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Abstract

Lack of rapidly available neurological expertise, especially in rural areas, is one of the key obstacles in stroke care. Stroke
care networks attempt to address this challenge by connecting hospitals with specialized stroke centers, stroke units, and
hospitals of lower levels of care. While the benefits of stroke care networks are well-documented, travel distances are likely
to increase when patients are transferred almost exclusively between members of the same network. This is particularly
important for patients who require mechanical thrombectomy, an increasingly employed treatment method that requires equip-
ment and expertise available in specialized stroke centers. This study aims to analyze the performance of the current design
of stroke care networks in Bavaria, Germany, and to evaluate the improvement potential when the networks are redesigned
to minimize travel distances. To this end, we define three fundamental criteria for assessing network design performance:
1) average travel distances, 2) the populace in the catchment area relative to the number of stroke units, and 3) the ratio of
stroke units to lower-care hospitals. We generate several alternative stroke network designs using an analytical approach based
on mathematical programming and clustering. Finally, we evaluate the performance of the existing networks in Bavaria via
simulation. The results show that the current network design could be significantly improved concerning the average travel
distances. Moreover, the existing networks are unnecessarily imbalanced when it comes to their number of stroke units per
capita and the ratio of stroke units to lower-care hospitals.

Keywords Stroke care - Simulation modeling - Clustering - Network design - Operations research - Operations management

Highlights ring patients between hospitals of the same network
(almost) exclusively.
e We provide the first study that addresses stroke networks’
adverse effect on the quality of care regarding stroke

patients’ travel distances. 1 Introduction
e  We apply a combination of clustering, optimization, and
simulation in our study. Stroke is a common and serious disease that can have last-

e We evaluate the expected travel distances within the  ing health consequences. It is one of the leading causes of
existing stroke networks in Bavaria, the largest state in ~ death in many countries (e.g., the second most frequent
Germany, and compare them to alternative optimized  cause of death in Germany) and is considered one of the

network designs. leading causes of disability in adults [28]. According to an
e Our study highlights the negative impact on patient care  estimation of the World Health Organization (WHO), 17.9
when stroke care networks employ a policy of transfer-  million people (the number 1 cause of death globally) died

because of cardiovascular diseases around the world every
year, 85% of them are due to strokes and heart attacks [47].
Referring to the Federal Health Monitoring' report, cere-
brovascular diseases treated in hospitals, including stroke,
Department of Health Care Operations/Health Information decreased until 2005, but have been rising steadily after
Ma.nage.ment, Faculty of Bu_sines_s_gmd Economics, that [26, 33]. While mortality rates have been falling stead-
University of Augsburg, Universitétsstralle 16, o .
86159 Augsburg, Germany ily in recent decades, the number of incidents that can be
linked to strokes is increasing ([17], p. 44). Since 2005, the
number of cerebrovascular diseases has increased by about
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3200 annually. In 2013, 58,556 patients (35,389 women and
23,167 men) died because of cerebrovascular diseases in
Germany [17, 26].

This represents an increasing financial burden for the gov-
ernment and the health insurance funds. In 2015, the costs
for diseases of the cardiovascular system categorized accord-
ing to ICD-10 were more than 46,000 million euros, putting
them at the top of the list of diseases in Germany [44]. There
are 322 of these specialized stroke units in Germany. 57 of
them are located in Bavaria (Deutsche [39]). While stroke
patients traditionally receive a mixed treatment of general
medicine, neurology, and care for the elderly, there have
been Stroke Units (SUs) that consist of an interdisciplinary
team of doctors and have a sole focus on the treatment of
strokes [27].

Due to limited financial and human resources, many
smaller regional hospitals lack the necessary equipment and
neurological presence [11] to adequately diagnose and treat
stroke patients. Especially in rural regions, the supply of SUs
is often insufficient. Since stroke symptoms can be easily
identified audio-visually, for example by video examination,
stroke is suited well for telemedicine cooperation between
hospitals [4, 13].

Over the last few decades, telemedicine networks have
been established that cooperate specifically in the treat-
ment of strokes [19, 25, 48]. Using a telemedicine approach
in stroke care enables the coverage of large areas of low
population density and increases the use of evidence-based
therapy [20]. Regional differences in stroke care for patients
in hospitals without their stroke units can be reduced by bet-
ter accessibility of stroke units [3]. In these networks, there
are three hospital types including stroke centers (SCs) and
stroke units (SU) acting as hubs and telemedicine-assisted
stroke ready hospital (TSRH) units [20] representing spokes.

According to the European Stroke Organisation (ESO),
hubs cover the full pathway of a stroke center containing
endovascular, intravenous thrombolysis (IVT), and neuro-
surgical interventions — with the exception that SUs do not
perform mechanical thrombectomies (MTs). In the following
text, SU (SC) always refers to a stroke unit (stroke center)
certified by the German Stroke Society (DSG). TSRHs are
capable of managing stroke patients acutely, for instance
administering IVT, but they are not responsible to provide
further stroke care. Therefore, any admitted patient will need
to be transferred from the TSRH to a hub in its network.
Accordingly, a collection of SCs, SUs, and TSRHs is to be
understood as a network.

More recently, telemedicine networks have evolved
into stroke care networks, which refers to the association
of lower-care-level hospitals, often located in rural areas,
and hospitals equipped with specialized SUs and SCs. On
top of providing telemedicine assistance to lower-care level
hospitals, they offer additional within-network services such

as unified quality management, workshops, and continuing
training to all members. A substantial body of research has
shown that these services have resulted in improvements in
stroke treatment outcomes, e.g. shorter hospital stays, bet-
ter stroke diagnosis, and earlier patient rehabilitation [40],
as discussed in Section 2 below. However, stroke care net-
works also ensure that stroke patients admitted to one of
the collaborating hospitals are rarely transferred outside of
the network (compare [15, 34, 49]). If a patient arrives at a
spoke hospital in a particular network and needs additional
treatment, e.g. MT, they will be transported to a hub within
the same network, unless there is insufficient capacity to
perform treatment in all potential within-network hubs. In
that case, an outside-network hub will be contacted. Accord-
ingly, stroke patients are not transported to the closest SU
if it happens to be outside of the stroke care network. Our
study assesses the expected increase in travel distances for
stroke patients that arises due to this policy across multiple
stroke care networks for the region of Bavaria, Germany,
where five competing stroke care networks exist.

