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Location of trauma care resources with inter-facility patient transfers | St
Eric DuBois, Adam Schmidt, Laura A. Albert*

University of Wisconsin-Madison, Industrial and Systems Engineering, 1513 University Avenue, WI 53706, United States of America

ARTICLE INFO ABSTRACT

Keywords: Traumatic injury is the third leading cause of death in the United States and is the leading cause of death among
Location analysis people aged 1-44. Regional trauma care systems can significantly reduce this mortality rate if resources are
Emergency medicine located and used appropriately. Trauma centers are categorized as able to either provide total care (Level I or

Trauma care system

Ontimizati 1) or prompt care (Level III and IV). We study trauma system planning by introducing an integer programming
ptimization

model to optimally relocate existing air ambulances, locate new air ambulances, and upgrade Level III and IV
trauma centers to Level I or II trauma centers within a mature trauma system. The goal of these models to
improve timely access to care and ensure the appropriate level of care is provided to severely injured patients.
A novel aspect of the modeling approach is the inclusion of patient transfers from Level III/IV trauma centers
to Level I/II trauma centers. Patient transfers are of particular importance after mass casualty events when
a surge of trauma patients can overwhelm local trauma center capacity. As a result, we introduce a mass
casualty incident response stochastic programming model to optimally relocate air ambulances within the
trauma system following a mass casualty incident but before patient demand is known with certainty. The
two models inform planning decisions by considering the interrelated response decisions. We construct case
studies for both models based on the Wisconsin, USA trauma care system. The results highlight the importance
of relocating air ambulances for increasing the number of patients transported directly to a Level I/II trauma
center. The results also indicate that considering patient transfers within the model can significantly alter the
optimal locations of trauma care resources compared to when transfers are not considered.

1. Introduction replantation” [4]. Level II facilities do not have a research and
education requirement. They are expected to take a leadership
Traumatic injury is the third leading cause of death in the United role if no Level I facilities are located nearby.

States and is the leading cause of death among people aged 1-44 [1].
Regional trauma care systems have been shown to significantly reduce
the mortality rate from traumatic injury [2]. However, access to trauma
care is not equally distributed. Rural patients are typically far from a
trauma center, and they have a 14% higher likelihood of death resulting
from traumatic injury [3].

Within the United States, most states designate their trauma centers
as one of four levels according to the American College of Surgeons
(ACS) guidelines. Each level corresponds to the availability of special-
ized personnel and equipment to meet the needs of severely injured
patients. The levels and a summary of their definitions are:

Level III facilities are able to initially treat most patients and transfer
more severely injured patients to Level I and II facilities.

Level IV facilities are only able to provide initial evaluation for most
patients. Even more moderately injured patients are transferred
to Level I and II facilities.

Trauma centers may be roughly divided into two categories: high-level
trauma center facilities (Level I and II) that usually transfer patients
in from other trauma centers, and low-level facilities (Level III and IV)

Level I facilities are regional trauma centers capable of providing that usually transfer patients out to other trauma centers.
advanced, specialized care for trauma patients. Level I facilities Fig. 1 illustrates the potential pathways a patient may take within
are expected to take a leadership role in their region and conduct a trauma system to receive definitive care at an appropriate trauma

research and education. center. After a patient is stabilized on-scene, either an air ambulance

or a ground ambulance may transport the patient to a low- or high-

Level II facilities are “expected to be clinically equivalent [to Level
level trauma center. Minimally injured patients may be treated at

I facilities] except for complex, specialized injuries such as
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Fig. 1. Possible patient pathways through a trauma system.

either a low- or high-level trauma center. Severely injured patients
should receive definitive trauma care at high-level trauma center [4].
Due to insufficient resources, severely injured patients are often first
transported to low-level trauma centers to provide stabilization, and
they must later be transferred, either by air or ground ambulance, to a
high-level trauma center. While this may not represent every possible
care pathway, it captures the typical patient pathways, and it highlights
the importance of patient transfers in the treatment pathways. Note that
when referring to ‘severely’ or ‘minimally’ injured patients, we consider
them relative terms without direct correspondence to injury score [4].

The pathways through the trauma system are situationally depen-
dent. Typically, it is preferable to transport severely injured patients
directly to high-level trauma centers [4]. However, if a high-level
trauma center is far from a patient, it may be preferable to transport
the patient to a low-level trauma center so they receive timely care.
Moreover, the optimal mode of transport and transfer depends on
the trauma system. It is often faster to transport patients by an air
ambulance, but ground ambulances can sometimes transport patients
to a trauma center more quickly due to the location of the patient and
the ambulance. Additionally, there are often few air ambulances. This
limits the number of patients who can be transferred and makes the
dispatch of an air ambulance to a particular patient a decision that
impacts the care of other patients.

In this paper, we focus on ensuring that severely injured patients
have access to care at high-level trauma centers. We evaluate access
in two ways to reflect different patient pathways. First, access can be
defined as being transported directly to and receiving all care at a high-
level trauma center. This is preferred under the ACS guidelines [4] and
helps to improve patients’ outcomes by limiting the impact of under-
triaging [5]. However, direct transport to a high-level trauma center
can result in long patient transport times, which delays patient care.
Therefore, we consider a second definition of access pertaining to the
ability of patients to be quickly transported to a low- or high-level
trauma center and later be transferred to a high-level trauma center,
when appropriate. This reduces the time until initial stabilizing care.
Typically, the “golden hour” is used as the time threshold in trauma
care, meaning that patients should arrive at a trauma center within
60 min of their injury to receive stabilizing care. By improving the
timeliness of trauma care, the belief is that trauma patient morbidity
and mortality can be decreased [6,7]. Since we only consider severely
injured patients, any patient initially transported to a low-level facility
is required to later transfer to a high-level facility by means of ground
or air ambulance.

