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Abstract

For many years, European demography is experiencing two worrying phenomena: aging and migrations of young people towards
urban agglomerations. Rural areas are becoming depopulated, and many public services are becoming unsustainable. Health care
assistance is one of those services called into question, specially for elder people living in small towns without access to primary
care. Fortunately, technological development allows us to improve this situation. First by obtaining, storing, and analysing all kinds
of data related to the patient’s health. Second, by developing intelligent algorithms that optimize the available resources to provide
a better service. This article studies the level of coverage of primary care centres in the Pyrenees of Lleida, Spain, and proposes
the use of an optimization algorithm for an efficient and effective design of routes that allow primary health care professionals to
move from a medical centre to the homes of patients who require a visit. To illustrate the use of this methodology, we present a
study focused on Bausen, a depopulated municipality in the Aran Valley, close to the French border.
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1. Introduction

In recent decades the differences between the services available in rural and urban areas such as education, leisure,
economic opportunities or health services have widened (Singh and Siahpush, 2014). In the case of the autonomous
community of Catalonia (Spain), despite advances in the health system, health care in rural areas is still deficient
compared to urban areas. This problem is due to several factors such as the lack of health professionals in these areas,
the lack of access to specialised services and the ageing of the population.
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According to data from the Statistical Institute of Catalonia (IDESCAT)', in 2020, 72.7% of Catalonia’s
municipalities will be classified as rural areas and these will account for 8.7% of the population. If we look at the
rate of doctors per inhabitant in rural areas, it is significantly lower than in large urban areas. Specifically, urban areas
have a rate of 3.7 doctors per 1,000 inhabitants, while in rural areas this rate is only 2.2 doctors per 1,000 inhabitants.
The IDESCAT also shows that 27.3% of the population in rural areas of Catalonia is over 65 years old compared to
20.3% of the urban population, resulting in greater dependence on health coverage in these municipalities (Nelson
and Stover Gingerich, 2010). If we place the focus on the province of Lleida® (Catalonia), of the 231 municipalities
that make up the area, 39 (16.88%) have a primary care centre, 191 (82.69%) have a local health clinic - which on
most occasions does not offer continuous care every day of the week with extended opening hours - and we find one
municipality (0.43%), Abella de 1a Conca, which has no health centre at all. This situation hinders the health coverage
of the population of these areas, which in most cases must travel to other municipalities with continuous care, and
generates the subsequent increase in their costs by having to travel by their own means (Salas and Lépez, 2002). If we
add to this the difficulty for the elderly to travel in rural mountain areas, with long journeys on narrow — sometimes
winding — roads and tracks, the need to find solutions to provide healthcare coverage for this vulnerable population
becomes evident.

Our study presents a novel and original route planning that allows primary care professionals to go to the
municipalities located in the Lleida Pyrenees with a home health care vehicle to attend patients who require a home
visit. In order to illustrate the use of this route planning, we will focus on the case study of the municipality of
Bausen. This municipality has a population of 68 inhabitants and a local clinic that is currently closed and not open
to the public. Thus, our route management model will show the planning of health care to several municipalities -
including Bausen - in order to identify the benefits of our proposal in relation to the current situation.

The rest of the article is structured as follows. Section 2 reviews related work. Subsequently, a formal description
of the problem and the methodology used are explained in Sections 3 and 4, respectively. The case study is presented
in Section 5, while the analysis of the results and a discussion are provided in Section 6. Finally, Section 7 presents
the main conclusions of the study and identifies lines of future research.

2. Literature Review

Rural depopulation is a global phenomenon affecting many geographical areas. This process leads to a reduction
of the population in rural areas and, consequently, a decrease in the supply of services in rural areas, including health
services (Pinilla and Sdez, 2017). The lower supply of healthcare in rural areas — compared to that offered in large
cities — has negative consequences on the health of people living in these areas. This is exacerbated by the fact that
the majority of the rural population is made up of people over 60 years of age, who are more likely to need health
services (Cheng et al., 2020). Before the arrival of COVID-19, in the autonomous community of Catalonia (Spain),
almost a quarter of the municipalities in the territory were at risk of depopulation according to the study by Aldoma i
Buixadé et al. (2022). According to the same study, the province of Lleida is one of the most affected — with 89 of its
231 municipalities in a critical situation of depopulation — with the Alt Pirineu region (mountainous area) being one of
the most affected. If we add to this situation the current territorial distribution of primary care centres in the province
of Lleida, in which 82.69% do not have a centre with continuous health care, health care in this area becomes a real
problem for the population that must be tackled from different perspectives.

