deter-
mined. The smallest planning unit is the GP planning area, which
can consist of up to several municipalities (Thielscher, 2021;
Federal Joint Committee, 2023).

The target number of GPs is calculated based on the ratio of
inhabitants within the planning area to the regional ratio.
Subsequently, the ratio of existing contracted and employed physi-
cians is juxtaposed with this number to ascertain the supply level
of medical care provision. Regrettably, this can lead to undersup-
ply or oversupply depending on each particular local situation.
Supply levels categorise the ratio of actual GP numbers to target
GP numbers within each GP planning area into four classes, dictat-
ing further allocation of GP practices. Areas with supply levels
ranging from 0-75% are classified as undersupplied allowing
licenses for registered doctors to be obtained. Similarly, areas with
supply levels between 75-100% (termed imminent undersupply)
also permit license acquisition. Up to a supply level of 100-110%
(considered regular supply), license acquisition remains possible.
However, areas exceeding the 110% threshold are considered over-
supplied and are subject to license acquisition restrictions. In cases
where specific local healthcare needs are unmet by the existing
statutory provision, the approval committee may exceptionally
create additional practice positions in such areas. These approvals

OPEN 8ACCESS

Article

are granted at the request of a physician under the special needs
provision and are geographically limited to address local service
requirements or to provide medical services needed to cover qual-
ification-specific service deficits.

If physicians are granted a license within a GP planning area,
they may establish their practice in any city or community within
that planning area in accordance with the freedom to choose a
practice location. The original planning framework does not
address the small-scale regional distribution of physicians within
each GP planning area (Federal Joint Committee, 2023).
Consequently, the free choice of practice location for physicians
within the planning areas can engender local spatial disparities in
GP supply within planning areas, potentially resulting in local sup-
ply deficits despite overall satisfactory supply level in this specific
planning area (Schweikart & Pieper, 2019). Despite significant
efforts by federal frameworks and local guidelines in Germany at
the GP planning area level to ensure equitable spatial accessibility
to healthcare services, a critical research gap remains regarding
their effectiveness at the micro-regional level, particularly in
Lower Saxony and Bremen. The overarching frameworks and
guidelines primarily address distribution on a broader scale, focus-
ing on large planning areas and GP-to-patient ratios, while neglect-
ing the nuanced variations that may exist within the planning areas
at the local level. This oversight may mask micro-regional dispar-
ities in GP care accessibility, potentially resulting in unrecognised
pockets of undersupply despite overall adherence to broader plan-
ning objectives. Additionally, the freedom of choices of physicians
regarding practice location within a GP planning area further com-
plicates the actual availability of healthcare services within desig-
nated planning areas.

A nuanced investigation into the small-scale geographic distri-
bution of healthcare resources, specifically GP services, is essen-
tial to identify potential gaps between the needs-related plans and
the actual healthcare provision landscape, as well as to provide
insights into the effectiveness of current planning mechanisms in
addressing local healthcare needs and offering actionable recom-
mendations for areas where these plans misalign. This research
could significantly contribute to enhancing the precision of health-
care planning and delivery, ensuring that the principles of equitable
living conditions and accessibility to healthcare are aligned with
objective indicators within these regions. To assess spatial access
effectively, a combination of travel effort (accessibility) and capac-
ity (availability) measurements is necessary (Guagliardo, 2004).
This idea is based on the work by Penchansky and Thomas (1981),
that divides access to healthcare into five dimensions: i) availabil-
ity, i.e., adequacy of the supply, ii) accessibility, i.e., relationship
between location of supply and location if client, iii) accommoda-
tion, i.e., adaptability to diverse population needs, iv) affordability,
i.e., financial feasibility for accessing care, and v) acceptability,
i.e., cultural and social appropriateness. Since the inception of the
20™ century and Luo’s seminal work introducing the Floating
Catchment Area (FCA) methodology, geographical health research
has extensively explored the two-step FCA (2SFCA) method
(Wang & Luo, 2005; McGrail, 2012; Delamater et al., 2019; Liu et
al., 2022), an approach assessing healthcare accessibility by con-
sidering both the supply of and demand for services within defined
catchment areas.

The necessity for analysis in the context of this paper derives
from two key factors. Firstly, while there is research utilizing the
2SFCA method in Germany, these studies focus on different
research objectives (Bauer & Groneberg, 2016; Baier et al., 2020;
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Bauer er al.,, 2020; Subal et al., 2021; Rauch et al, 2023).
Consequently, a comparative analysis of these findings against
existing German needs-related planning guidelines remains absent.
Secondly, prior research on accessibility to healthcare using the
2SFCA method has often been conducted on larger geographical
scales (McGrail & Humphreys, 2015; Gao et al., 2016; Huang et
al., 2019; Tao et al., 2020 Gao et al., 2021; Akakba & Lahmar,
2023; Chen et al., 2023; Guo et al., 2023) or has not included all
modes of transportation in their analyses (McGrail & Humphreys,
2015; Langford et al., 2016; Gao et al., 2016; Tang et al., 2017,
Huang et al., 2019; Tao et al., 2020 Akakba & Lahmar, 2023; Chen
et al., 2023).