There is a trade-off between these two definitions of access when
considering patient transfers that inform trauma center planning de-
cisions. The first definition promotes locating resources in such a way

that allows patients to be initially transported to high-level trauma care
centers to receive stabilizing and definitive care. The second promotes
locating resources to facilitate the transport of patients to nearby
trauma care centers and eventually the transfer of patients to high-level
trauma care centers as necessary for definitive care. The importance of
each definition of access is not arbitrary. We discuss results for multiple
combinations of the objectives to provide insight into the trade-off
between them. This provides insight into the implications of various
policy decisions made by government and healthcare leaders.

In this paper, we introduce two mathematical models to study
trauma center planning problems. We first introduce the trauma system
planning problem as an integer programming model to locate air ambu-
lances and high-level trauma centers. This model informs the long-term
planning decisions of trauma system design for typical patient call
volumes. Each of these changes may require significant investment,
but we do not consider the costs directly as they can be compared
a posteriori. The trauma system planning problem sheds light on the
design of a trauma care system under typical patient volumes, but
there is a need to understand how to improve patient access when
there are patient surges. Therefore, we introduce a second problem, the
mass casualty incident response problem, to study shorter-term planning
decisions related to patient surges. We introduce a stochastic program
to address this problem. The model studies how to temporarily relo-
cate air ambulances in response to a localized mass casualty incident
(MCI), but before details of the patient surge (when, where, and how
many) is known, to improve patient access to care by transporting and
transferring patients.

We introduce two case studies, one for each problem, based on
the state of Wisconsin. The case studies illuminate the impact of the
changes to the trauma system. We investigate the solutions to better
understand why the decisions identified by the optimization models are
made. For the trauma system planning problem, we consider trauma
care patients spatially correlated to population levels and historical
motor vehicle crashes. For the MCI response problem, we consider an
added cohort of patients due to surges related to a tornado-related
mass casualty incident. We find that relocating existing air ambulances
provides a similar benefit to advanced trauma care access as locating
new air ambulances and upgrading trauma centers. Thus, relocating air
ambulances could be an effective policy to implement. We further use
these models to quantify the impact of patient transfers by comparing
patient pathways and access to care when patient transfers are and are
not allowed. In one case, patients receive stabilizing and definitive care
at a high-level trauma center to which they are initially transported. In
the other, patients are able to receive more timely stabilizing care at a
low-level trauma center, although they must be transferred to receive



E. DuBois et al.

definitive care. The results suggest that transfers are important, and the
results highlight the need to consider the role of transfers in trauma
system planning problems.

The remainder of this paper is organized into six sections. Section 2
reviews the facility location literature, with an emphasis on applica-
tions within the emergency response and trauma care context. Section 3
introduces the trauma system planning problem and integer programming
formulation to improve access of trauma patients when experiencing
typical patient demand volumes by making changes to the trauma care
system. Section 4 introduces the mass casualty incident response problem
and stochastic programming formulation to reposition air ambulances
in response to a MCIL Section 5 presents the computational results for
the trauma system planning model when applied to a real-world case
study. In Section 6 we apply the mass casualty incident response model
to a case-study of tornado MCIs. Finally, we conclude with a discussion
of the models and their results in Section 7.

2. Literature review

The existing facility location literature is extensive and varied both
in terms of context and modeling approach. Location optimization
problems are often formulated as a covering problem in which a de-
mand (e.g., patient) is either covered or not covered by a facility/server
(e.g., trauma center, ambulance), where coverage of demand can be
defined in many ways. Most location covering models can be traced to
one of two ancestral problems. Toregas et al. [8] introduce the Location
Set Covering Model (LSCM), which determines the minimum number
of facilities necessary to cover all demands in a network. Church and
ReVelle [9] present the Maximum Covering Location Problem (MCLP),
which instead fixes the number of facilities to locate and determines
their optimal placement to maximize the expected number of covered
demands.

Many location covering models use a binary definition of coverage
that imply facilities are either always or never able to cover demands.
Several papers do not make this assumption and extend the MCLP to in-
clude backup coverage of demands. Hogan and ReVelle [10] introduce
the Backup Covering Problem (BACOP), which provides additional
rewards when demands are covered twice and is easily generalizable
to n levels of backup coverage. A weakness of the backup coverage
models is that they do not explicitly consider how many facilities
or servers must cover a location to ensure adequate service. Other
researchers address this gap. They consider a continuous coverage
value that captures the probability that a demand is covered. Daskin
[11] presents an MCLP variant that considers server availability with
the Maximum Expected Covering Location Model (MEXCLP). MEXCLP
uses the probabilistic availability of servers to weigh the coverage they
provide. Daskin [12] introduces the MCLP with probabilistic response
(MCLP+PR) model for emergency services as an extension of the MCLP
model. In this formulation, coverage reflects the confidence that a
server is able to provide service within a time threshold. With this,
the objective becomes equivalent to maximizing the expected number
of demands that are covered within the time threshold. Goldberg
and Paz [13] introduce a model (MEXCLP+PR+SSBP) for locating
emergency vehicle stations that merges these two models that considers
probabilistic coverage and facility-specific busy probabilities. However,
these models assume a prior knowledge of server availability.

A significant amount of research has been devoted to location
covering models within the context of trauma care systems. Some
of the research focuses on locating healthcare facilities while others
focus on locating resources, such as ambulances. Some research locates
both simultaneously. Branas et al. [14] introduce the TRAMAH model,
which locates trauma centers and air ambulances to maximize patient-
weighted coverage of locations. Patient demand nodes are considered
covered if the patients at that location can be reached and then trans-
ported by ground or air ambulance to a trauma center within the
time threshold. Reislien et al. [15] use a similar model to locate
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air ambulances to maximize patient-weighted coverage. In contrast
to Branas et al. [14], Rgislien et al. [15] do not include trauma centers
or ground ambulances when determining coverage. Instead, they only
consider whether air ambulances are able to reach the patients within
a given time threshold. Both of these models assume that travel times
are deterministic and that air ambulances are always available to cover
patient demands. More recently, Erdemir et al. [16] extend the idea of
backup coverage to find the optimal mix of ground and air ambulances
in a trauma system. In their model, they consider the inability of air
ambulances to land at certain locations and require that patients be
transferred from ground ambulances to air ambulances at designated
transfer points. Like BACOP, their model provides an additional reward
if a patient is covered twice, in this case by both a ground and an air
ambulance, rather than by either just a ground or an air ambulance.
Cho et al. [17] introduce a trauma model to locate both trauma cen-
ters and air ambulances that includes air ambulance busy proportions
as an endogenous variable. However, their model is a mixed-integer
nonlinear program requiring a specialized algorithm to solve and does
not necessarily lend itself to significant extension. For more information
on research into health care facility location optimization, refer to the
survey by Ahmadi-Javid et al. [18].