1.1 Stroke networks with telemedicine in Bavaria

In 1995, the Bavarian State Government started promot-
ing telemedicine expansion. So far, around 60 telemedical
projects have been supported with funds of over 13 mil-
lion euros in Bavaria [6]. Telemedicine makes an important
contribution to comprehensive, high-quality medical care
in Bavaria in different ways such as teleconsultation, teledi-
agnostics, teletherapy, telemonitoring, and teleteaching. It
makes specialist medical knowledge available nationwide for
the direct benefit of patients, for example in the emergency
treatment of strokes or heart attacks, where every minute
counts [31]. The main focus of telemedicine project fund-
ing in Bavaria has been on whether the projects directly
improve the quality of patient care and to what extent the
new technology benefits the patient directly. These projects
have focused on classic applications of telemedicine, such
as teleconsultations or telemonitoring [6]. However, the
current funding is also increasingly targeting widespread
applications, the consistent use of standards and increased
networking, and in a particular viewpoint, establishing tel-
emedical procedures and establishing medical competence
centers. According to the information provided by the Ger-
man Stroke Society,2 there are 57 SUs in the federal state of
Bavaria divided into 10 telemedicine, 29 regional, and 18
supraregional stroke units. Five stroke networks containing
83 hospitals exist in Bavaria. 44 of them are SUs (includ-
ing a single SU located outside of Bavaria), while 14 stroke
units do not currently belong to a stroke care network. The

2 https://www.dsg-info.de/
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Fig. 1 Current stroke networks design in Bavaria

TeleMedical Project for Integrative Stroke Care (TEMPIS) is
the largest stroke network in Bavaria and one of the leading
(tele-)stroke networks in Europe. In the TEMPiS network,
24 regional clinics in Southeast Bavaria receive support
from the two stroke centers; Munich-Harlaching Hospital
and University Hospital of Regensburg. TEMPiS’s SUs have
between 4 and 13 monitored beds. The second-largest net-
work in Bavaria is STENO, a stroke network with telemedi-
cine in northern Bavaria with 3 SCs (University Hospital
of Erlangen, Bayreuth Hospital, and Niirnberg Hospital).
Its SUs have between 4 and 22 monitored beds. The neu-
rovascular network of Southwest Bavaria or NEVAS is the
third-largest Bavarian stroke care network supported by
three stroke centers (University Hospital of Munich, Ingol-
stadt Hospital, and Giinzburg District Hospital). The number
of monitored beds varies between 4 and 14. TRANSIT in
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northwest Bavaria is the fourth-largest network and trans-
regional network for stroke intervention with telemedicine,
which has three stroke centers (Neurological Clinic Bad
Neustadt an der Saale, Leopoldina Hospital, and Univer-
sity Hospital of Wiirzburg). Its SUs have 7 to 10 monitored
beds. The TESAURUS telemedicine network (Telemedicine
& Stroke Care Augsburg Region & Southwest Bavaria) has
existed since January 2010 and has set itself the goal of
improving stroke care in the Augsburg area and Southwest
Bavaria. The Neurological Clinic of the University Hospital
Augsburg as the only stroke center of this network cooper-
ates with currently six connected clinics in the care of cer-
ebrovascular diseases with a focus on the acute treatment of
strokes. Figure 1 shows these SUs and partner clinics dis-
tributed among the networks. In addition, Table 1 provides
more information about these networks and their members.
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Table 1 Stroke networks in Name Number of Hubs Telemedicine-Assisted Total

Bavaria - Stroke Ready Hospital

Stroke center Stroke unit Unit (TSRH)
NEVAS 3 5 11 19
STENO” 3 14 4 21
TEMPiS 2 11 11 24
TESAURUS 1 0 6 7
TRANSIT 3 2 7 12
*Note that this network includes an SU which is not located in Bavaria but neighboring Thuringia. For the
sake of completeness, this is considered part of the Bavarian network
The rest of this paper is structured as  months. In conclusion, they indicate that the establishment

follows:Section 2 presents current developments in the lit-
erature by reviewing recent studies conducted on stroke care
networks. In Section 3, we present the proposed three-stage
method for analyzing the current and alternative network
designs. The three stages involve a clustering approach, a
mathematical optimization model to redesign the networks,
and a simulation used to assess the utilization and possible
restrictions of the redesigned networks. Section 4 provides a
comprehensive overview of the results. Finally, in Section 5,
we summarize our findings and discuss the limitations of the
work as well as further research possibilities in this area.

2 Literature review

Telestroke was first mentioned in the literature in 1999 to
describe the use of telemedicine in providing neurologi-
cal consultation for stroke in hospitals lacking this level
of expertise [29]. Since the late 1990s, several telestroke
projects have been developed (mainly) in Western countries
to establish efficient diagnosis and intervention for acute
ischemic stroke patients. For example, TEMPiS is one of
the projects designed to improve the quality of stroke care
in a large area of Southeast Bavaria, Germany, that has been
comprehensively described by Audebert et al. [5]. Several
studies on this project have been conducted from different
perspectives. For instance, Miiller-Barna et al. [31] conduct
an analysis of the first 10 years’ experience. Their results
demonstrate that the implementation of stroke care networks
increases the number of treated patients with stroke and tran-
sient ischemic attack. Also, their results show considerably
higher intravenous thrombolysis (IVT) rates, as well as a
40-min (from 80 to 40 min) reduction in door-to-needle and
a 30-min reduction (from 150 to 120) in onset-to-treatment
times. In another study, by following up 3060 patients,
Audebert et al. [S] analyze the long-term effects of acute
specialized stroke care with telemedicine support in public
hospitals. The results of a multivariable regression analy-
sis show a significant reduction of “death and dependency”
at 12 (from 96.5% to 65%) and 30 (from 95.7% to 82%)

of a stroke care network offers long-term benefits for acute
stroke patients. Khan et al. [24] report their experience with
a hub-and-spoke telestroke network in the acute care man-
agement of stroke patients over two years in Canada. Their
results demonstrate that employing telestroke assistance
leads to a significant reduction in the number of patients
requiring transfer to a tertiary care center (a 92.5% decline;
from 144 to 15 at one of the sites). Therefore, telestroke units
can provide sustained high-quality care for stroke patients in
underserved areas. In other countries, some researchers have
focused on telestroke network-specific needs, such as Imai
et al. [21] in Japan. They try to determine the requirements
of the design and implement telestroke networks and to
evaluate the possible effects on the number of thrombolytic
therapies. Their study reveals that telestroke may be highly
effective in many Japanese stroke hospitals because they do
not perform intravenous (IV) tissue plasminogen activator
(tPA) in a 24/7 fashion.