Materials and Methods

Study area

The focus area of this report is the German federal state of
Lower Saxony, situated in north-western Germany. Lower Saxony
shares its borders with the Netherlands to the West, and with the
city-states of Bremen and Hamburg, as well as the federal states of
North Rhine-Westphalia, Schleswig-Holstein, Mecklenburg-
Western Pomerania, Brandenburg, Saxony-Anhalt, Thuringia, and
Hesse. Encompassing an area of 47,709.86 km? as of 2021, Lower
Saxony is inhabited by a population of approximately 8.1 million
as of 2022 (Statistical Office of Lower Saxony, 2021, 2022). Given
that the federal state of Bremen is entirely enveloped by Lower
Saxony, Bremen is also incorporated into the analysis to illustrate
the interdependencies between Bremen and Lower Saxony. This
addition brings approximately 570,000 inhabitants and an area of
326 km? to the study area (Statistical Office of Bremen, 2022).

According to data provided by the Federal Ministry for Digital
and Transport (BMDV) approximately 61.3% of Lower Saxony’s
and Bremen’s population resides in urban regions, with the remain-
ing 38.7% residing in rural areas (BMVD, 2021). Specifically,
32.5% of the population inhabits metropolises, regional cities,
large cities or central cities, while 30.6% resides in small towns or
villages. This distribution illustrates Lower Saxony’s predominant-
ly rural character, with 62.5% of its area classified as rural and
37.5% as urban (Federal Statistical Office, 2023).

Data

In order to implement the 2SFCA method for evaluating acces-
sibility to healthcare, several datasets were essential, including the
locations of GPs, population data at a fine granularity, and compre-
hensive transport networks covering walking, cycling, driving, and
public transport. The datasets used in this study were processed as
follows.

GP locations

Datasets were sourced from the Association of Statutory
Health Insurance Physicians Lower Saxony and the Association of
Statutory Health Insurance Physicians Bremen. These datasets
were obtained with approval from the Lower Saxony Ministry for
Social Affairs, Labour, Health and Equality. The aggregated
dataset encompassed a total of 5,639 GPs, providing information
on the care mandate of each practitioner (Association of Statutory
Health Insurance Physicians Bremen, 2023b; Association of
Statutory Health Insurance Physicians Lower Saxony, 2023).
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Geocoded population location data were obtained from (GfK
SE, 2022), detailed down to the street section level. This level rep-
resents the finest granularity currently available and is defined as
the continuous segment of a street between intersections. It was
chosen as a unit of analysis to ensure high granularity in assessing
population distribution, allowing for a more detailed examination
of accessibility patterns. This dataset included a total of 328,451
inhabited locations with a population of 8,670,930 individuals
across Lower Saxony and Bremen.

Transport networks

Networks for driving, cycling, walking, and public transport
were created using OpenStreetMap (OSM) street data. These net-
works, in a node-edge model format, covering the entire regions of
Lower Saxony and Bremen, were subsequently modified for rout-
ing purposes (Geofabrik, 2023). Additionally, the pedestrian net-
work was integrated with the General Transit Feed Specification
(GTFS) data to establish a routable public transport network
describing transit schedules, routes, trips and stop data (Fortin et
al., 2016; Fayyaz et al., 2017; Brosi, 2023). For the public trans-
port analysis, a Thursday that is not a public holiday was chosen,
with schedules evaluated at morning time spots (AM) of 8:00,
8:10, 8:20, 8:30, 8:40 and 8:50 to capture peak travel times.

All data were organised and processed within a PostgreSQL
database. The analysis was conducted using ArcGIS Pro (ESRI,
Redlands, CA, USA) in conjunction with this database. The times-
tamp for the needs-related planning data was November 2022,
while the status of the GP data was January 2023 and the status of
the population locations January 2021.

Methodology

As shown in Figure 1, four methods were employed, three of
which can be integrated into a single framework, as they collec-
tively form the necessary steps for computing the necessary
2SFCA method values (Closest Facility Analysis, 2SFCA Analysis
and Inclusion of the Modal Split as described in detail in the
Results section). In the initial step, a Closest Facility Analysis was
conducted to calculate the travel time from each street section
point as they represent the most granular basis for residential data
to the nearest GP. This information is crucial for defining a thresh-
old representing the maximum acceptable travel time to a GP, serv-
ing as one of the input variables for the actual 2SFCA method.
Subsequently, based on these thresholds, the 2SFCA method was
executed for the modes of transportation (walking, cycling, driving
car, public transportation) resulting in four outcome values for
each street section point. To amalgamate these four values into an
index, a result value per street section point was formed based on
the Modal Split of traffic volume utilizing the regional statistical
spatial typology. Each street section point was assigned a typology
according to the regional statistical spatial typology, a classifica-
tion system that organises areas based on socio-economic and
infrastructural characteristics. From this typology, the Modal Split
for transportation modes could be derived. Using the derived
Modal Split, the result values for the four transport modes were
weighted and summed. Step four in this process involved conduct-
ing a hotspot analysis using Getis Ord Gi* statistics to detect sta-
tistically relevant areas characterised by low outcome values of the
2SFCA method results and concurrently high population densities.