Throughout the trauma care literature, trauma center location mod-
els consider trauma centers as indistinguishable facilities. Location
covering models that consider different level facilities are notably
absent from the trauma literature despite being prevalent for other
applications [19]. For example, Erdemir et al. [16] group all trauma
centers together when considering coverage. This may overestimate
coverage by ignoring the varying quality of care provided by different
level trauma centers [20]. Similarly, Rgislien et al. [15] seek to opti-
mally locate air ambulances to cover as many patients as possible. By
not considering the locations of trauma centers, they effectively assume
equal care is provided to patients regardless of what level of trauma
center is within range of the air ambulances. In contrast, Branas et al.
[14] group level I and II trauma centers together and ignore lower-
level trauma centers. This may underestimate coverage by dismissing
the ability of lower-level facilities to stabilize and transfer patients to
high-level facilities. While we focus on severely injured patients in this
paper, we consider the ability of low-level trauma centers to provide
stabilization before the patients are transferred to high-level trauma
centers.

Finally, to our knowledge, only one other paper has included inter-
hospital patient transfers when optimizing resource placement although
over half of all air ambulance flights are for transferring patients
between hospital facilities [21]. Nezamoddini and Khasawneh [22] use
a capacitated network model to optimize the placement of resources
at hospitals to minimize penalties associated with wait times and
unmet patient demand. Patients may be transferred between hospitals,
allowing hospitals to better balance resource utilization by offloading
patients to less busy hospitals. They show a significant decrease in
both total resource requirements and patient wait times. Nezamoddini
and Khasawneh [22] are primarily concerned with balancing patient
demand between hospitals using inter-facility transfers. However, inter-
facility patient transfers have not been included within existing location
coverage models [18]. The models introduced in this paper address
this gap. In contrast to Nezamoddini and Khasawneh [22], we con-
sider the pre-hospital transport of patients, and how locating resources
geographically within the system affects its ability to transport and
transfer patients. Table 1 summarizes the contribution of this paper by
comparing it to the closest papers in the literature.

In this paper, we take a probabilistic response approach to coverage.
We seek to locate two types of resources that provide coverage. The
first is air ambulances that can transport patients to trauma centers
more quickly than ground ambulances, and therefore, provide a higher
probabilistic coverage to patients. Second, we seek to locate new high-
level trauma centers that increase advanced trauma care coverage
for patients. For literature related to the patient demand coverage
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Table 1
Comparison of existing literature.

Paper Multiple trauma Locate air Locate trauma Inter-facility
center care levels ambulances centers transfers

Erdemir et al. X v X X

[16]

Rgislien et al. X v X X

[15]

Branas et al. X v v X

[14]

Nezamoddini X X X v

and Khasawneh

[22]

This paper v v v v

methodology applied in this paper, see the survey by Farahani et al.
[19]. The stochastic model we introduce to solve the MCI response
problem in this paper continues the stream of literature begun with
MEXCLP by directly considering the availability of servers to cover
patient demand.

3. Trauma system planning problem

In this section, we introduce the trauma system planning problem
and bi-objective coverage model formulation to locate resources to
maximize the access to real-time care when experiencing typical pa-
tient arrival rates of severely injured patients. The decision to locate
resources is considered a one-time decision that impacts patient care
for years following the decision.

3.1. Planning case description

Let there be a set of patient demand locations, I. Let each i € T
represent a location (e.g., a census block group) with an average of p;
severely injured patients entering the trauma care system per day who
must receive definitive care at a high-level trauma center. The patients
may initially be transported to either a high- or low-level trauma center.
We let J represent the collection of trauma centers, J, the set of current
high-level trauma centers, and J, the set of current low-level trauma
centers, with J = J, U J, and J, n J, = §. Trauma centers in the same
level — within either J, or J,, — are assumed to provide equivalent care.
While differences may exist in practice, such granular data is unlikely to
be readily available or reliable. Table 2 summarizes the notation used
in the model formulation and discussion.

A patient may be transported and transferred to a trauma center by
one of two classes of ambulance: ground or air. Ambulances are located
at depots within the set K. We let K, represent the depots that house
ground ambulances and K, represent the depots that can house air
ambulances, with K = K,UK,, K,nK, = §. We assume all depots in K,
currently house ground ambulances and depots in the subset K] C K,
currently house air ambulances, while K, \ K/, are locations at which an
air ambulance may be located in the future. We assume a depot location
houses at most one ambulance. This is usually, but not always, true in
practice [23]. When this is not true, a depot can be added representing
the same location but with a unique identifier.

Patients initially transported to low-level trauma centers are eventu-
ally transferred to high-level facilities to receive the appropriate level of
definitive care. Patients can be transferred from low-level trauma center
Jj € J, to trauma centers in the set F;; C J by an ambulance at depot
k € K. This allows for trauma system restrictions to be taken into an
account. One such restriction may be that air ambulances cannot travel
excessively far to transfer a patient to limit flight time. Since low-level
trauma centers may be upgraded to high-level trauma centers, F;, may
include both high- and low-level trauma centers. However, a patient
may only be transferred to a currently high-level trauma center or a
low-level trauma center that is upgraded to a high-level one.

Operations Research Perspectives 8 (2021) 100206

We are concerned primarily with mature trauma systems. We as-
sume that the existing number of ground ambulances is sufficient to
transport and transfer any number of patients assigned to them when
experiencing typical patient volumes. Thus, ground ambulances are
not constrained by capacity. However, air ambulances are likely to be
limited by a capacity constraint even when experiencing typical patient
volumes. This assumption is reasonable, since of the 797 licensed
EMS providers in Wisconsin, only 11 are air medical providers [24]
operating a total of 14 air ambulance depots [23]. We assume an air
ambulance at depot k € K, cannot perform more than ¢, transports or
transfers on average per day. This limits the patient load for a given air
ambulance, reducing the likelihood that a patient will be turned away
in real-time care due to the ambulance being busy.