2.1. Alternative to face-to-face health care: Video-medical consultations

One of the alternatives that is beginning to be implemented in rural areas with low health coverage is video-
consultation. According to the World Health Organisation (WHO), video-medical consultation involves the use of
technology to provide health care outside traditional health facilities. Video-medical consultation is a good alternative
in cases where there are insufficient staff or resources to provide continuous healthcare. The geographical dispersion
of rural areas, especially in mountainous areas, such as the province of Lleida, is an obstacle for the care of residents

! https://www.idescat.cat/novetats/?id=4310&amp; lang=es
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(Toledo et al., 2012). Video-consultation substantially increases the quality of care for residents in rural areas and
also improves communication between primary care and specialist staff (Norman, 2006; Wesson and Kupperschmidt,
2013). Video-consultation becomes a very useful tool for elderly people with reduced mobility who would find
it difficult to travel to a primary care centre by their own means (Wesson and Kupperschmidt, 2013). Moreover,
the technology used in video-consultation is fully accessible to the general public and very inexpensive — as any
smartphone, computer or tablet can serve as a device to carry it out — a factor that increases its potential as a real
alternative to face-to-face medical consultation (Qidwai et al., 2008). However, one of its main handicaps is that,
despite being a tool accessible to the general public, it is a barrier to entry for the elderly population, which is precisely
the most representative population in rural areas (Johansson et al., 2014). For this reason, there is a need to continue
exploring new alternatives that complement video-consultation and offer greater health coverage in rural areas.

2.2. Home health care routing and scheduling: A complement to video-medical consultation

Home healthcare is one of the fastest growing sectors in recent years, largely due to the geographical challenges
faced by most countries due to the depopulation of their rural areas. Home healthcare is the transfer of the same
service from a doctor’s office to the patient’s home. This provides an opportunity for people living in rural areas
who would otherwise be excluded from the health services offered in large cities (Landers et al., 2016). However,
in order for the logistics associated with these home visits by health centres to be optimal, route planning is needed
that takes into account, as a whole, all the visits that need to be made in the same geographical area. The optimal
planning of home healthcare routes is complex and represents a constant challenge, since decisive decisions must
be made regarding work shifts, the allocation of specialised staff and the routing itself (Gutiérrez et al., 2013). In
addition, the time variable plays a fundamental role in this type of route planning, as certain routine treatments have
a maximum timeframe for completion. For example, the provision of insulin to elderly people with reduced mobility
(Gutiérrez et al., 2013). Therefore, when planning routes, it is necessary to consider all the casuistry of the patients
to be attended, and thus establish an order of priority that will condition travel distances, work time and quality of
service (Fikar and Hirsch, 2017). Another important aspect to consider when planning routes for home care is the
incorporation of sustainable vehicles, such as electric vehicles. In this way, the three pillars — people, planet and profit
— of sustainability theory (Elkington, 1998) would be included in route planning: economic factors, optimising the
route to make the shortest possible journey; ecological factors, using clean energy vehicles so as not to emit polluting
gases; and social factors, providing health coverage to vulnerable people living in rural areas (Assembly, 2005).