The 2SFCA method integrates availability and accessibility to
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evaluate spatial access from both the provider’s and the customer’s
perspectives (Luo & Wang, 2003; McGrail, 2012; Delamater et al.,
2019). This family of methods tackles the limitations of traditional
container-based indicators for assessing healthcare accessibility,
such as static boundaries or the lack of interaction between supply
and demand. Particularly noteworthy is that FCA approaches do
not confine themselves to administrative boundaries, but also
gauge accessibility by defining floating catchment areas that
reflect the actual service areas of the population considering their
specific locations (Delamater, 2013; Jorg & Haldimann, 2023).

The fundamental principles underlying any FCA include: i)
integration of supply and demand by simultaneously considering
the location of healthcare providers (supply) and the population
(demand); ii) floating Catchment Areas utilise dynamic catchment
areas that “float” based on travel time or distance; and iii) mutual
accessibility and overlapping catchments by acknowledging that
multiple providers can serve overlapping populations and vice-
versa (Luo & Wang, 2003).

The 2SFCA method assumes that services within the defined
catchment area are fully available to residents, regardless of actual
travel times. It considers the interaction between patients and
physicians across administrative boundaries based on travel times
and calculates an accessibility measure that varies across different
areas. Physicians within the catchment area are treated equally,
irrespective of actual travel times from population locations (Luo
& Wang, 2003). This method does not account for the actual tem-
poral distance between population and physician locations, treat-
ing those nearby and on the edge of the catchment area equally
(Dai & Wang, 2011).

In a first step, the population numbers of those street section
points &k within the catchment area with the size d, of j are added
up for each GP location. Subsequently, the capacity S;of each GP
location is divided by this sum resulting in R;. In the second step,
a catchment area with the size d,, is also formed for each street sec-
tion point k, and the R, from each GP location within it are summed
up. Figure 2 shows a conceptual diagram of the approach.

For the calculations in this analysis, the following steps were
carried out: Step 1 calculates the GP capacity-to-inhabitants ratio
for each catchment area of every GP location j. This was achieved
by summing the population P, within a specified threshold distance
d, of each GP location j and then computing the ratio of the GPs
capacity to population R; within each catchment area (i.e., dy;d,).
The formula for calculating this ratio is as follows:

Sj

Ek E{djk = du} P

Rj Eq. 1

where R, describes the ratio of GP capacity to population within the
catchment area of GP location j (i.e. where dy;d,); S; the capacity of
GP (derived from the needs-related plans, specifying the regional
ratio for each GP planning area, representing the number of resi-
dents for whom a GP is planned) at location j; & the street section
points including information about the number of inhabitants; P,
the population within the catchment area centered on GP location
Jj (e, dyd,); dy the travel time between GP location j and street
section point k£ (as calculated over the routable networks from
OSM data); d, the threshold below which GP locations are consid-
ered accessible (Luo & Wang, 2003).

Step 2 identifies all physician locations j within the threshold
travel time d, of each street section point &, and then summing the
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ratio of GP capacity to population R; at these locations. The formu-
la for calculating accessibility at street section point 7 is as follows:

F
Ay = Z;e{akjsao} R; Eq.2

where 4," denotes the accessibility to GP care at street section
point k based on the 2SFCA method, R, the ratio of GP capacity to
population within the catchment area of GP location j (i.e., where
d,d,); dy; the travel time between street section point & and GP
location j; d, the threshold below which GP locations are consid-
ered accessible. A higher result value of 4," indicates better acces-
sibility at a given location (Luo & Wang, 2003).

The choice of the threshold value for the catchment area poses

Closest Facility Analysis:

Requried time to reach a GP from
each street section point for the
different modes of transportation.

}

| 2SFCA-Analysis:

| Result values of the 2SFCA Method
for each street section point for
the different modes of
transportation.

!

Inclusion of the modal split:
Incorporation of the modal split
through the regional statistical
spatial typology to aggregate the
result values for the four modes of
transportation into an index.

!

Hot-Spot Analysis:

Using the Getis Ord Gi*-Method to
localise Hot-Spots with low 2SFCA
result values and high inhabitants

values.
Clustering:

Combining relevant Hot-Spots into
spatial clusters using DBSCAN and
subsequently converting them into
polygons for action
recommendations using Convex
Hull.