Within this framework, we consider the planning problem to up-
grade up to u low-level trauma centers, add up to » new air ambulances,
or relocate up to m existing air ambulances to new depots. Since
ground ambulances are often under local control and we assume ground
ambulances are uncapacitated, adding or relocating ground ambulances
is not considered. We acknowledge that it is not necessarily realistic
to be able to upgrade low-level trauma centers; however, different
combinations of u, n, and m can be used to explore different planning
choices and identify bottlenecks within patient care pathways.

We consider two goals when locating trauma care resources. First,
patients should experience low transport times between injury and ar-
riving at a trauma center, whether it be a high- or low-level facility. We
employ probabilistic coverage [12] to maximize the expected number
of patients that can be transported to a trauma center within the pre-
hospital time threshold. The probability distribution of transportation
times arises from differences in ambulance travel times. This goal
necessitates the transfer of patients from low-level trauma centers to
high-level trauma centers, where patients receive definitive care.

Second, patients should receive the appropriate level of care at
the first trauma center to which they are transported. Since we only
consider severely injured patients, the appropriate level of care is
provided at a high-level trauma center. As a result, the second objective
is to maximize the proportion of patients transported directly to a
high-level trauma center.

The two goals are somewhat aligned, but their difference highlights
the role of patient transfers. Note that if transfers were not considered,
the two objectives are aligned and the overall goal is to transport
patients to a high-level trauma center (the second objective).

Together, each objective informs how and when transfers occur.
When it is important to maximize the number of patients transported to
a trauma center of either level within the time threshold (the first goal),
often the closest trauma center will be a low-level one. Patients must
later be transferred to a high-level trauma center. In many cases, the
transfers are completed by an air ambulance since the distance is too
far for a ground ambulance. Conversely, if it is important to transport
patients directly to a high-level trauma center (the second goal), then
very few patients are transferred within the system.

Note that in the planning problem we assume ground ambulances
and trauma centers are uncapacitated in the sense that they can
serve typical levels of patient demand. Thus, minimally injured patient
demand could be considered within this problem definition without
changing any optimal decision, under the assumption that minimally
injured patients would never be transported by an air ambulance and
can receive definitive care at either low- or high-level trauma centers.
Therefore, we do not consider minimally injured patients within the
formulation.

3.2. Model formulation

We introduce an integer programming formulation of the trauma
system planning problem. We introduce a binary variable v; that equals
1 if the low-level trauma center j € J, is upgraded to a high-level

trauma center. Otherwise, v; = 0. Similarly, we introduce a binary
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Table 2
Planning model notation.
Sets
I = Set of patient locations.
Jy (Jp) = Set of trauma centers starting at high- (low-) level.
J=J,UJ, = Set of all trauma centers.
K, (K,) = Set of depots that may host ground (air) ambulances.
K=K,UK, = Set of all ambulance depots.
K! CK, = Subset of ambulance depots starting with air ambulances.
Fy = Subset of trauma centers to which patients may be transferred
from j € J, by an ambulance located at depot k € K.
Variables
v; = 1 if the low-level facility j € J, is upgraded; 0 otherwise.
wy, = 1 if an air ambulance is located at depot k € K,; O otherwise.
Xijk = Number of patients from location i € I initially transported
to facility j € J using an ambulance at depot k € K.
Viirk = Number of patients transferred from un-upgraded facilities j € J, to
high-level or upgraded facility j* € J by an ambulance located at depot k.
hi; = Number of patients at location i € I transported to
high-level or upgraded facility j € J.
1 = Number of patients at location i € I transported to
low-level facility j then transferred to a high-level facility.
Parameters
m = Number of current air ambulances that may be relocated.
n = Number of new air ambulances that may be located.
u = Number of low-level facilities that may be upgraded.
Pi = Mean daily number of patients at location i € I.
[ = Number of patients each air ambulance k € K may transport or transfer daily.
Dijk = Probability that a patient at location i € I can be transported to facility j € J

by an ambulance from depot k € K within the time threshold.

variable w, that equals 1 if an air ambulance is located at depot k € K,
in the new trauma system. Otherwise, w, = 0. The value of these
variables describe the location of trauma system resources.

Depending on the location of trauma system resources, transport
and transfer decisions for patients may change. We introduce the x;
variables to represent the number of patients transported from patient
demand node i € I to facility j € J using an ambulance at depot
k € K. Since we use average daily patient demands, ambulances may
transport fractions of a patient, and the variable x;;, may take a non-
negative real value. The proportion of patients at location i € I that are
expected to arrive at the trauma center j € J within the pre-hospital
time threshold using ambulance k € K is captured by the parameter
&;x» which reflects probabilistic travel times.

If a patient is transported to a low-level trauma center, the patient
must then be transferred to a high-level trauma center. We introduce
the variable y; ., to represent the number of patients transferred from
low-level trauma center j (non-upgraded) to high-level trauma center
j' (currently or upgraded) using ambulance k € K. The high-level
trauma center may either be an existing high-level trauma center or
an upgraded low-level trauma center. Finally, the continuous variable
h;; reflects the number of patients from each location i € I that is
transported to a high-level trauma center j € J, or low-level trauma
center j € J, that has been upgraded to a high-level trauma center.
Similarly, ;; captures the number of patients from each patient demand
node i € [ that are initially transported to a low-level trauma center
j € J, and later transferred to a high-level trauma center.