3. Description of the Problem

This section provides a formal description of the routing problem, which is related to home healthcare services,
tackled in this paper. The problem is called Team Orienteering Problem (TOP) (Martins et al., 2021) and is formally
described next. Let there be an undirected and complete graph G = (V, E), where: (i) V = {0, 1,2, ..., n} are the depot
node 0 and a set of n user nodes to be visited; and (if) E = {(i, j)|i, jin V and i <> j} represents the set of edges that
connect every pair of nodes in V. Given an edge (i, j), traversing it has a distance- or time-based cost ¢;; = ¢j; > 0. Let
W represent the working days of a week, W = {Monday, Tuesday, . .., Friday}. Visiting a user node i in V ~ 0 has an
associated reward r;; > 0, which represents the urgency level of visiting user i in V ~ 0 in a given day d. Thus, a user
that requires an urgent visit will have associated a very high reward during day d, while users with milder symptoms
will have a lower, but still positive, reward. These rewards might change each day. For example, if a user has not been
visited during a day d, then the reward on day d + 1 increases. In contrast, if a user has been visited during day d, then
the reward on day d + 1 decreases. In this work we assume that the variations of these rewards can be modeled as a
function f(i,d + 1) = f(i,d + 1, rig, xig), where x;; = 1 if user node i was visited on day d and O otherwise.

The problem describes a multi-period scenario in which both the list of users to be visited at home and the
associated routes for each working day in W are defined before the first day. The goal of the TOP is to maximize
the total reward collected over the week. There are some constraints to consider: (i) all urgent visits in a day d are
covered; (i) for each day d, the total cost of any route does not exceed a threshold C, which can represent the maximum
number of working hours per day or the maximum time that one driver can drive.
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4. Methodology

The methodology used to address the problem described in the previous section is a constructive heuristic presented
in Panadero et al. (2021). This heuristic relies on savings (Clarke and Wright, 1964) to design routes, which are
computed based on both the reward and the savings in time. Initially, a dummy solution is built, which considers one
route for each user. In each of these routes a vehicle leaves the depot, visits the user node and returns to the depot.
The next step consists in computing the savings associated with each edge connecting two users. The savings are
computed as the benefits obtained by visiting both users in the same route instead of using two different routes. Thus,
for an edge (i, j), the savings sjj, are computed as s?j =a-s;j+(1-a) (u;+u;), where @ (0 < a < 1) is a parameter of
the algorithm. The savings take into account time-based savings, s;; = tjo +fo; — t;j, and the rewards, u; +u;. The travel
times matrix is symmetric, i.e., the savings do not depend on the direction in which the edge is traversed (87, = 5%
The next step is to sort the list of edges from higher to lower savings. An iterative merging process starts: in each
iteration, the heuristic selects the edge at the top and, provided no constraint is violated, the two routes connected by
the edge selected are merged into a new route. In the last step the heuristic keeps the routes with the highest rewards,
being the number of routes equal to the size of the vehicle fleet.

The algorithm has been implemented in Python 3.10.7° and the OSRM software* has been used to create a traveling
time matrix, which constitutes the input of the algorithm.

5. Case Study

To illustrate the concepts introduced in this paper, we have designed a realistic case study based in the province of
Lleida, specifically in the municipality of Bausen. This mountain municipality, considered to be part of unpopulated
Catalonia, has only 68 inhabitants and the local primary care clinic is currently closed to the public. This is a serious
problem for the inhabitants of the municipality who see their health needs unattended and forced to go to a health
centre outside their municipality. In response to this problem, we propose a model of routes that covers a total of 198
municipalities in the province of Lleida - including the municipality of Buasen and others in a situation of health care
deficiency - so that health personnel can make home visits. In order to plan the routes, we first selected a starting health
centre (hub of origin) from which all the outings would be made. To select this centre, network centrality techniques
were used, and the centre chosen was the one in the municipality of El Pla de Sant Tirs (Lleida). Therefore, a single
centre of origin was proposed in order to optimise the routes and plan home health care every day of the week
according to the number of patients to be visited. The routes had to comply with the following modelling conditions,
which were fully parameterisable: (1) 8 hours of working time for the medical staff in each vehicle; (2) 10 minutes
of consultation time in each home; (3) a fleet of 3, 4 and 5 vehicles for the simulation; (4) a consultation planning
horizon of 5 days (Monday to Friday); (5) the patients to be visited are assigned a priority number from 1 to 5 (the
higher the priority, the earlier in the week they should be visited); and (6) visiting a patient has a reward.