Figure 1. Methodical process.
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not only a subjective decision (McGrail, 2012), but also a chal-
lenge due to the absence of standardised maximum travel time
requirements to reach a GP (Voigtlander & Deiters, 2015). In gen-
eral, a relatively geographically proximate provision of services is
sought (Federal Institute for Research on Building, Urban Affairs
and Spatial Development, 2017). Various studies and guidelines
suggest threshold values ranging from 10 to 15 minutes by differ-
ent modes of transportation (Voigtlinder & Deiters, 2015;
Neumeier, 2017; Federal Joint Committee, 2018). The closest-
facility analysis of all street section points within the study area
revealed that average travel times to the nearest GP were lower
than the threshold values established by the literature. This finding
applies to all modes of transport and pertains to the entire regions

L

of Lower Saxony and Bremen. Only walking exhibited longer trav-
el times compared to the literature thresholds. The results are sum-
marised in Table 1. Based on the results of the closest-facility anal-
ysis, threshold values for the 2SFCA methodology were adopted
from the literature for cycling, public transport, and driving modes,
while a threshold of 20 minutes was set for walking mode, due to
the results of the Closest Facility Analysis. Based on the different
means of transport investigated, the analysis produced four acces-
sibility results for each population location at the street section
level. Each street section point was assigned a type according to
the regional statistical spatial typology,' a classification system,
which organises areas based on socio-economic and infrastructural
characteristics providing the modal split used for the weighting of
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2p GP locations j ~ _ ~ Catchmentarea of j (size = d,)
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Py Inhabitants of street section points Q Catchment area of k(size = d,)
S; Capacity of GPs

Figure 2. Conceptual diagram of the 2SFCA-Method. Modified According to Park and Goldberg, 2021.

Table 1. Time thresholds for reaching a GP by means of transport.

Transport mode Defined threshold Closest facility  Literature thresholds Reference
Driving 10 min 2.3 min 10 min Gesundheit Osterreich GmbH, 2012
Cycling 15 min 5.7 min 15 min Neumeier, 2017; Federal Joint Committee, 2018
Walking 20 min 18.4 min 15 min Pieper and Schweikart, 2009;
Federal Joint Committee, 2018
Public transport 15 min 13.4 min 15 min Neumeier, 2017; Federal Joint Committee, 2018

GP, medical general practitioner.

The regional statistical spatial typology of the BMDV (Federal Ministry for Digital and Transport) is a tool for classifying and typifying regions in Germany. It is based on
various criteria, including the population size of cities and regions, their central-place function, the catchment areas of cities, and the location of municipalities in relation to
these centers. The typology aims to identify and characterize different types of spatial regions to better understand regional differences and developments, facilitating targeted
measures in spatial planning and development (Federal Ministry for Digital and Transport, 2021).
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the different transportation modes that were finally combined to
form the index for that specific street section point. A result index
value of 1 or greater indicates that the population location under
study is regularly supplied or oversupplied under the assumptions
made regarding accessibility and GP capacities, while a value less
than 1 indicates (imminent) undersupply. Based on the previous
calculations, which provide results of the current state using the
2SFCA methodology along with the data from the needs-related
plans, areas exhibiting high population densities and poor current
values of primary care accessibility could be identified. This
allowed specific areas to be filtered out, for which recommenda-
tions for improving primary care provision can be articulated.
Statistical methods, including optimised hotspot analysis by ‘den-
sity-based spatial clustering of applications with noise’
(DBSCAN) and ‘convex hull” in ArcGIS Pro, were utilised to gen-
erate areas with recommendations for action based on the analysis
results. The DBSCAN algorithm is based on density-based cluster
analysis and allows for the identification of clusters of any shape
and size as well as outliers (noise) in the data. Essentially, points
that are closely located and have a minimum number of neighbours
within a specified radius make up the cluster, while collection of
points not belonging to such clusters are considered outliers (Ester
et al., 1996). A convex hull, on the other hand, is the smallest con-
vex boundary that encompasses all points in a cluster, ensuring
efficient coverage of the relevant geographical area. Information
regarding the number of inhabitants residing in those areas, as well
as the regional ratio derived from existing needs-related planning,
can be utilised to estimate the required number of GPs in the
respective areas.

The optimised hotspot analysis tool operates the Getis Ord Gi*
statistic to assess the statistical significance of spatial clusters of
either low or high values within a defined neighbourhood. Z-val-
ues quantify the deviation from what could be expected under ran-
dom circumstances, with high values indicating the presence of
hotspots (areas of high values surrounded by other high values)
and coldspots (areas of low values surrounded by other low values)
(Getis & Ord, 1992; Anselin, 1995). Statistically significant
hotspots with 99% CL of are derived from values with p-values of
<0.01 and z-scores of >2.58. To aggregate the results of the hotspot
analyses into clusters, the DBSCAN was used. The algorithm is
based on density-based cluster analysis and allows for the identifi-
cation of clusters of any shape and size as well as outliers (noise)
in the data. Essentially, points that are closely located and have a
minimum number of neighbours within a specified radius make up
the cluster, while collection of points not belonging to such clusters
are considered outliers (Ester et al., 1996).