Stroke care network design has been examined from
technological and medical as well as health economic per-
spectives. Nelson et al. [32] develop a decision-analytic
model for both 90-day and lifetime horizons to conduct a
cost-effectiveness analysis of telestroke using audiovisual
technology that connects stroke experts to remote physi-
cians at medical units without stroke experts. They show
that from a lifetime viewpoint, telestroke networks are cost-
effective compared to traditional setups, while also carrying
the considerable potential to decrease regional inequalities
of acute stroke care provision in the United States. Concern-
ing economic sustainability and cost-effectiveness, Fanale
and Demaerschalk [14] review the evidence that supports
the reliability and efficacy of telemedicine for diagnosis and
acute stroke treatment and propose some strategies for fund-
ing the development of a telestroke network.

Over nearly four decades, operations research (OR) mod-
els have been utilized to solve problems involving healthcare
systems in various ways such as facility location and net-
work design. Ahmadi-Javid, Seyedi and Syam [1] classify
different types of emergency and non-emergency healthcare
facilities in a location-allocation management perspective
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and provide ten descriptive dimensions containing multi-
period setting, uncertainty issue, objective function, par-
ticular input, decision variable, constraints, mathematical
modeling approach, basic discrete location problem, solution
method, and case study. In another study, Aringhieri et al.
[2] conduct a broad literature review on emergency medi-
cal services location problems as one of the most important
health care services playing a vital role in reducing the mor-
tality rate and morbidity. They identify emerging challenges
for future research.

Acute stroke treatment as a complex decision-making
problem has great potential for OR to support the effective
design and operation of effective and efficient stroke care
systems. However, the contribution of OR is so far limited.
In this regard, Keshtkaran et al. [23] perform an extensive
literature review of validation techniques for healthcare
models in acute ischemic stroke. They state that the con-
tribution of OR models to investigate and improve stroke
thrombolysis results in a particularly challenging task insofar
as model validation is concerned. The multifaceted nature of
OR models regularly depends on an extensive diversity of
databases and experimental approximations used as inputs
[23]. They consider a taxonomy of modeling targets devel-
oped by Pidd [36] since they concern modeling purposes.
Pidd [36] defines four extensive types of modeling targets
containing modeling for decision automation, routine deci-
sion support, providing insights, and for investigation and
improvement which is the core of discussion in Keshtkaran
et al. [23].

Churilov and Donnan [10] review the field of stroke care
systems for OR professionals to propose an agenda for future
research in the field of designing, planning, and operating
stroke care systems. Based on both research and policy
contributions reviewed in their study, they present a list of
ten comprehensive problem areas that, in the authors’ view,
are the most demanding need from the stroke care systems
view. Among the areas are the appropriate management of
transient ischaemic attacks, stroke unit care, and stroke care
networks. They also define four broad groups of potential
OR capabilities as operations improvement, economic analy-
sis, public policy, and clinical applications. They finish their
discussion of the agenda for OR in stroke care by matching
the capabilities to the abovementioned problem areas. In the
public policy group, they show that the stroke national and
regional planning and network models can be addressed by
all ten problem areas.

According to the recommendations provided by Hubert
et al. [20] on stroke care networks design in Europe, hospi-
tals/clinics play a part in a stroke care network and should be
classified based on criteria such as transportation distance,
population density, in-hospital infrastructure, geographic
details, and available expert physicians. They conclude
that the stroke care network should pledge itself to quality
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improvement by employing standardized stroke treatment
procedures within the network, conducting serious multi-
professional training programs, and introducing feedback
loops. In the field of telestroke network implementation,
French et al. [16] analyze supporting documentation from
interviews with key stakeholders of one UK telestroke net-
work and information from existing literature to collate
resources and recommendations as well as to identify main
challenges in telestroke implementation. In a recent publica-
tion, Jauch et al. [22] provide a comprehensive list of recom-
mendations in a single guideline document for healthcare
professionals who treat patients with acute ischemic stroke.
This guideline uses the American Heart Association format
and supports the primary concept of stroke systems in both
hospital and pre-hospital settings. To this end, several fea-
tures from technological, geographical, and demographical
viewpoints should be simultaneously considered as barriers
to implementing and sustaining telestroke programs. Tel-
estroke network design aims to maintain its logistics and
operational sustainability [30] and to engage the commit-
ment of a wide range of stakeholders across multiple organ-
izations [16]. The efficient interactions between hub-and-
spoke are more important than the technology for sustaining
a telestroke network [42]. Efficient telestroke interactions
(for example the interactions between spoke emergency
medicine physicians and hub neurologists) successfully ful-
fill both the economic and clinical requirements of hub-and-
spoke hospitals and health care organizations.

This study tries to bridge a part of the gap that exists
between OR capabilities and stroke care system require-
ments and to direct the effort towards important challenges
of stroke care network design and operations. Our work
aims to analyze the current situation and performance of
the existing design of the stroke networks in Bavaria, points
out weaknesses in their structures, and presents suggestions
for possible improvement of the networks. To this end, we
propose an approach containing mathematical modeling,
clustering, and simulation. We analyze the performance of
both the current and the proposed redesigns of the stroke
care networks in Bavaria.

3 Methodology

This section presents a framework for an analysis of exist-
ing stroke care networks with an application to the state of
Bavaria, Germany. The travel distances between hospitals
participating in stroke networks should be taken into consid-
eration when patients need to be transferred between spokes
and hubs.

In the first stage, the structure of the existing stroke care
networks in the German state of Bavaria will be exam-
ined. We also identify alternative network designs that are
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optimized for distances between spokes and hubs. These
results serve as a basis for our analyses in the next stages.
In the second stage, we propose a mathematical model to
assign the stroke units that currently do not belong to any
networks to one of the five existing networks by optimiz-
ing (minimizing) the average travel distance to all partner
hospitals within a network. One important factor that should
be considered in the evaluation of stroke care network per-
formance is the available capacity of resources. Three main
questions then arise:

(1) How well do the current stroke care networks perform
in coping with the number of stroke patients?