Using these variables, we introduce the objective functions. The
first objective function captures the expected number of patients with
a transport time less than the pre-hospital time threshold, f;(x) =
Yier Zjes Lrek Pijrxijk> based on initial patient transport decisions,
x;;x- The second objective function, f,(h) = ¥,c; X e by, captures the
expected number of patients transported directly to a high-level trauma
center. We now introduce the model formulation.

max | fj(x)= Z Z Z PijkXijis fo(h) = Z Z hy
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The bi-objective function seeks to maximize the expected number
of patients transported to a trauma center within the time threshold
(f;(x)) and maximize the expected number of patients transported di-
rectly to a high-level trauma center (f,(h)). Constraints (1)-(3) describe
the trauma system design decisions. Constraint (1) allows at most u
low-level facilities to be upgraded, constraint (2) allows at most m air
ambulances to be relocated, and constraint (3) permits up to n new air
ambulances to be added to the system. Constraint set (4) requires all
patients to be transported to a trauma center. Constraint sets (5) and
(6) require all patients to be either transported to a high-level trauma
center or later transferred to a high-level trauma center. Constraint
set (7) defines if a low-level trauma center is upgraded and, if not,
ensures no patient receives definitive care there. Constraint set (8)
requires that if a low-level trauma center is upgraded, then patients
cannot be transferred to another high-level trauma center. Constraint
set (9) requires that all transfers are assigned a receiving high-level
trauma center and ambulance to perform the transfer. Constraint set
(10) ensures that each low-level facility that receives a transfer is
upgraded to a high-level facility. Finally, constraint set (11) limits the
number of patients that an air ambulance transports or transfers.

The integer programming formulation may have many variables.
However, it is possible to significantly limit the number of variables
that need to be instantiated. First note that it is feasible to send all
patients from location i € I by ground ambulance to the nearest
existing high-level trauma center, since neither the ground ambulances
k € K, nor the high-level trauma centers j € J, are capacitated. The
highest proportion of patients that can be transported from location
i to an existing high-level trauma center by ground ambulance is
__max ¢;;.. Therefore, we only need to include a variable x;;, for
jelykekK,
patient location i € I, trauma center j € J, and ambulance depot
k € K in the formulation if ¢, > maxjre, wek, Piji- Similarly, if it is
possible to transfer patients from a low-level trauma center j € J, to
an existing high-level trauma center j’ € J, by ground ambulance, no
other receiving trauma center or ambulance types must be considered
for patients transported to ;.

Furthermore, if m = 0, n = 0, or u = 0, the integer programming
formulation can be simplified and variables removed. For example, if
u = 0 then no low-level facilities can be upgraded, and we can replace
the associated variables v; for j € J, with zero in the constraint sets (1),
(7), (8), and (10). By utilizing these strategies, the number of variables
needed to solve the model to optimality can be significantly reduced
and allow for the solution of large instances.

4. Trauma system mass casualty incident response problem

A limitation of the trauma system planning problem is that it does
not directly consider the capacity of trauma centers or the real-time
availability of air ambulances. These capacities are relevant during
mass casualties incidents (MCIs) and inform shorter-term planning
decisions. Air ambulances are typically limited to transporting one
patient at a time [21], and there may not be sufficient capacity to
respond to all patients caused by a MCI. Air ambulances and trauma
centers located near the MCI are likely to be overwhelmed, and patients
must be transferred to trauma centers elsewhere.

Within this section, we introduce a two stage stochastic program.
In the first stage, it must be decided where to locate and relocate air
ambulances in preparation of patients caused by the MCI, for who
the location and time of need is a random variable. In the second
stage, the patient pathways must be decided to provide the best trauma
care. The decisions in the second stage depend on the decisions in
the first stage and inform the first stage decisions. We present the
deterministic equivalent formulation [25] of this stochastic program
to replace random variables with parameters, which is achieved by
enumerating scenarios that capture the stochasticity of the problem.
We first discuss the notation used in the formulation while introducing
the problem in detail and then introduce the formulation. We finish by
discussing an algorithm to improve the solution time of the model.
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4.1. Incident response case description

The trauma system MCI response problem is motivated by shorter
time-frame response decisions where hospital capacity and air ambu-
lance availability are a concern due to a surge of patients in a small
geographic region. We consider the problem of locating or relocating
new air ambulances in response to a MCI from which the patient
demand is unknown at the time decisions must be made. In reality, it
would be infeasible to procure and locate new air ambulances quickly
enough following an MCI to be impactful, while relocating is more
feasible. Instead, locating new air ambulances serves as a proxy for if
an air ambulance and team from a neighboring area is lent in response
to the MCI (e.g., an out-of-state air ambulance). We do not consider
upgrading trauma centers, since the time-frame to complete such a
project is too long. We use the same notation as in the trauma system
planning (see Table 2). The changes in notation from those described
in Section 3 is presented here.

Patient arrivals (e.g., location, time) into the trauma system after
an MCI occurs (e.g., four hours following a tornado) are modeled with
a random variable. The distribution of the random variable depends
on the MCI, and it captures both patients caused by the MCI as well as
patients not caused by the MCI who would typically arrive anyway. We
introduce scenario-based deterministic equivalent formulation, where
& captures a scenario in a set of = of total scenarios and occurs with
probability Pr(£). Each scenario & represents a realization of a set
of random patient arrivals and locations that follow a distribution
describing all potential spatial and temporal patient scenarios following
the MCI. The time of the patient arrival is the time at which the patient
requires an ambulance transport. We define Z(¢) as the set of patients in
scenario £. We let each element in 7(¢) represent a single patient, rather
than a location representing p; patients as with the trauma system
planning problem.

Similar to the trauma system planning problem, we limit the num-
ber of transports and transfers that an air ambulance at depot k € K,
can perform to be at most ¢, in each scenario. It is possible that trauma
centers may reach their patient capacity limits following an MCI, and
therefore, we introduce a trauma center capacity. We let e; be the
maximum number of patients trauma center j € J can treat in each
scenario.