Hotspot analyses using the Getis Ord Gi* statistic in ArcGIS
Pro were conducted for all population locations with a calculated
accessibility of <1, indicating (potential) undersupply. To generate
clusters characterised by low accessibility to primary care and high
population densities, the Getis Ord Gi* statistic was initially com-
puted using the calculated accessibility variable. From the
coldspots identified within the 99% confidence interval (p < 0.01
and z < -2.58), a subset was formed for further analysis. This sub-
set comprised all significant spatial clusters exhibiting poor acces-
sibility. Utilizing this subset as the initial dataset, optimised
hotspot analysis was once again performed in ArcGIS, this time
utilizing population size as the variable. The result then consisted
of spatial clusters comprising hotspots (indicating poor accessibil-
ity and high population densities) and coldspots (indicating poor
accessibility and low population densities), from which the
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hotspots were filtered out by the 99% confidence interval.
Following the initial identification of clusters derived from the
hotspot analyses, these statistically significant clusters — with a low
result value for accessibility and a high population count — were
subjected to DBSCAN to classify the point clouds. This approach
was selected to effectively aggregate points into clusters based on
their density, allowing closely located points to be merged into
meaningful patterns and trends. For each cluster of points created,
a convex hull was generated to serve as the spatial unit for action.

Results

Target state

The current status of the needs-related plans for GP care in
Lower Saxony and Bremen is illustrated in Figure 3. The majority
of planned areas are categorised as being imminently undersup-
plied or regularly supplied. Additionally, some planning areas
exhibit oversupply, while only two planning areas demonstrate
undersupply. The south-eastern region of the federal state (particu-
larly around Géttingen) shows a favourable situation with regular
supply or oversupply. Similarly, regions around Hanover,
Osnabriick, and Oldenburg also exhibit sufficient supply. In con-
trast, undersupply is observed in two planning areas located in
northern and central Lower Saxony: the Syke planning area south
of Bremen and the Bremerhaven planning area. The Bremerhaven
planning area is situated north of Bremen and south of the city of
Bremerhaven. The findings reveal a distinct urban/rural divide,
with rural areas - particularly in the northwest and parts of central
Lower Saxony - facing higher levels of undersupply. Urban
regions generally have better GP coverage, although certain under-
supplied zones persist, even near metropolitan areas. Overall,
58.1% of residents have a supply level exceeding 100%, indicating
regular supply or oversupply, while 41.9% are not fully supplied,
indicating imminent undersupply or undersupply.

Actual state

The results presented in Figure 4 show the outcomes of the
GP-care accessibility analysis using the 2SFCA method and fol-
lowing the categorization of the needs-related planning criteria: 1)
undersupply: resulting value of 0-0.75; ii) imminent undersupply:
resulting value of 0.75-1; iii) regular supply: resulting value of 1-
1.1; and iv) oversupply: resulting value greater than 1.1.

The analysis revealed the distribution of GP-care accessibility
as follows: i) undersupplied: approximately 2,190,000 inhabitants
(25.3%); i) imminent undersupply: 2,150,000 inhabitants
(24.8%); 1ii) regularly supplied: 870,000 inhabitants (10.0%); and
iv) oversupplied: 3,460,000 inhabitants (39.9%).

The analysis exposed higher resulting values indicating ade-
quate supply or oversupply, particularly in urban areas such as
cities and villages, contrasting with (imminent) undersupply that
was predominantly observed in rural regions. For instance, dis-
tricts like the south-western of Lower Saxony show regular or
oversupply alongside (imminent) undersupply in close proximity.

To further characterise the spatial distribution, the regional
statistical spatial typology of the BMDV was employed, assign-
ing a spatial typology to each municipality in Lower Saxony and
Bremen. As shown in Table 2, the majority of the undersupplied
population (47.3%) is concentrated in small towns and villages.
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Those facing imminent undersupply were predominantly found the 2SFCA method underlines the observation according to
in urban areas and medium-sized towns, accounting for 38.9% of which urban areas appear to be better supplied, slightly more
this group. Conversely, regular supply or oversupply is largely than half (50.08%) of the inhabitants of Lower Saxony and
observed in metropolises, regiopoles, and central cities, compris- Bremen do not have full accessibility to GP care within the
ing 40.3% of the population. In summary, the analysis utilizing defined travel time threshold.

Level of GP supply

I Undersupply 1-15%
Imminent Undersupply | ~3,500,000 residents | ~40.4 %
Ragular Supply | ~3,560,000 residents | ~41.0%

B Oversupply | =1.480,000 residents | ~17.1%

[0 No data | ~5.000 residents |-0.1%

[ Municipalities
[ GP planning area

Figure 3. Level of GP Supply at Municipal and Planning Area Level (Association of Statutory Health Insurance Physicians Lower Saxony,
2022; Association of Statutory Health Insurance Physicians Bremen, 2023b; ©OpenStreetMap contributors, 2024).