(2) How harmful may existing stroke networks be for pro-
viding the best possible stroke care in terms of transfer
travel distances?

(3) Where are the potential bottlenecks in existing stroke
care networks?

For this purpose, we develop a simulation model with
the addition of critical capacities in stage three. By simulat-
ing the stroke care networks, we incorporate not only the
stochastic arrival rates of patients but also the utilization of
resources such as staffed beds to identify any resulting bot-
tlenecks in the stroke care networks in Bavaria.

Furthermore, we define three fundamental criteria for
assessing network performance to be able to compare the
existing network design with the ones optimized for trans-
fer distances. In this way, any shortcomings in the existing
network structures and potential improvements can be iden-
tified through the proposed alternatives. The first criterion
(C1) is the average travel distance from all spokes to their
respective nearest hub within a network. These distances
are actual driving distances based on the current road infra-
structure. In acute stroke care, every minute is critical, as the
brain suffers greatly with every minute that goes by without
treatment [38]. C1 allows identifying any efficiency gains or
losses in network design restructuring, for both individual
networks and at the aggregate level. Stroke care network
designs have to enable thrombolytic treatment to be admin-
istered in community and rural hospitals and to facilitate
the appropriate transfer of patients with different situations
(e.g., requiring critical care services and neurosurgical or
intra-arterial interventions) to a stroke center or hub [18, 43].
Therefore, transportation time is by far the most important
criterion in stroke patient treatment and drives the creation
of the optimal design of networks. Note that C1 includes
only the distance from each spoke to its closest hub, while
in reality (and the simulation study) some patients (never
more than 20% of the patients in any network in all of our
simulation runs) will need to travel to hubs further away due
to capacity constraints. Alternative definitions of C1, how-
ever, also come with drawbacks. If, for example, C1 included

the distances from each spoke to all hubs, it would make
the performance criterion unsuitable to compare network
designs with different numbers of networks, as the number
(and distance) of hubs connected to each spoke would arti-
ficially increase when the number of networks decreases.
The second criterion (C2) represents the relationship of
hubs to the population in each catchment area. This plays
an important role in determining the network design per-
formance, as an imbalance between the networks can lead
to qualitative losses within an overloaded network. Note,
however, that there is no definitively optimal level for C2,
i.e. a network does not necessarily perform better the lower
C2 becomes. An imbalance between the C2 values of differ-
ent networks, however, signifies a potential shortcoming in
a given network design. The last criterion (C3) is the num-
ber of assigned hubs to spoke units within each network.
In addition to the population that a network has to supply,
the relationship between stroke units and partner clinics
within the networks cannot be neglected. Inequality in the
distribution of this performance measure between networks
can lead to a deterioration in the stroke patient care of the
entire region. A network with one hub and 4 spoke units is
likely to be less capable of handling the fluctuating volume
of patients effectively than a network with two hubs and 3
spoke units. Again, there is no clear optimal value for this
measure. The highest possible ratio (only hubs and no spoke
units) would not result in an ideal network, as that would
eliminate the economic benefits of combining specialized
stroke units that assist TSRHs in more remote areas within a
stroke care network. Table 2 presents the formula employed
in the calculation of these criteria.

We use Maptitude (Caliper Corporation) to determine
the catchment area for each of the 97 hospitals based on
their postcode. A postcode belongs to the catchment area of
a clinic if the Euclidean distance between its geographical
center and this clinic is the smallest. Figure 2 shows these
catchment areas. The next step is to determine the number
of inhabitants (population) within each catchment area to
be served by a hospital. The population data of the 2011
census conducted in Germany are available in Maptitude.
Since the census data are available down to the postcode
level, the corresponding number of inhabitants was assigned
to each postcode area. These figures can then be mapped to
the catchment areas. The resulting distribution of the Bavar-
ian population is shown in Fig. 3.

3.1 Assignment of currently independent hubs
to stroke care networks

As mentioned before, 14 SUs in Bavaria do not currently
belong to any network. We present a mathematical model
to assign these SUs to the five existing networks by opti-
mizing (minimizing) the average travel distance to all units
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Table 2 Notation and

calculation of the criteria Sets

N: Set of stroke care networks
S, Set of hubs in stroke care network n
P, Set of spokes in stroke care network n
Parameters
d, Driving distance from spoke p to hub s
Pl Number of people supplied by stroke care network n
Formula Criterion description
Ccl = Yen, Minges, {d,} Average travel distance from a spoke to its closest
n [P.] hub within a network 7, in kilometers
C2, = IISJf:I Average number of inhabitants per hub in network n
3, = lliS)n |I Ratio of assigned hubs to spokes within network n
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Fig.2 Catchment areas of all 97 hospitals in Bavaria (hospitals are represented by a blue dot, green lines represent the boundaries between
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Fig.3 The population of each
catchment area

within a network. This may increase the ratio of SUs to
spoke hospitals, leading to possible improvements. The
resulting five networks represent the best possible stroke
care network design that could be achieved if the current
network design absorbed the independent stroke units.
This way, we achieve comparability between the best-
case status quo and the optimized green-field type network
designs.

Sets:

A: Set of hubs that do not belong to any stroke care
network.

B": Set of current hubs and spokes in stroke care net-
work n EN.

Parameters:

d, ,: Distance from hub a €A to spoke b € B"

a

I 1, if hospital b € B" belongs to stroke care network n
bn = 0, otherwise

h,: Number of current hospitals in stroke care network
n€EN
Variable:

if hub a € A is added to stroke care network n € N

L,
Xan = 0

otherwise
Model:
Min ZnGN e EbeBnh ’:a.n'du,b'mb,n 0
S.t.
Z xa’n = 1, VaeA (2)
neN

X, , is binary and € B", Va € Aandn € N 3)

The objective function of the proposed model assigns
the currently independent SUs to the existing networks to
minimize the average travel distance to all units within the
existing network. Equation (2) forces the allocation of each
independent SU to exactly one network.
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3.2 Clustering

Clustering is usually used in explorative data analysis to
divide a given data set into partitions, so-called clusters. In
clustering, partitioning into partial data sets is based on the
proximity or similarity of characteristics within the data set.
The literature contains a large number of clustering prob-
lems and algorithms resulting from the different require-
ments for determining these similarities in the respective
models [9]. In cluster analysis, there are various ways of
grouping data depending on whether the input variables are
qualitative, quantitative, binary, or mixed forms. However,
the most intuitive and frequently used decision criterion is
the minimum Euclidean distance from the cluster center [12,
35].