6. Analysis of Results and Discussion

To obtain our results, we applied the route planning and management model to the case study described in the
previous section. We performed different combinations of vehicle fleets for home health care and compared their route
management. We evaluated three types of fleets: 3, 4 and 5 vehicles, and to calculate transport costs we considered
the use of electric vehicles to reduce the environmental impact. The cost of using these vehicles was 0.43 €/km
(Gerssen-Gondelach and Faaij, 2012). Table 1 shows an example of route planning and compares the reward obtained
as a function of the number of patients visited, the total time spent (which includes travel time and consultation time)
and the estimated total cost in relation to the kilometers travelled (€/km) on each of the home care routes. Figure 1
graphically presents the total time in minutes needed to perform home care as a function of fleet size, while Figure 2
shows the ratio euros/kilometer per day in the management of routes.

3 www.python.org

4 https://project-osrm.org/
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Fig. 1: Comparison of the total time spent per day in the management of routes with 3, 4 and 5 vehicles to provide health coverage.
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Fig. 2: Comparison of the ratio euros/kilometer per day in the management of routes with 3, 4 and 5 vehicles to provide health
coverage.

Figures 1 and 2 show how, with a fleet of three vehicles, we would be able to carry out all the scheduled home
health care services in five days. Whereas, using a fleet of five vehicles, we would be able to carry out all the scheduled
health care visits in just three days. However, in order to check the usefulness of the proposed route planning model,
it is necessary to compare our results with the current real scenario of home health care in which health centre staff
travel to each user’s home on a first-come, first-served basis and without the coordination of routes as proposed in our
model. Thus, we carried out the comparison taking into account the number of home visits that should be made on the
first day of the week (Monday), taking into account the current care scenario and our route management model for a
fleet of three vehicles. In total, 43 municipalities had to be visited, including our case study municipality Bausen.

In order to take into account the current model and compare it with our model, for each of the municipalities to
be visited we consulted the health centre that corresponded to it and whether it was currently operational or not. In
the event that the municipality had a clinic with limited public attention, we considered the nearest health centre that
would provide health care for the current model. Thus, in Figure 3 we can see a comparative map of route management
for the current scenario in which visits are not coordinated and for a case of application of our model for a fleet of
three vehicles.
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Fig. 3: Comparison between the current route management scenario for health care to municipalities without health care coverage

and the application of our model for route planning.

Based on our simulation routes for the current scenario and our proposed model, Table 2 shows the comparative

time and costs for both scenarios.

de San Tirs with 3 vehicles to manage home routes

Total Monday | Total Monday
time (min) cost (€)
Scenario 1 (current): Each primary care center that corresponds 4,320.40 1,394.06
to each user sends a home health care vehicle
Scenario 2 (model): Application of our model. Hub from EI Pla 1,318.40 188.97

Note: in current scenario both outward and return journeys have been taken into account.

Table 2: Comparison of route management of the current scenario versus the scenario with the application of our model for the

first day of the week (Monday).

The application of our route planning and management model in the municipality of Bausen would allow for an
efficient provision of healthcare services to the population that currently lacks it. Moreover, our model would not only
provide coverage for this municipality, but also plan health care in other rural municipalities in Catalonia that are in
the same situation. In this way, our model offers the possibility to explore different scenarios and to make decisions
that contribute to improving health care coverage in depopulated areas of the mountainous region, which is of great

importance for public authorities.
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7. Conclusions and Future Research

Video consultations have been positioned as a possible alternative to provide healthcare coverage to rural
areas where the population does not have the minimum health services available as in large cities (Wesson and
Kupperschmidt, 2013). However, the use of technology is a major barrier for the population that mainly resides in
these areas, such as the elderly over 60 years of age (Johansson et al., 2014). For this reason, there is a need for
new proposals to provide healthcare coverage to these rural areas, especially in the mountains, so as not to leave the
population without healthcare coverage. This is how our proposed model for planning home care routes is positioned
as a complement to video-consultations and would allow public administrations to have more options for providing
minimum health services to all parts of the territory. Our study has led to other future research, such as (1) the study of
costs for different rural geographical areas, beyond those analysed in our study, (2) the implementation of our model
for emergency cases, in which not only primary care services but also hospital centres would be involved, and (3)
evaluating the impact of the proposed route planning model on the wellbeing of the rural population.
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