Imminent Undersupply
Regular Supply
® Oversupply
[] GP planning area

L] 6 10 km

Figure 4. Level of GP access at street section level calculated with 2SFCA method (©OpenStreetMap contributors, 2024).
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Deviations between defined guidelines

Indeed, a notable disparity exists between the supply levels
determined by needs-related planning and the calculated values for
GP care accessibility using the 2SFCA method, as illustrated in
Table 3. Significant disparities were evident across all supply lev-
els. The needs-related plans state that the majority of residents
inhabit areas classified as either being imminently undersupplied
or regularly supplied. These plans suggest that most individuals
have mostly satisfactory accessibility to GP care. However, the
analysis presents a contrasting scenario: a significant portion of
individuals actually reside in areas identified as either oversup-

Article

plied or undersupplied. This reveals a discrepancy between the
planning documents and the conditions calculated through the
analysis. While needs-related planning indicates that 41.5% of res-
idents are not fully supplied, i.e. (imminently) undersupplied, the
analysis shows this to be 50.1%, constituting mathematically more
than half of the inhabitants of Lower Saxony and Bremen. To spa-
tially illustrate the deviations between the target (needs-related
planning) and actual state (analysis using the 2SFCA method), the
supply level from needs-related planning was overlaid onto each
street section point corresponding to the GP planning area in which
the location is situated. This resulted in four classes representing
the deviations, as depicted in Figure 5.

Deviations between Planning Guidelines and Calculation with 258FCA Method

® Regular or Oversupply in Planning Guidel bt (i L

in Calculali

. L in Planning but Regular or O in €

@ Regular or Oversupply in Planning and C

° it L pply in Planning ines and C 5 10 km
[ GP planning area — )

Figure 5. Deviations between planning guidelines and own calculation using the 2SFCA method at street section level (©OpenStreetMap

contributors, 2024).

Table 2. Share of inhabitant numbers according to calculated GP supply levels and spatial typology in Lower Saxony and Bremen.

Level of supply Small towns & villages Metropolises, regiopoles & central cities ~ Urban areas & medium-sized towns
Undersupply 47.3% 16.3% 36.4%
Imminent undersupply 28.0% 33.1% 38.9%
Regular supply/ oversupply 25.5% 40.3% 34.2%

GP, medical general practitioner.

Table 3. Comparison of the share of inhabitant numbers based on supply levels and deviations between needs-related planning and the

2SFCA method.

Level of supply Needs-related planning Deviation
Undersupply 1.45% 25.26% -23.81%
Imminent undersupply 40.44% 24.82% 15.62%
Regular supply 41.04% 10.04% 31.00%
Oversupply 17.07% 39.88% 22.81%
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The first class encompasses values indicating regular supply or
oversupply in established GP needs-related planning but are con-
sidered (imminently) undersupplied based on the analysis. This
class includes approximately 2,196,000 inhabitants, constituting a
share of 25.3%. In spatial terms, 37.1% of these inhabitants reside
in metropolises, regiopoles, large cities or central cities, according
to Regional Statistical Spatial Typology 17. The two most urban
spatial typologies, metropolises with 17.6% and regiopoles with
9.9%, were particularly well represented in our findings.
Additionally, 28.9% of inhabitants in this class, who are at least
regularly supplied according to needs-related planning, reside in
small towns and villages and were considered (imminently) under-
supplied based on the analysis. Conversely, there are locations
considered (imminently) undersupplied according to existing
needs-related planning but are regularly supplied or oversupplied
according to the analysis in this report. These locations include
approximately 1,490,000inhabitants (17.2%), primarily found in
towns or villages of planning areas considered oversupplied or reg-
ularly supplied. According to the Regional Statistical Spatial
Typology, 49.8% of inhabitants with these characteristics reside in
medium-sized cities or urban areas.

Locations that are considered to be at least regularly supplied
in both the needs-related planning and our analysis constitute a

2 GPs required 2 GPs required

—4 GPs required
1 GPs required
i

VOl SDUTG E—

2 GPs required 3 GPs required

L 5
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2GPs raquired 2 GPs required—

\ 3
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/ ~

2 GPs required 2 GPs required

| Braunschweig
10 GPs roquren  SelHEREP

-

3 GPs required

a) Eastern Lower Saxony

3 GPs required 2 GPs required

—2 GPs required
2 GPs required

¢) South western Lower Saxony

Spaces for recommendations for action
B Located in undersupplied planning area
Located in imminent undersupplied planning area
Located in regularly supplied planning area
8 Located in oversupplied planning area
B Located in regularly supplied and oversupplied planning areas

2 GPs required =

d) South eastern Lower Saxony

third class, representing around 2,840,000 inhabitants (32.8%).
These locations are predominantly situated in urban areas. This is
evidenced by the fact that 52.9% of the inhabitants in this class
reside in major urban centres, while only 18.0% are located in
small towns and rural areas. The remaining approximately
2,140,000 inhabitants (24.7%) make up the class considered
(imminently) undersupplied according to both needs-related plan-
ning and the results of our analysis. These locations are primarily
found in rural areas, with 69.2% of the inhabitants in this class liv-
ing in peripheral rural regions, according to the Regional Statistical
Spatial Typology.

