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Abstract

Background Helicopter emergency medical services (HEMS) are important in many health care systems. In order to
best utilize this expensive healthcare service, the location of HEMS bases is key. Concurrency conflicts is a prominent
deviation for not completing missions, yet is often overlooked in mathematical modelling. The aim of the present
study was to calculate optimal air ambulance base locations when accounting for the potential unavailability of
helicopters due to concurrency conflicts.

Methods We used incident data for Norway from 2015. Optimal helicopter base locations were estimated using the
Maximum Expected Covering Location Problem (MEXCLP) optimization model, allowing for estimation of the impact
of concurrency conflicts by introducing a busy fraction parameter in the model. We explored busy fractions of 0, 0.10,
0.20 and 0.30, representing helicopters on the HEMS bases being busy 0, 10, 20 and 30% of the time, respectively.
Both greenfield scenarios and simulations conditioned on the existing base structure were explored.

Results The 428 municipalities had a median (5-95 percentile) of 10 (2-38) incidents. Assuming a helicopter is always
available, the existing bases cover an estimated 73.6% of the incidents within 30 min. Increasing the busy fraction

in the calculations resulted in a significant decrease in estimated coverage. Re-arranging the currently available

14 helicopters in a greenfield analysis increases coverage to 91.9%. Increasing the busy fraction in the models, the
mathematically optimal solutions put increasingly more emphasis on the more densely populated greater Oslo area,
removing helicopters from northern Norway and the coastal areas, where population is more spread.

Conclusion The busy fraction significantly impacts the optimal location of air ambulance bases, with higher busy
fractions resulting in more helicopters being placed in the more densely populated areas where demand is higher.
However, the actual busy fractions reported in the Norwegian HEMS system seem to be of a magnitude small enough
to have little impact on the optimal location of HEMS bases and helicopters. To determine the impact of adjusting for
non-homogeneous busy fractions across the country more refined busy fraction models are needed.
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Concurrency conflicts
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Background

Helicopter emergency medical services (HEMS) are an
important part of the health care system in many devel-
oped countries [1, 2], and is expanding throughout the
world. The service helps provide access to remote areas,
brings advanced treatment options and decision-making
competence to the scene of the emergency, and reduces
transport times [3-5].

Norway’s population is heterogeneously spread
throughout the country, ranging from densely popu-
lated urban areas, to large, sparsely populated regions.
A paramount principle in Norwegian health legislation
is that all citizens should have equal access to publicly
funded health care regardless of their residential pattern
[6]. HEMS is considered essential in order to achieve this
goal, and the objective of the Norwegian air ambulance
service is to provide advanced emergency medicine to
critically ill or severely injured patients. The service is a
public nationwide anesthesiologist manned air ambu-
lance service, operating 24/7/365.

HEMS is an expensive healthcare service. In order to
best utilize the service’s resource, ensuring coverage of
the largest part of the population, in the shortest amount
of time, so that incidents can be served as quickly as pos-
sible, the location of the HEMS bases is key. Currently,
there are 14 helicopter ambulances spread out over 13
bases in Norway, established gradually through histori-
cal local engagement from the late 1970s [7]. Over the
last years, however, the optimal location of HEMS bases
has been explored mathematically in several publications
[8-13]. Central in many of these papers is the Maximum
Coverage Location Problem (MCLP) [14], a mathemati-
cal model that can be used for determining the highest
possible coverage for a pre-specified number of bases.

While the MCLP is generally regarded as a robust
method for locating emergency vehicles, the MCLP
model assumes that an emergency medical services
(EMS) vehicle is always available at the base whenever
needed [15]. In reality, this is often not the case. A large
percentage of HEMS flights experience deviations from
standard operational implementation, including can-
cellations or aborted missions due to weather, technical
issues, duty time limitations, or no medical need [16].
Among the more prominent deviations are concurrency
conflicts, constituting a well-known and regular phe-
nomenon for those who work within EMS services [16].

The Maximum Expected Covering Location Problem
(MEXCLP) [17] models EMS vehicle coverage more real-
istically by taking the potential unavailability of vehicles
into account by including a busy fraction parameter. The
more refined MEXCLP model thus calculates not just the
mathematically optimal location of each base but also
the number of vehicles serving from each base [18]. For
EMS, an analysis using MEXCLP for the optimal location
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of ground vehicles and bases was performed for a local-
ized region of Norway [18]. To the best of our knowledge,
no similar analysis has been explored for HEMS. While
more advanced models exist, none of these consider a
scenario allowing for busy fractions to differ per vehicle
and depend on the availability of other vehicles. Using
MEXCLP is thus a valuable first step for evaluating how
including busy fractions might impact results in terms of
optimizing HEMS base locations.