The K-Means algorithm has become a standard tool for
data analysts in a wide variety of fields [37, 45]. It assigns
one of the K clusters to a set of N points by minimizing the
distance, according to the selected distance measure, from
each point to the center of the cluster assigned to it [35].
Bayne et al. [7] examined 13 different clustering methods
based on various criteria. They concluded that the K-means
algorithm performed best overall. Therefore, we use the
K-means clustering method to determine alternatives to the
current stroke care network design in Bavaria. The correct
value of K is often vague and depends on the desired clus-
tering resolution of the user. In fact, the amount of error
in the resulting clustering will always keep reducing as we
increase K without penalty. In this study, we set the maxi-
mum number of centers to 5 (i.e., K=1{2,3,4,5}) to be able
to compare the performance of the current networks, which
also include five independent networks, to the newly gener-
ated networks’ design.

3.3 Simulation

We develop a simulation model to recognize the possible
bottlenecks in the stroke care networks in Bavaria as well
as to cope with the stochastic arrival rates of patients and
the utilization of resources such as monitored stroke beds.
First, we explain the important input parameters required for
a detailed reflection of stroke care reality in Bavaria. Subse-
quently, a simulation model is developed using AnyLogic.

3.3.1 Arrival time of stroke patients

According to the federal government’s health report in Ger-
many, an average of 420 strokes per 100,000 inhabitants
occur annually in Bavaria (Federal Health Report 2018).
As Berlis and Weber [8] show, about 80% to 85% of stroke
patients have an ischemic cerebral infarction and should be
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transported to the nearest available hub location. Therefore,
we use Eq. (4) to calculate how many strokes occur per
100,000 inhabitants annually in Bavaria.

a=xx*0.82 4

where x corresponds to the number of strokes per 100,000
inhabitants in Bavaria. 0.825 is the average rate of patients
who suffer an ischemic cerebral infarction. Now, we can
calculate an arrival rate (A,) for stroke patients in each catch-
ment area (e € E) using Eq. (5).

P/

5
¢ = To0000 ¢ )

Out of these, 5% to 10% are suitable for a mechanical
thrombectomy [8]. These patients should be transferred to
a stroke center, not a stroke unit. For the current statistics
of 420 strokes per 100,000 inhabitants per year from DSG,
this results in an approximate occurrence of 26 strokes per
100,000 inhabitants for which an MT in a stroke center is
necessary.

3.3.2 Length of stay of stroke patients

After admitting stroke patients to a SU or SC, they are
treated and stay in the hospital for a certain period in one
of the monitored beds. According to the Federal Health
Monitoring report in Bavaria, this period ranges from 5.8 to
16.7 days, depending on the type of stroke (including Cer-
ebrovascular diseases [160-169] based on the International
Statistical Classification of Diseases and Related Health
Problems 10th Revision [ICD-10]) from 2000 to 2017.
Then, the average length of stay (LOS) is equal to 11.3 days.
According to these values, we use a triangular distribution
(trian~(5.8,11.3,16.7)) to model the patients’ LOS in an SU
in the simulated model. The parameters of the triangular dis-
tribution can be determined relatively easily and even with
little data available [46].

3.3.3 Transport routes

Due to the consideration of capacity constraints in the simu-
lation model, a hub hospital may have no free beds available.
In this case, the patient(s) would be transported to another
hospital in the same network. First, these patients should be
transported to the nearest hub in the same network. If there
are no free monitored beds, the patients would then be trans-
ported to the next nearest hub with free bed capacity. If there
is no bed available for the patient in any hub of the network
belonging to the catchment area, the patient is forwarded
to the closest hub in another network. Then, if there is no
available bed in any of the networks, the patient is deemed
to be rejected, which is equivalent to non-treatment. This is
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Fig.4 Patient to hub assignment algorithm

particularly critical, as an untreated stroke can be fatal or at
least result in permanent brain damage.

3.3.4 Simulation model

We design a simulation model of the stroke care networks
to represent an appropriate compromise between the closest
possible proximity to reality and an acceptable runtime. The
agent of the simulation is the stroke patient. This represents
the victim of a stroke who must be transported from the
place of onset to the nearest suitable hub for treatment. The
agent simulates the occurrence of a stroke, the selection of
an available bed in a hub within the stroke care network at
the point of stroke, and the transport to this hub.

The structure of the simulated stroke care network is
shown in Fig. 4. Note that our simulation considers two
types of patients: Those who can be treated in a SU or
a SC, and those who specifically require a mechanical
thrombectomy in a SC, as explained in Section 3.3.1.

Figure 4 represents the algorithm for the first type of
patients, while the logic for the second type of patients is
the same, except that only SCs are considered as possible
transfer destinations. If a bed is available to the patient in
the same network, the patient will move across the map
to the nearest hub with an available bed. If there is no
free bed in the entire network, the patient is “rejected”
from the network and moved to the closest hub with a
free bed in another network. Bavaria consists of 97 catch-
ment areas; each of them is represented by an agent in
the simulated stroke care network model. Patients who
are taken from a point of a stroke to a hub are held there
for the duration of their stay and then discharged. After
patients are discharged, they are not considered further
and are therefore removed from the simulation process.
In order to visualize the travel routes of the patients and
the network members, the simulation also includes a map
of Bavaria on which the patients move according to the
rules described above. The model serves to determine the
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Table 3 Results of t-Test for simulation validation

Monthly patient arrivals Bed utilization

Real System  Simulated Real System  Simulated

System System
Mean 169.292 163.667 82.250 83.792
Variance 172.476 169.710 19.848 20.520
t Stat 1.453 - —1.080 -
p value 0.160 - 0.291 -

distances a patient travels from the point of a stroke to the
assigned hub. We use AnyLogic’s board tools to incor-
porate the road infrastructure of Bavaria to determine the
best (shortest) way for transporting patients. The warmup
period of the simulation is two months, after which each
simulation run takes one year. For each evaluated network
configuration, we conduct 1000 independent runs. Every
run starts with a new random seed that is the same for all
network configurations.