Recommendations

To provide recommendations for areas, statistically significant
clusters with a low result value for accessibility and a high popu-
lation count were identified. As shown in Figure 6, in this specific
case, 33 areas were delineated as having poor actual GP provision
while forming clusters with significantly high numbers of inhabi-
tants. Of these 33 delineated sub-areas, one was found to be locat-
ed in an undersupplied planning area according to needs-related
planning guidelines. Furthermore, 15 sub-areas are situated in
planning areas at risk of being undersupplied. Conversely, 14 sub-
areas are located in regularly supplied planning areas, with two in

3 GPs required 4GPs r|equ\red

2 GPs required

Gldenburgl(®Idb)

s
5 GPs required

3 GPs required
4 GPs required

4 iGF’S required @m

4 GPs required

) North western Lower Saxony and Bremen

2 GPs required
S5
Bremerhaven
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€) Northern Lower Saxony

0 75 15km
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Figure 6. Spaces for recommendations for action regarding GP care in Lower Saxony and Bremen including the required number of GPs

(©OpenStreetMap contributors, 2024).
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planning areas even considered as oversupplied according to
needs-related planning. Seventeen of these targeted areas are situ-
ated in eastern Lower Saxony, near Hanover, and an additional
eight areas are located in north-western Lower Saxony near
Bremen and Oldenburg. Moreover, there are four such areas in
south-western Lower Saxony, one in south-east Lower Saxony and
another three in north Lower Saxony. Particularly notable are areas
in southwest Braunschweig, where ten and seven GPs would be
theoretically required, respectively. Both areas are located within a
general GP planning region considered to be imminent undersup-
plied according to needs-related planning. Although classified as
regularly supplied according to need related planning, the Bremen
district of Rablinghausen turned out to be another area where a
large number of GPs is needed. An additional notable observation
is the single identified area located within a planning area deemed
undersupplied, namely Syke situated south of the city of Bremen,
where four GPs would be necessary, the third-highest need among
all such areas identified.

Discussion

This study highlights pronounced regional disparities in acces-
sibility to GPs in Lower Saxony and Bremen that was assessed
using the 2SFCA method at the street section level. The findings
indicate that many residents either face difficulties in reaching
available GP services or that sufficient GP capacities are simply
not available, with rural areas, villages, and smaller towns particu-
larly affected. While urban areas generally have better GP accessi-
bility, a substantial portion of residents still experiences insuffi-
cient care indicating that proximity to urban centres does not guar-
antee adequate GP services for all. These results align with previ-
ous research by Ozegowski and Sundmacher (2013) as well as
Voigtldnder and Deiters (2015), both studies of whom identified
similar regional inequalities in healthcare accessibility across
Germany. Furthermore, Gerlinger’s observation (2021) that urban
areas may experience oversupply, while structurally weaker
regions face undersupply is reinforced by this study’s findings, a
fact that raises questions about the degree to which Germany can
claim equal living conditions in terms of GP accessibility.

Comparing the current state of GP care to the targets estab-
lished by needs-related planning reveals substantial mismatches.
Both undersupply and oversupply conditions were found to be
more frequent than anticipated in needs-related planning, revealing
a substantial gap between the model’s estimations and the condi-
tions identified in this study. A significant portion of residents
assumed to have adequate accessibility by needs-related planning
were found to be classified as underserved by the 2SFCA model
used, while others categorised as undersupplied by needs-related
planning appeared to in fact have regular accessibility. These find-
ings support Pieper and Schweikart’s (2019) assertion that the
unrestricted choice of GP locations can lead to uneven supply
within planning units resulting in localised deficits that may be dif-
ficult to detect at a broader planning scale.

The results suggest that needs-related planning, as currently
implemented, may lack the fine-grained approach necessary to
fully capture the complexities of GP accessibility. Adopting a more
localised planning approach could help address regional dispari-
ties, ensuring that GP services are distributed more equitably and
that accessibility gaps are minimised. Furthermore, integrating
transportation networks and detailed local population data into the
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planning process would improve the ability to identify underserved
areas and guide targeted interventions to improve accessibility.
GIS and geostatistical tools prove valuable in pinpointing areas
with inadequate GP care and high population densities, aiding in
formulating recommendations for action. This study identified sev-
eral areas where additional GP services are needed, underscoring
the potential for geographic analyses to inform more responsive
healthcare planning. In regions with lower coverage, establishing
new GP practices could help alleviate shortages. In areas that
already meet or exceed coverage thresholds, localised assessments
would help determine specific needs, potentially allowing for spe-
cial authorisations to accommodate additional practices where
warranted.

Potential limitations

It is essential to acknowledge that this model is an idealised
representation and does not capture all the intricacies of real-world
conditions. Personal decisions in GP selection, travel complexities,
and mobility limitations impact accessibility and are only partially
reflected in this model. Additionally, these findings represent a
temporal snapshot that may evolve with population and infrastruc-
ture changes. Although threshold values in the analysis of this
study were determined using closest facility analysis and insights
from the literature, they remain inherently subjective. More impor-
tantly, the choice of maximum travel times for each transport mode
greatly influences the results generated with the 2SFCA. These
thresholds, while grounded in standard practices and research find-
ings, are quite restrictive, and can lead to considerable discrepan-
cies in the analysis. The more restrictive the threshold, the more
pronounced the variations, resulting in significant fluctuations in
the results. Such predetermined metrics can overlook important
factors like personal mobility constraints, social and economic bar-
riers and differing personal preferences, potentially oversimplify-
ing the view of healthcare accessibility. To improve accuracy, there
is a need to explore more flexible, data-driven approaches that con-
sider the complexity of real-world conditions. Reflection on these
issues is vital in the discussion section to ensure a comprehensive
understanding of the study’s limitations and implications. Another
limitation within the context of the 2SFCA method is the reliance
on standardised capacities for each general practitioner taken from
needs-related plans. While these standardised numbers offer a con-
sistent way to gauge a GP’s capacity to serve the population, they
may not accurately capture the actual variation in patient load and
demand on individual practitioners. This can result in an oversim-
plification of healthcare accessibility assessments by failing to
account for local differences and nuances in healthcare provision
and demand.