Since a MCI will likely cause an influx of patients that is higher
than typical, it is no longer reasonable to assume that at the time of a
patient’s arrival, an air ambulance is available to transport the patient
to a trauma center, since it may be transporting a different patient.
Therefore, we require that if an air ambulance is conducting another
patient transport when patient i € 7(£) must be transported to a trauma
center, then the ambulance cannot transport patient i to a trauma
center. We let P, (¢) denote the set of patient transport restrictions,
and each (7', /') € P, (&) of patient i’ € I(¢) represents a transport to
trauma center j/ € J that would make an air ambulance stationed at
depot k € K, busy when patient i € I(¢) (i # i’) must be transported
to a trauma center in scenario £. This set depends on the estimated
time to transport patient i’ to trauma center j’ using ambulance k. If
an air ambulance at depot k € K, is assigned to any of the patient
transports in P, (£) in scenario ¢ then it cannot transport patient i to
any trauma center. If no air ambulance is available to transport patient
i to a trauma center, then a ground ambulance transports the patient,
since we still assume ground ambulances are uncapacitated. We do not
consider the specific time that patient transfers occur, since there is
significant variance and unpredictability in how long patients will be
delayed at a low-level trauma center before being transferred to a high-
level trauma center [26,27]. We assume that patient transfers occur
when the transfer does not interfere with the ability of an air ambulance
to transport patients to a trauma center, since these patients require the
most immediate emergency care.

We let F; C J represent the set of trauma centers either to which
trauma center j can transfer patients or from which patients can be
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Table 3
Response model notation.

Sets

= = Set of scenarios.

Pré) = Probability of scenario ¢ € =.

16 = Set of patients in scenario & € =.

J, (Jp) = Set of high-level (low-level) trauma centers.

J=J,uJ, = Set of all trauma centers.

K, (K,) = Set of depots that may host ground (air) ambulances.

K=K,UK, = Set of all depots.

K! CK, = Subset of depots starting with air ambulances.

F; (Fj’ ) = Set of trauma centers from/to which patients can be transferred to/from j € J by a
ground (air) ambulance.

D; CK, = Subset of depots that host air ambulances able to transfer patients to/from facility
j € J from/to one in FI’

P (&) = Set of patient-depot pairs, (//, '), such that an ambulance located at depot k € K
would be busy when demand i € I(£) must be transported to a trauma center given
the patient arrivals in scenario & € =.

Variables

re = 1 if the air ambulance at depot k € K/ relocated; 0 otherwise.

wy, = Number of air ambulances located at depot k € K,.

xfj " = 1 if patient i € I is transported to trauma center j € J by an ambulance at depot
k € K in scenario ¢ € =; 0 otherwise.

yf/, = Number of transfers between trauma center j € J and j’ € J in scenario ¢ € =.

zjk = Number of transfers to/from trauma center j € J performed by air ambulances at
depot k € D;. in scenario ¢ € =.

Parameters

m = Number of current air ambulances that may be relocated.

n = Number of new air ambulances that may be located.

[ = Number of transports or transfers an air ambulance located at depot k € K, may
perform.

e = Number of patients a trauma center j € J may treat.

i = Probability that patient i € I(¢) can be transported to trauma center j € J by an

ambulance at depot k within the time threshold in scenario & € =.

transferred to j using a ground ambulance, depending on if j is a low- or
high-level trauma center. Some transfers between may only be feasible
when using an air ambulance. We introduce the set F/ to define the
trauma centers to/from which transfers can be facilitated using an air
ambulance. If j € J,, then F; and F " include high-level trauma centers
(F;. F /’ C J),) to which j can transfer patients. If j € J,, then F; and Fj’
include low-level trauma centers (F s F! C J,) from which patients
can be transferred to j. In contrast to the trauma system planning
problem, we make a simplifying assumption that if an ambulance depot
can facilitate a patient transfer to/from a trauma center j € J and a
trauma center in F; or Fj’ , then the ambulance depot can also facilitate
a transfer to/from every other trauma center in F; or Fj’ , respectively.
Note that if the set F; or Fj’ is non-empty, there must be at least one
ground ambulance or air ambulance that can facilitate these transfers.
We denote D’ C K, as the set of air ambulance depots that can facilitate
a patient transfer between patients at j and a trauma center in Fj’ .

There are two objectives when locating or relocating air ambu-
lances. First, the expected pre-hospital time should be low for each
patient in each potential realization of patient arrivals. We again use
probabilistic coverage to maximize the expected proportion of patients
transported to a trauma center within a defined pre-hospital time
threshold. Second, we maximize the proportion of patients transported
directly to a high-level trauma center. The patients not transported to a
high-level trauma center must be transferred to one to receive definitive
care.

This model and the subsequent analysis does not consider the much
more catastrophic case of a hospital or trauma center struck by a
tornado, which has happened in the past [28]. This would greatly
increase the number of patients localized in a single area as well as
reduce the number of high- or low-level facilities within the trauma
system.

4.2. Model formulation

We introduce a stochastic programming model formulation of the
mass casualty incident response problem based on, for example, weather

alerts. The planning decisions are to locate or relocate air ambulances
in preparation of patient arrivals. The recourse decisions are to de-
termine the optimal movement of patients in each scenario through
the trauma care system given the location of air ambulances. The
decision of where to locate or relocate air ambulances must consider
the real-time use of the air ambulances and trauma centers during each
patient arrival scenario. We introduce a scenario-based deterministic
equivalent formulation of the stochastic programming model with a
finite set of scenarios. See Table 3 for a summary of the notation,
decision variables, and parameters used in the model formulation.

We introduce the variables associated with the formulation. The in-
teger variable w); equals the number of air ambulances located at depot
k € K, in the trauma system. Due to the concentration of patients in a
single location due to the MCI and temporary relocation of resources,
we lift the assumption that only one air ambulance may be assigned to
any particular depot and allow w, to be a non-negative integer variable.
We let a binary variable r, equal one if the ambulance currently located
at depot k € K is relocated and is zero otherwise. For each scenario
&, we determine the optimal movement of patients through the trauma
care system given the location of air ambulances. We let the binary
variable xf. . €qual one if patient i € Z(¢) is transported to trauma center
j € J by ambulance k € K in scenario ¢ and zero otherwise. We let
the integer variable yfj, equal the number of transfers between trauma
center j € J and trauma center j’ € J conducted by an ambulance in
scenario &, Note that y© , + yf,,j represents the total number of patients
transported between j and ;' in scenario & The direction of the flow
depends on which trauma center is high-level and which is low-level.
We let the integer variable zé.k capture the number of patients that air
ambulances at depot k € D;. transfer to/from facility j € J in scenario
¢.