The aim of the present analysis is to explore the optimal
location of HEMS bases in Norway when taking concur-
rency conflicts into account. By varying the model’s busy
fraction in a series of simulation studies, both using the
existing base structure as a starting point, and in green-
field analyses assuming a clean slate, we explore the sen-
sitivity to differences in unavailability of helicopters on
potential geographical re-location of bases.

Materials and methods

Data material

Norway is a long and narrow country located at the
far North of Europe, stretching 1790 km from north to
south, covering an area of 323,802 km?” The country has
a mixed rural and urban population with county popu-
lation density ranging from 1129.5 inh/km? in Oslo to
1.5 inh/km? in the northernmost county of Finnmark.
January 1st 2015, the population in Norway was 5.2 mil-
lion [10], with around one third located in the vicinity
of the capital, Oslo. Servicing this population, there are
currently 14 HEMS units positioned on 13 bases spread
across the country (Fig. 1).

Despite large geographical distances and substantial
uninhabited areas, government requirements state that
90% of the population should be reached by a physician
manned ambulance service within 45 min [19]. The exist-
ing base structure already covers 96.9% of the population
within 45 min and 84.7% within 30 min [10]. Given the
increased focus on lowering response times, we used a
threshold of 30 min in the current calculations.

In 2015, Norway consisted of 428 municipalities. Pop-
ulation density data has been shown to be poorly cor-
related with actual incidences [10] and we thus used
incident data rather than population density data in the
present work. Aggregated yearly municipality incident
data for primary acute missions are available from the
National Air Ambulance Services upon request. In 2015,
the number of incidents per municipality had a median
(5-95 percentile) of 10 [2-38], with about 70% of the
missions being medical, and 30% trauma [20]. Called off
cases are not included in the analyses.

The average pre-flight preparation time for Norwe-
gian HEMS operations is 5.5 min [6] and this number
was used in the mathematical calculations. Helicopter
ground speed depends on weather conditions. In the
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Fig. 1 The 428 municipalities in Norway in 2015, with colors indicating the total number of incidents that year, along with the current 13 HEMS bases
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mathematical models, we used 220 km/h, as an overall
average number, taking into account the different heli-
copter types and the helicopter speeds used during each
mission (i.e. take-off, cruise phase, and landing phase
including identification of suitable landing sites).

There are multiple reasons why dispatched HEMS mis-
sions are not completed. All HEMS dispatches in Norway
are electronically registered. The underlaying reason as
to why a mission was either cancelled or aborted, both
referred to as “deviations’, is also registered as one of
seven options: “No medical need”, “Patient not transport
capable’, “Dead on scene’, “Technical issue’, “Weather’,
“Duty time limitation” or “Concurrency conflict”. Num-
bers on deviations in the air ambulance service are
published in the annual reports from the National Air
Ambulance Service [21]. The number of concurrency
conflicts for the years 2004 through 2014, along with
total number of missions, allows for the calculation of the
busy fraction for each of the 12 bases during the 11-year
period. These numbers were then used to guide the input
parameters to the mathematical models and ensure that
our experiments represent realistic scenarios.

Mathematical modelling

In the present analyses, all 428 municipalities were used
as both demand locations and potential base locations,
more specifically the population-weighted centroids
within each municipality. The travel times, including the
5.5-min fixed pre-flight preparation time, from all poten-
tial base locations to all demand locations were then
calculated, that is, from all municipalities to all munici-
palities, as input to the mathematical optimization.

Optimal base locations were first determined by mod-
elling the problem as a Maximal Covering Location
Problem (MCLP) [14]. The MCLP model maximizes
the number of demand locations covered by at least one
helicopter, weighted by the number of incidents in each
demand location. In the MCLP model, it is assumed that
an emergency vehicle is always available at a base when-
ever needed. As such, the model represents a best-case
scenario, as demand is modeled as completely covered
if the demand point, i.e. the municipality, is within the
reach of a facility location, i.e. a HEMS base.

We then applied the more refined MEXCLP model
[17, 18], allowing for the situation that a helicopter can
be temporarily busy. This is done by introducing a busy
fraction parameter into the equations, denoting the frac-
tion of time a helicopter is busy. The MEXCLP can thus
model the situation that, when a demand point is poten-
tially covered by two helicopters, of which one is cur-
rently busy, the second is able to service this demand.
Moreover, the model also allows putting multiple heli-
copters at the same base location. The MEXCLP model
assumes that helicopters are independent and that the
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busy fraction for all helicopters and air ambulance bases
is the same [15]. With a busy fraction of zero, the MEX-
CLP model is equivalent to the simpler MCLP model.

Using 2015 incident data, we calculated optimal base
locations assuming no bases existed, so-called green-
field analysis, inserting both 13, 14 and 15 helicopters,
to explore potential loss or gain in varying the number
of helicopters. In all three cases, we further explored how
the optimal helicopter locations changed, as well as how
the coverage would change with increasing busy fractions
of 0, 0.1, 0.2 and 0.3, representing that helicopters at the
HEMS bases on average are busy 0, 10, 20 and 30% of the
time.