3.3.5 Simulation validation

We validated our simulation results using both historical
data validation and face validity. Having access to two years
of patient data from one of the stroke centers involved in
our study, we can compare the frequency of patient arrivals
and bed utilization levels from our simulation study to the
real-world data. We aggregate patient data from the stroke
center to monthly averages over two years, resulting in 24
observations over 2 years. The results of the t-Test with the
null hypothesis Hy: u,,,; = Hsim 2gainst the alternative hypoth-
esis H| : f, .1 F Mg are reported in Table 3 and suggest that
our simulation results are very close to the real data, as the
null hypothesis that the means are equal cannot be rejected
at a significance level of 5%. From the result of the t-Test, we
retain the null hypotheses (i.e., equality of means) for both
performance measures.

Moreover, publicly available reports (in German) from
the stroke care networks provide some aggregate informa-
tion on treated patients that allowed us to further check our
results. Finally, we discussed our results with an expert
involved in managing one of the stroke care networks.

4 Results and discussions
This section presents the results of each stage of the pro-

posed framework and provides answers to our research
questions.
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4.1 Performance of current stroke care networks
design

We calculate the three performance criteria for the current
structure of stroke care networks (scenario 0). To this end,
we use the data provided by DSG and present the results
in Table 4 as scenario 0. The results indicate that STENO
is the best performing stroke care network with respect to
all three criteria. A small number of people to be treated
compared to the other stroke care networks and the high
ratio of hubs to spokes are particularly striking. TEMPiS is
in second place. It serves almost twice as many people per
hub as STENO and has a much lower hub-to-spoke ratio
compared to STENO. NEVAS and TRANSIT are third and
fourth. TESAURUS is last concerning all criteria. The aver-
age distance of the spokes to the closest hub in the TESAU-
RUS network is almost three times as high as in the STENO
network and almost twice as high as the overall closest-dis-
tance-to-hub average. While TESAURUS has to serve about
five times as many inhabitants per hub as STENO and more
than twice as many as the average, its hub-to-spoke ratio is
significantly lower than in the other networks.

4.2 Assignment of the independent stroke units

After running the proposed mathematical model, 14 inde-
pendent SUs are assigned to scenario 0 of Bavaria. Three of
these SUs are assigned to the STENO, 9 SUs to the TEMPiS,
and 2 to the TESAURUS networks, respectively. TRANSIT
and NEVAS do not receive any new SUs. A visual represen-
tation of the stroke care networks after the allocation of new
SUs (scenario 0+) is shown in Fig. 5.

The results in Table 4 indicate that after the assignment
of the independent SUs to the current stroke care network
design, the key performance criteria of the networks have
changed. NEVAS and TRANSIT remain unchanged since no
new SU is added to them. In the STENO network, the newly
added SUs lead to a slight decrease in the average distance
from a hospital to the nearest SU as well as an increase in
C2. The ratio of hubs to hospitals without corresponding
facilities is also increased in the new design. A similar situ-
ation can be seen in the TEMPiS network but to a greater
extent. The most significant changes occur in TESAURUS,
where the average distance from a spoke to a hub is reduced
by 29%. The value of C2 decreases from 779,105 to 279,916,
which corresponds to a reduction of 64.07%. We can also see
similar differences in C3. The improvements of scenario 0+
compared with scenario O are reflected in the weighted aver-
age value as well. For C1, the weighted average distance to
be covered is reduced by 6.27 km across all stroke care net-
works. Scenario 0+ examined here proves to be superior to
scenario O concerning all criteria. The reason for this can be
found in the fact that strategically more favorable locations
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Table 4 Performance criteria calculated for scenarios
Scenario Method Networks Number of members Performance criteria
C1 (Average travel ~ C2 (Population to hubs C3 (Hub to
distance in km) ratio in thousands) spoke ratio)
0 Current design TEMPiS 24 46.59 270.79 1.18
STENO 21 29.29 153.85 4.25
NEVAS 19 35.19 295.14 0.73
TRANSIT 12 48.70 312.05 0.71
TESAURUS 7 92.93 779.10 0.17
Weighted Average * 43.82 - -
0+ After assignment of the TEMPiS+ 33 33.23 202.34 2.00
independent SUs STENO+ 24 29.18 169.58 5.00
NEVAS 19 35.19 295.14 0.73
TRANSIT 12 48.70 312.05 0.71
TESAURUS+ 9 65.85 279.92 0.50
Weighted Average 37.55
1 Single network Single-Network Weighted Average 30.48 217.31 1.49
2 Clustering with k=2 1 38 32.69 206.65 1.92
2 59 32.54 225.40 1.27
Weighted Average 32.60 - -
3 Clustering with k=3 1 39 35.46 214.62 1.60
2 29 33.13 253.34 1.64
29 26.43 180.83 1.23
Weighted Average 32.06 - -
4 Clustering with k=4 1 27 34.35 248.80 1.70
2 23 27.11 183.99 0.92
3 21 28.19 194.91 2.50
4 26 36.80 228.48 1.36
Weighted Average 31.96 - -
5 Clustering with k=5 1 21 28.72 211.03 2.00
2 12 30.15 214.02 3.00
3 26 34.35 243.51 1.60
4 26 26.43 173.52 1.00
5 12 37.28 261.96 1.00
Weighted Average 30.85 - -

*The averages for C1 are weighted by the number of SUs in each network

are added to the networks. Furthermore, these new network
members remove the spatial and structural limitations of the
previous network boundaries.

4.3 Scenarios designed based on clustering

We utilize K-means to design 4 more scenarios
(K={2,3,4,5}) and evaluate the performance of these new
scenarios as shown in Fig. 6 with the help of the defined cri-
teria. Since K-Means only finds a local optimum, K-Means
is performed 100 times in the first step. In a further step,
those cluster solutions in which there are empty networks,
i.e. those with no members, are excluded from these clus-
ter solutions. Thus for K=2 and K=3, there are 10 and 20

unique, non-empty solutions, respectively. At K=4 and
K =5, there are 43 and 48 solutions left, in turn. We report
the results of the best respective solution concerning crite-
rion C1 for each number of generated networks.