Using these variables, we introduce the objective functions. We let
Q,(w,r, &) capture the expected number of patients transported to a
trauma center within the time threshold given the relocation decisions
r, the location of the air ambulances w, and the patient arrivals in
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scenario &. The first objective is to maximize the expected value of
Ql(w,r,lj) across all scenarios &, with Q;(w,r,¢) = Z‘e,@ Z/GJ DkeK
q&u " ;/ «- Note that the value of qﬁi is dependent on the patient arrivals,
since the location of patient i may change with &. Similarly, Q,(w,r, )
captures the expected number of patients transported directly to a high-
level trauma center given the relocation decisions r, the location of the
air ambulances w, and the patient arrivals in scenario £. The second
objective is to maximize the expected value of Q2(w r,&) across all
scenarios &, with Qy(W.r.&) = Y () Xjes, 2kek X x .- Later in the case
study we interpret both objectives as proportions by rescaling by the
total number of patients.

EQ,(w,r, &= 3 3N Pre) ¢, X,

sezZiel(¢) jeJ keK

B [0,w,r, 0] =D Y X Y Prox, ]

EeE il (¢) jed, keK

14)
Z wkSIK;|+n (15)
kekK,
Z r,<m (16)
kekK]
wy > 1-r, vke Kk, (17)
w, € Z*, vke K, (18)
r, €{0,1}, vke k! (19)
szf’jk:l Viel@.,te= (20)
jeJ kek
DIDIE D Y FE S W vjeJ,teZ (21)
i€l (&) keK J'€F,UF] J'1j€Fy UF),
D foije,, vied,ees (22)
i€l () kek
XY+ Y <qu, VkeK,te= (23)
i€l(¢) jed JEJ: keD’
fo,.k + ) X Sw Viel@¢.keK, e Z (24)
jeJ (W.JNEP (&)
Z zxuk Z y i 2 ng‘/j’ Vj€eJs,E€E
i€l(¢) kek j eF/UF j :jEFj/uF;,
(25)
> ,_sz, vieJtes
/’erl(\r/ keD
(26)
Uk, € {0,1}, Viel@.,jel.keK tcE
27)
yfj,:z+, VieJjeF.,teE
(28)
szezt VjeJkeD (€=
(29)

The bi-objective function (14) is to simultaneously maximize the ex-
pected number of patients transported to a trauma center within the
defined pre-hospital time threshold and to maximize the expected
number of patients transported directly to a high-level trauma center.
Constraint (15) limits the number of air ambulances that can be added
to the system to n. Constraint (16) limits the number of air ambulances
that can be relocated to m. Constraint set (17) evaluates if a current air
ambulance is relocated. Constraint sets (15)-(19) capture the planning
decisions. Constraint sets (18) and (19) require the planning variables
to be positive integer and binary values. The remaining constraints
capture the response to a MCI by determining the patient movement
through the system in each scenario. Constraint set (20) requires that
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each patient in scenario ¢ is transported to exactly one trauma center.
Constraint sets (21) and (22) limit the number of patients in scenario
& that high-level and low-level trauma centers may treat, respectively.
Constraint set (23) limits the number of transports and transfers an air
ambulance may perform in scenario £. Constraint set (24) only permits
an air ambulance to transport one patient at a time. Constraint set (25)
requires that all patients in scenario ¢ who are transported to low-
level trauma centers are later transferred to high-level trauma centers.
Constraint set (26) ensures that there are sufficient air ambulances
available in scenario ¢ to complete the transfers requiring them when
coupled with constraint set (23). The final two sets of constraints
require that the variables are binary and positive integers, respectively.

4.3. Solution algorithm

With a large number of scenarios the number of model variables is
large, especially with regards to X ke We take advantage of a similar
methodology to that discussed in Section 3 to reduce the number of
variables. We also employ the e-constraint method to generate weakly
Pareto optimal solutions by enforcing a minimum value for the second
objective E; [Q,(w,r,£)]. That is, we maximize the expected number of
patients transported within the time threshold (E:[Q;(w,r,&)]) while
requiring that an e proportion of them are transported directly to high-
level facilities, in expectation (E;[Qy(W,T,&)] > € X E¢[|Z(¢)|]). For any
given ¢, often either the closest low-level or closest high-level trauma
center is the optimal transport destination for patients. We exploit this
pattern as follows. Similar to the planning problem, we exclude the

variable x from the model (i.e., xf/ = 0), if for &£ and patient i:

d)::lk < max; ’EJh kK'eK, ¢lj/k'

Our solution procedure removes constraint sets (21), (22), and

(24) when solving the model so that not all capacity constraints on
the trauma centers and air ambulances are enforced We solve this
model relaxation and determine which of the capacity constraints were
violated (if any). Capacity constraints that were violated are added
back to the model. Additionally, in the case a high-level trauma center
capacity constraint was violated (i.e., a constraint in constraint set (21)
was violated), we add specific variables back into the model. Let J,
be the set of high-level trauma centers whose capacities were violated.
Then, we include a previously excluded variable x‘l,fj . in the formulation
if for patient i:
¢"§j" = j’eJh{IJlla.xk’ng ¢ff”"
This adds back the variables relating to patient i such that transporting
patient i to trauma center j using ambulance at depot k € K has a
higher likelihood of being transported to j within the time threshold
than when transported by ground ambulance to a high-level trauma
center not at capacity. We re-solve the formulation and repeat this
procedure until no constraints are violated.

The benefit of this procedure is a result of the localized nature of
the MCI. The vast majority of trauma centers outside of the immediate
area of the MCI do not reach capacity. Therefore, we do not need
to capacitate them or consider transport/transfer options for patients
outside of the MCI area other than the closest trauma centers. Similarly,
patients outside of the MCI tend to be dispersed enough both spatially
and temporally that the air ambulances serving them are unlikely
to violate constraint set (24) when the constraints are not explicitly
enforced.