All models were implemented in Python 3.9.5, using
the PuLP 2.6.0 package [22] and its default solver CBC
[23].

Results

In 2015, for 9 out of the then 11 bases, concurrency con-
flicts were the third most prominent deviation for not
completing missions, beaten only by “Weather” and “No
medical need” [20]. Busy fractions for individual HEMS
bases for the 11-year period of 2004—2014 demonstrate
that busy fractions vary between bases, as well as within
bases, from year to year (Fig. 2). Overall, busy fractions
for all bases taken together range from 0 to 10.3%, with a
grand mean of 4.4%.

The existing base structure (Fig. 1) has a coverage
of 73.6%, assuming a helicopter is always available at
the nearest base (Table 1). For busy fractions 0.1, 0.2
and 0.3, the coverage drops to 68.2%, 62.4% and 56.1%,
respectively.

In a greenfield analysis, solving a MCLP, i.e.,, a MEX-
CLP with busy fraction 0%, with 14 air ambulances gives
a coverage of 91.9% (Table 1), as compared to 73.6% for
the existing base structure. The optimal base structure is
markedly different to the existing one (Fig. 3).

Increasing the busy fraction decreases the coverage
(Table 1), and results in a reorganization of the bases.
Increasing to a busy fraction of 10% increases the need
for helicopters in the densely population Oslo region, at
the expense of one of the helicopters in the more sparsely
populated Northern Norway (Fig. 3). Increasing to 20%
further amplifies this effect, now at the expense of one of
the helicopters at the coast in middle Norway. Increasing
to 30% removes yet another helicopter in Northern Nor-
way and places it in the larger Oslo vicinity.

Reducing the number of helicopters from 14 to 13, in
a mathematically optimal situation, does not lead to a
large decrease in coverage. This even holds with increas-
ing busy fractions. The incremental gain of adding a 15th
helicopter in a mathematical greenfield analysis is also
slim (Table 1).
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Fig. 2 Busy fractions for the 12 Norwegian HEMS bases 2004-2014, demonstrating variation both between and within bases from year to year

Table 1 Percent coverage for different models and busy fractions, both for the existing base structure and greenfield analysis with

different number of bases

MCLP (single coverage)

MEXCLP (backup coverage from multiple
bases and helicopters)

Busy fraction

Number of helicopters 0.0 0.1 0.2 0.3
Existing base structure 14 73.6% 68.2% 62.4% 56.1%
Greenfield analysis 13 89.8% 81.6% 74.2% 67.0%

14 91.9% 84.1% 76.6% 69.2%

15 94.1% 86.2% 78.8% 71.3%

Discussion
The results from the mathematical experiments pre-
sented in this paper indicate that taking into account
that helicopters might not always be available whenever
needed, will impact the optimal location of HEMS bases.
In the present analyses, we have applied a more
advanced mathematical model than the MCLP often
used in this type of studies of HEMS base locations, by
including a busy fraction parameter. With increasing
busy fractions, the optimal solution of the model allo-
cates more of the resources, and thus HEMS bases, closer

to areas where demand is clustered. In particular, we see
increasingly more HEMS bases re-located into the larger
Oslo area (i.e., the higher population density area), at the
cost of reducing the number of bases in the northern part
of the country and along the coast where the population
is more scattered.

The fact that a helicopter can be temporarily unavail-
able, modelled by the busy fraction, highlights the impor-
tance of back-up capacity. That is, demand points, i.e.,
municipalities, with high demand should be covered by
multiple helicopters. The MEXCLP results demonstrate
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Fig. 3 Optimal location of 13, 14 or 15 bases (rows), using a 30-minute threshold and busy fractions (bf) of 0, 10, 20 and 30% (columns)
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this: a clustering of helicopters in the Greater Oslo region
yields a set of demand points that is covered by up to four
helicopters. Note that this does not necessarily indicate
that the model assigns the Greater Oslo region a 4th heli-
copter over giving people in the North a 1st helicopter:
the few municipalities covered four times is most likely a
side effect of the model’s intention to cover other munici-
palities three times.

In the MEXCLP model used in the present analyses,
the busy fraction is assumed to be similar for all bases
in the model. Empirical data from concurrency conflicts
for individual bases demonstrates that this is not the case
(Fig. 2). Rather, the busy fraction varies across the differ-
ent bases throughout the country. More sophisticated
models should thus be pursued, to explore the effect this
might have on determining optimal HEMS base loca-
tions. It is however worth noting that the busy fractions
observed in the Norwegian HEMS system is generally
below 10% (Fig. 2), which is lower than most busy frac-
tions explored in this computational experiment, hav-
ing marginal effect on the optimal location of HEMS
bases and helicopters (Fig. 3). This lends weight to previ-
ous studies on the same topic, using the simpler MCLP
model.