The choice of street section points as the spatial unit of analy-
sis was motivated by the need for detailed, fine-grained assess-
ments of accessibility to healthcare services, particularly to GPs.
This decision stems from the understanding that larger spatial
units, such as census tracts or administrative boundaries, typically
exhibit less variation than smaller spatial units. Larger units often
average out local differences, potentially masking significant dis-
parities in accessibility. For example, within a large spatial unit,
areas with excellent accessibility to healthcare might be averaged
with areas facing significant deficits, resulting in a misleading rep-
resentation of overall accessibility. By utilizing smaller spatial
units, e.g., street sections, the analysis can capture and highlight
these local variations more effectively, enabling a more precise
identification of specific areas where interventions may be neces-
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sary. However, it is important to acknowledge the potential limita-
tions of this choice. While fine-grained units provide detailed
insights into subtle differences in accessibility, they may also high-
light variations that, while insightful, may not always be signifi-
cant from a broader public health perspective. It is essential to
weigh these considerations against the advantages of conducting
high-resolution analyses. Balancing these detailed insights with
broader patterns is crucial to developing effective healthcare plan-
ning strategies. Despite these limitations, the analysis provides
valuable insights for improving accessibility to GP care in Lower
Saxony and Bremen.

Understanding the dynamics of GP distribution over time is
essential for making accurate forecasts for future needs.
Furthermore, a re-evaluation of the calculations, including the 33
identified areas with recommendations, should be conducted to
assess whether the computed values for primary care accessibility
improved. This step would be pivotal in evaluating the effective-
ness of the proposed measures and the actual impact on the provi-
sion situation. Another aspect to consider is the perceived accessi-
bility of GP care. It would be necessary to investigate whether res-
idents in the identified areas with not sufficient accessibility or
areas for which recommendations were made actually feel under-
served. This notion of “perceived accessibility” can offer valuable
insights and should thus be incorporated into future studies to
ensure a comprehensive assessment of the provision situation
(Baier et al., 2020).

The study stresses the importance of considering small-scale
spatial variations in accessibility to healthcare. Traditional needs-
related planning methods may not adequately capture localised
disparities, leading to suboptimal resource allocation and service
provision. Not only can accessibility issues pose significant chal-
lenges, but the capacity of healthcare providers is also a critical
factor. In regions with high population density, there may be ade-
quate geographic accessibility, yet the healthcare system could be
constrained by limited GP capacity. Conversely, other areas may
face primary challenges related to accessibility, with longer travel
times posing significant barriers to effective healthcare service uti-
lization. By integrating detailed spatial analyses and incorporating
community feedback, policymakers can develop more targeted and
effective strategies to address these challenges. Additionally,
future research should incorporate the concept of perceived acces-
sibility to provide a comprehensive understanding of healthcare
provision. Investigating whether residents in (imminent) undersup-
plied areas perceive themselves as such can offer valuable insights
for refining planning strategies and addressing community con-
cerns. In conclusion, addressing the complex challenges of GP care
accessibility in Lower Saxony and Bremen requires a holistic
approach that considers quantitative metrics. By embracing spa-
tially nuanced analyses and proactive planning efforts, policymak-
ers can work towards enhancing GP care accessibility and promot-
ing equitable healthcare provision for all residents.

Conclusions

GP care accessibility in Lower Saxony and Bremen presents
significant challenges. The analysis using the 2SFCA method
reveals significant disparities in accessibility to GP care, with over
50% of inhabitants not fully provided with GP care within ade-
quate distance and/or GP capacity. Rural areas bear the effect of
this undersupply, although urban areas also exhibit (imminent)
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undersupply. The comparison with needs-related planning guide-
lines highlights the limitations of existing frameworks in accurate-
ly reflecting the true state of GP care accessibility. Notably, while
needs-related planning project only a minor percentage of resi-
dents as undersupplied or oversupplied, the 2SFCA analysis iden-
tified a considerably higher proportion experiencing such issues.
The findings highlight the complexity of the current GP supply sit-
uation, with a notable discrepancy between needs-related plans and
computed accessibility levels. Despite efforts to regulate GP distri-
bution through needs-related planning guidelines, the reality on the
ground suggests a more nuanced and multifaceted picture. Factors
such as population distribution and transport infrastructure con-
tribute to the observed disparities in GP accessibility.
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