Now, in order to make a statement about improvements or
deteriorations of the scenarios compared to scenario 0 and
each other, we calculate the value of performance criteria
for the new scenarios as well. The results of all scenarios
are summarized in Table 4.

In network design, there are no restrictions on forming a
single large network in which each stroke unit can be con-
nected to each hospital. To this end, we combine all hubs
and spokes from all networks into a single network and call
it scenario 1. With this scenario, the average distance to
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the nearest hubs is 13 (7) kilometers shorter than scenario
0 (0+). Moreover, we find that the currently existing net-
work design is inferior to both the approach of including
the independent stroke units and the single-network solu-
tion. To assess the performance of these two alternatives,
we can compare them with the best solutions of scenarios
2 through 5.

The results of clustering indicate that the relative range
of the number of members between networks decreases as
the number of networks increases. With respect to C1, we
find that the network designs that were determined through
our clustering approach outperform the current design and
scenario 0+. Not only are the weighted average C1 values
considerably lower, but there is also a much better balance
between the individual networks within each new design.
Hence, the maximum average travel distance of the worst-
performing network is much lower in each of the new sce-
narios compared to scenarios 0 and 0+, which results in
shorter transfers and better treatment outlooks for patients
that are admitted to a hospital within these networks. Like-
wise, the population-to-hubs ratio is much more balanced
in scenarios 1 through 5, reducing the potential overload of
a single network, especially compared to the population of
779,100 that the TESAURUS network currently serves with
its single hub. Note that this balance is achieved even though
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our clustering approach focuses on finding the best network
designs concerning only the average travel distance. The
hub-to-spoke ratios of the individual networks within each
design also become much less variable. Therefore, the new
designs lower the potential for capacity bottlenecks at the
hub locations and decrease the chance that a patient cannot
be accommodated within the network. This again indicates
that we find much more balanced network designs than the
one currently existing in Bavaria. There is no clear optimal
number of networks, but we can conclude that all clustering-
based network designs are better than the network structures
in scenarios 0 and 0+ concerning the defined criteria.

4.4 Results of simulation modeling

The performance of the two best stroke care network
designs, i.e., scenarios 1 and 5 are analyzed via the simula-
tion. First, the current network structure (scenario 0) with
its 5 networks and 14 independent SUs is simulated. The
aim is to check whether the current system can meet the
patient demand requirements. The second scenario is the
single-network design. We examine whether there must be
frequent transports to more distant hubs without restric-
tions by network borders to treat every patient. Scenario 5
with five networks (K=15) is also simulated to conduct a
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Fig.6 New scenarios (stroke care network designs) generated by K-Means

comprehensive comparison with the current situation (sce-
nario 0). We investigate whether a solution that offers both
parties - patients and hospitals - a middle course between
short travel distances and economic profitability - can be
a sensible alternative to the existing network design. The
parameter analysis presented is performed for each sce-
nario with 1000 replications. They are evaluated based
on four criteria containing SU bed utilization, the number
of patients rejected to another network, the proportion of
patients diverted within the same network, and the aver-
age traveled distance per rejected or diverted patient in

kilometers. We present the results obtained from the simu-
lated model in Table 5.

4.4.1 Utilization of stroke units

The utilization of an SU can have a decisive influence on
treatment quality. High utilization may lead to errors more
frequently due to the strain on the personnel. The over-
all (weighted) averages for each network design are quite
similar, as the randomly generated patient admissions and
lengths of stay are the same for each network configuration.
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Table 5 Results of scenario

1 . Scenario  Network SU/SC Bed Number of Proportion of Avg. traveled
a.nalysm: obtained from the Utilization patients rejected patients diverted distance per
simulation to another net- (within network) rejected or

work per year diverted patient
(in km)
Mean StdDev Mean StdDev Mean StdDev Mean StdDev
0 NEVAS 2% 6.1% 0.07  0.20 14.8% 4.0% 196 5.7
STENO 66%  4.0% 0 0 42%  0.6% 4.6 1.3
TEMPiS 8%  1.1% 0 0 75% 12% 243 6.6
TESAURUS 84%  9.5% 012  0.32 - - 587 0
TRANSIT 1%  5.7% 0.09 0.28 6.6% 1.0% 234 42
Unassigned SUs 61% 112% 023 043 - - 34 2.3
Weighted average* 75% - 0.08 - 87% - 183 -
Single-network 2%  5.0% 0 - 6.8% 1.3% 10.7 3.8
5 1 69%  5.4% 0 0 71% 1.1% 9.1 3.0
2 68%  4.2% 0 0 52% 09% 6.5 1.5
3 2% 4.1% 0 0 79% 1.1% 11.6 32
4 3%  3.9% 0 0 72% 1.3% 124 33
5 8%  8.3% 0 0 87% 1.6% 192 6.1
Weighted average* 73% - 0 - 7.6% - 112 -

*The averages are weighted by the number of SUs in each network except for the avg. traveled distance,
which is the sum of all traveled distances by diverted or rejected patients divided by the number of diverted

or rejected patients

Interestingly, the variability of the SU bed utilization in the
different networks differs considerably between scenarios
0 and 5. In scenario 0, for example, the mean utilization of
the STENO network is 66%, whereas the TESAURUS net-
work has a mean utilization of 85%. In scenario 5, the mean
utilizations range between 68% and 78%. This indicates that
scenario 5 offers a more balanced supply of SUs and SCs,
which is also supported by the overall lower standard devia-
tions across the simulation runs.

4.4.2 Number of patients rejected to another network

The number of patients rejected to another network per
year describes those patients who are not assigned to a
bed in an SU/SC within the same network. These patients
do not receive the quickest possible treatment in an SU,
which can have serious consequences for their recovery.
Such cases may occur in the event of the sudden arrival
of several patients in a short period of time. In the current
network design (scenario 0), there are three networks plus
the unassigned SUs where patients may be rejected — even
if only in a few cases. The weighted average number of
rejected patients per year is 0.08 in this network configura-
tion. Even if this number is negligibly small, the number
of stroke occurrences is likely to increase in the future.
This can lead to bottlenecks in the current network design.
At the same time, the numbers for the independent SUs are
even higher. Here, the capacity becomes a bottleneck more
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frequently, leading to patient transfers to another hospital
without the benefit of established within-network commu-
nication and information technology. In scenario 5, there
are no rejected patients. Thus, each arriving stroke patient
can be assigned to a monitored bed within the respective
network in all simulation runs. In conclusion, scenario 5
outperforms scenario 0 concerning the average number
of patients that need to be moved outside of the network.