The MCLP and MEXCLP are well known and flex-
ible mathematical models that allow for different levels
of modelling complexity, depending on the question at
hand. Ahmed et al. [24] present an iterative modelling
approach combing both the MCLP and MEXCLP model
with a variety of healthcare and transportation data. An
underlying assumption of the MEXCLP model however
is that bases and their assigned helicopters become busy
independently of one another. In reality, however, when
many helicopters at bases close to one another are busy,
the remaining idle ones have a higher-than-average
chance of also becoming busy: when the next call comes
in, it is more likely that they will now be the nearest avail-
able helicopter. That is, busyness is not entirely indepen-
dent between bases, particularly for nearby helicopters.
So, while the MEXCLP is more sophisticated than the
MCLP, it too is a simplification of reality. The Adjusted
MEXCLP (AMEXCLP) [25] models this dependence
between bases better, by embedding correction factors
into the MEXCLP’s mathematical formulations. This was
originally defined based on a hypercube queuing model
[26, 27]. Neither of these models do however overcome
the issue that each helicopter in the system is assigned
the same busy fraction. Compared to the MEXCLP
model, these models are also considerably more compli-
cated to grasp and more complex to implement. Run-
times are also a concern [28].

Since HEMS represents a highly specialized and costly
service, patient benefit must continuously be balanced
against costs, operational risk and unnecessary flights
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[5, 29]. Proper use of HEMS has become a progressively
more discussed topic in prehospital emergency research
[30, 31]. Ideally, the rationale behind dispatching HEMS
to a patient should involve either enhancing on-site
expertise by providing advanced interventions that are
not available through other EMS or providing essential
logistical support. Ulvin et al. [32] recently showed that
after introducing a dedicated HEMS coordinator and
revised dispatch criteria, a significantly higher mean
severity score (i.e. National advisory committee for aero-
nautics - NACA) [33] and a higher proportion of patients
with severe illness or injury (i.e. NACA 4-7) were found
in the post intervention group [29]. Better precision in
use, results in a lower busy fraction and increased cov-
erage. Managers of HEMS should thus explore how the
busy fraction could be reduced, be it by e.g. shortening
handover time or reducing the number of unnecessary
flights by improved triage.

In the MEXCLP model used in the present study,
the demand is assumed to be static. In reality, demand
will likely fluctuate with time, and busy fractions will
accordingly differ temporally. In Norway, weather var-
ies strongly throughout the year, affecting where Nor-
wegians spend their time: in winter, many Norwegians
find their way to the snow-covered mountains, while
during summer, they spend time by the coast. Seasonal
and weather-related variations in the number of trauma
admissions has been found in several studies [34—36].
Seasonal effects on busy fractions might thus be sig-
nificant— maybe even on shorter time intervals as well:
In temporal modelling of trauma admissions, a weekly
cycle effect was found to be statistically significant in all
fitted statistical models [36]. In a study of EMS ground
vehicles at a Norwegian healthcare trust, both daily and
weekly temporal effects were significant factors for orga-
nizing the service efficiently [18]. Mathematical models
that include temporal behavior of the busy fraction exist:
they effectively split time in a number of predefined dis-
joint intervals and either optimize for each interval inde-
pendently [37] or penalize the number of relocations
between intervals [38]. Exploring this does however take
more temporally refined data than yearly summaries.

When optimizing for efficiency, serving the largest pos-
sible portion of incidents within a pre-defined time frame
is an important goal of the HEMS. As for all healthcare
activity, resources are limited, and must be utilized in
the best way possible. The present analysis indicates how
optimal resource distribution changes as the busy frac-
tion at individual bases increases. Reducing the busy
fraction of helicopters will thus have a positive impact.
Notably, however, this study demonstrates that busy frac-
tions reported in the Norwegian HEMS system are gen-
erally of a magnitude small enough to have little impact
on the optimal solution of HEMS bases and helicopters.
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The impact of adjusting for non-homogeneous busy frac-
tions across the country is thus hard to quantify. More
detailed studies into busy fractions and their accompany-
ing mathematical models are needed before concluding.

Conclusion

Concurrency conflicts are among the most prominent
deviations for not completing HEMS missions. In the
present study concurrency conflicts were accounted
for by introducing a busy fraction in the mathematical
modelling, and results indicate that the busy fraction
significantly impacts the optimal location of air ambu-
lance bases, with higher busy fractions resulting in more
helicopters being placed in the more densely populated
areas where demand is higher. The actual busy fractions
reported in the Norwegian HEMS system do however
appear to be of a magnitude small enough to have little
impact on the optimal solution of HEMS bases and heli-
copters. To determine the impact of adjusting for non-
homogeneous busy fractions across the country more
refined busy fraction models are needed.
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