4.4.3 Proportion of patients that are diverted

How often a patient should be diverted to the next-closest
hub within a network is also important in stroke care net-
work design. This results in longer transportation times
for the patients and thus a delay in their treatment. For the
medical staff, this results in an additional organizational
effort to find a SU/SC for the patient. Thus, the lower the
proportion of patients that need to be diverted, the better a
network performs. In scenario 0, the independent SUs and
TESAURUS cannot divert patients (as TESAURUS only
has one hub). The most undesirable result can be found in
the NEVAS network in the current network design, where
almost every sixth patient (14.8% on average) has to be
diverted. Apart from that, the different network designs
perform quite similarly, with the exception that scenario 5
again shows less variability across the different networks.
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4.4.4 Traveled distance

As with the number of diversions that patients face on the
way to an SU/SC, the distance they travel to such a facil-
ity must be kept as low as possible to treat them as soon
as possible. In addition to the capacity bottlenecks already
described, the structure of the individual networks can also
play a decisive role here since they represent the geographi-
cal limitation of the routes in the current network design.
The results show that the average distance a diverted or
rejected patient has to travel for treatment is considerably
higher in scenario 0 (18.3 km) than in the other two scenar-
i0s (10.7 km and 11.2 km, respectively). While in STENO,
a stroke patient has to be transported less than 5 km on aver-
age, the value for the other networks is significantly higher.
The TESAURUS network, in particular, will need to transfer
patients almost 60 km on average once its single hub cannot
take on a new patient due to insufficient capacity. Based on
these values, it can be concluded that the single-network
design is superior to the current network design (scenario
0), while scenario 5 does not trail far behind. Similar to
the other evaluations, this analysis shows that the current
network design has a lot of improvement potential if more
attention is paid to travel distances.

4.4.5 Discussion

While the current network design is fairly competitive in
terms of capacity utilization except for its lack of balance
between the individual networks, it falls behind the proposed
alternatives in the other indicators. Therefore, one of the two
alternatives to the current stroke care network design would
be preferable. The main difference is that the single-network
design achieves better outcomes, while scenario 5 provides
more balanced results among all other network designs. The
control and management of the single network depend upon
all of the hospitals, and it is difficult for one given SU/SC to
differentiate itself.

However, it should be noted that the current network
design can by no means be considered a failure. Even if
travel distances could be shortened, there are hardly any
occurrences in which patients have to be rejected from the
networks. However, the independent SUs have a higher num-
ber of rejected patients per year than those who are part of a
network, despite their low average capacity utilization. This
indicates seasonal fluctuations leading to increased patient
numbers within short periods, which leads to patient rejec-
tions. It may be sensible for SUs that do not belong to a
network to increase the stroke care capacities to avoid the
few occurrences of patient rejections after weighing up the
costs and benefits. This would be desirable for the benefit of
the patient as well.

Demographic development plays an essential role in
stroke care. It is therefore crucial for the network struc-
tures in Germany to keep a long-term eye on demographic
changes to identify potential bottlenecks in the current struc-
ture at an early stage and to implement structural improve-
ments that are also economically viable. From the patients’
point of view, it is advisable to restructure the networks.
Stroke care networks are still to be regarded as sensible, as
many of the previously discussed advantages support. The
aim here is to find a solution that is acceptable for both sides,
which benefits the patients and at the same time allows the
hospitals to remain profitable.

5 Conclusions

The use of telestroke and stroke care networks has signifi-
cantly expanded over the past decade. The fact that stroke
therapy is a time-critical disease process, coupled with the
relative scarcity of resources, makes the establishment of
stroke care networks an attractive approach. In this line, we
propose an approach to identify different network structures
with a focus on patient transfer travel distances. We consider
alternative designs for the current stroke care networks and
SUs without affiliation in Bavaria, Germany. These designs
are evaluated in a simulation study, which allows us to con-
sider stochasticity in demand as well as the limited bed
capacity, and their performance is compared to the current
system. The two most interesting alternatives outperform
the current stroke care network in Bavaria in almost every
aspect.

The results emphasize the areas of development and
potential improvement of stroke care network designs and
illustrate how their performance can be improved. The
results also demonstrate that independent SUs have a higher
number of rejected patients than those that are a member of
a stroke care network. As already stated in the motivation,
demographic development plays an essential role in stroke
care. It is therefore essential for the network structures in
Germany to keep a long-term eye on population change.
Only in this way can scenarios that would lead to supply bot-
tlenecks with the current structure be identified at an early
stage, and structural improvements that are also economi-
cally viable can be implemented.

From the patients’ perspective, there is room for improve-
ment for the current network design of the stroke care net-
works in Bavaria. However, it should be noted that this study
entails limitations, which are described in the following.
Subsequently, an outlook is given on further research pos-
sibilities in this area.

One limitation lies in the scarcely available input data
used for simulation. The first step is to refine the patient
data generation. In our simulation model, these are only
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roughly determined and do not differ except for the popula-
tion density of the individual catchment areas. It is advisable
to include further demographic data. Since the probability
of a stroke also depends on the age of the person affected,
this distribution must be included in the determination of
the arrival rate. In addition to data on demographic change,
additional data collection is needed for seasonal variations
in stroke. The inclusion of these factors makes it possible
to determine arrival rates much more accurately. Moreover,
the aspect of economic efficiency should not be neglected.
In the present study, the focus is on the care of patients. SUs,
in particular, are confronted with financial losses due to the
expansion of networks by establishing further SUs because
the stroke patients are then distributed among more stroke
centers.

Nevertheless, the concept of stroke care networks should
be critically questioned. What was initially conceived as
supra-regional, rapid, and competent medical support has
shifted into a mostly economic construct. The telemedicine
networks have their reasons for the exchange of knowledge,
expert advice across hospitals, and consultation of experts.
Today, it is easy to consult experts whose location is almost
irrelevant when diagnosing a patient. The consultant role
should be decoupled from the physical delivery of a patient
to the SU.
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