This solution algorithm finds the optimal solution if a feasible
solution exists. A feasible solution exists as long as the total capacity of
the high-level facilities is greater than the number of patients for each
possible &, which can be easily checked.

Further analysis may highlight additional solution methods that
reduce computational time to solve the optimization problem. For ex-
ample, solutions algorithms that address symmetry in the formulation
may reduce solution times [29].
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Fig. 2. Locations of (a) Patients with average daily arrival rate, (b) Trauma centers, and (c) Air ambulance depots.

5. Trauma care system planning problem: A case study of Wiscon-
sin

We investigate the trauma system planning problem introduced in
Section 3 using a case study based on the state of Wisconsin. The real-
world case study is based on average patient demand in the Wisconsin
trauma care system to demonstrate the benefit of the model and inves-
tigate the optimal resource location decisions. Multiple changes have
been made to the air ambulance system considered in our case study
during this research [30,31], which highlights the relevance of this
research.

We begin by describing the data used to generate this case study
in detail. We then describe and analyze the computational results,
including changes to air ambulances and facilities and the flow of
patients within the trauma care system. Finally, we discuss the results
of a sensitivity analysis that provides insight into key properties of the
solutions.

5.1. Case study design

Table 4 provides a complete list of parameter values considered
in this case study. We first describe average patient demand within
the trauma system. Historically, the average number of daily trauma
patients in Wisconsin is approximately 54 [32]. However, not all of
these patients require care at a high-level facility. We estimate the
number of severely injured patients to be 30, based in part on the
historical rate at which patients are transferred from low-level facilities
to high-level facilities (54%) [32].

We use the Wisconsin census block group regions as the patient
demand locations. Each block group region may have multiple pa-
tients. Fig. 2(a) illustrates the distribution of estimated patient demands
within the state. These estimates are calculated from historical data
assuming that patients are spatially distributed according to population
density and historical motor vehicle crash (MVC) locations. It has
been shown that trauma patient locations are well-correlated with
population density, except for those resulting from industrial accidents
and MVCs [33]. Since industrial accidents create less than 2% of trauma
patients [34], we do not model them separately. Historically, 25% of
all Wisconsin trauma patients are due to MVCs [35]. We use the spatial
distribution of 2011-2016 MVCs to determine the spatial distribution of
patients, assuming that an MVC in any location has the same likelihood
of creating a severely injured patient.

At the time this research was conducted, the Wisconsin trauma care
system has 14 air ambulances depots [23] and 124 trauma centers, 12
of which are adult high-level facilities [36]. The set J of trauma centers
is comprised of these 124 trauma centers plus all trauma centers in
neighboring states within 20 miles of the Wisconsin border. In total
this is 138 trauma centers (27 high). We include trauma centers in
neighboring states, since patients from Wisconsin may be closer to these
trauma centers than those in Wisconsin. Fig. 2(b) maps the location
of the |J,| = 27 high-level trauma centers and |J,| = 111 low-level
trauma centers. We do not include pediatric trauma centers, since not
all patients can receive care at these locations.

Patients are transported and transferred to trauma centers by either
ground or air ambulances. We let K, be the set of EMS provider loca-
tions in Wisconsin. We let potential air ambulance depots be the |K,| =
124 publicly accessible airfields in the state of Wisconsin. Fig. 2(c)
illustrates the location of all possible and current air ambulance depots.
For simplicity, we do not include hospitals as air ambulances locations.
If an air ambulance is currently located at a hospital, we use the nearest
airfield as its current location. We do so to ensure there is not an air
ambulance located at a hospital and also one at a nearby airfield. We
let each air ambulance depot have the same capacity ¢, = 3 and in the
sensitivity analysis consider values ¢, =2 and ¢, = 4.

We let the probabilistic coverage [12] of a patient equal the proba-
bility that the patient can be transported to the initial trauma center
within the pre-hospital time threshold of 60 min. Pre-hospital time
is the interval between when the call arrives and when the patient
arrives at the first hospital. While it is common convention to use
60 min, Alarhayem et al. [6] have found that a time threshold shorter
than 60 min may be necessary to prevent mortality in torso injury
victims. As a result, we also consider a pre-hospital time of 45 min in
the sensitivity analysis.

The pre-hospital time interval can be divided into several sub-
intervals (dispatch, chute, response, on-scene, and transport) as illus-
trated in Fig. 3. We use these times to compute the pre-hospital times.
We calculate the pre-hospital time distribution as follows based on data
from the East North Central Region in the National EMS Information
System (NEMSIS) [37]. The first component of pre-hospital time is
dispatch time. In some cases, air ambulances may not be dispatched
until a ground ambulance has determined that the patient’s condition
requires air ambulance transport, leading to a long dispatch time.
Similarly, air ambulances often have highly trained personnel and
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Fig. 3. Time intervals prior to a patient arriving at a trauma center.
more equipment allowing crews to provide more effective, but time- - 100%
consuming, treatment on-scene. As a result, air-transported patients g
have similar or better outcomes on average than ground-transported = 80%
patients with the same level of injury despite having longer average &
pre-hospital times [38,39]. To avoid potential bias within the NEMSIS *i 60%
database, we let there be a standard total dispatch plus on-scene time €
equaling 15 min for both ground and air ambulances. '% 40%
Distributions for chute times for both ground and air ambulances o
are created from historical data in NEMSIS. For ground ambulances, g 20%
a distribution of response times is estimated from NEMSIS while the 2
transport times are calculated directly. We employ the strategy intro- ‘8'_ 0%
duced in Budge et al. [40] to calculate transport duration between the E 0% 20% 40% 60% 80% 100%

patient location and the trauma center using travel distances retrieved
from Bing Maps. Air ambulance response and transport times are cal-
culated directly assuming a fixed airspeed of 220 km/h [15] and using
the Vincenty’s formula to calculate air distances. Based on discussions
with the staff at UW Health’s Med Flight, it is evident that flight
times are far more predictable than driving times (F. Erdman, personal
communication, September 27, 2018), and therefore it is reasonable
to use a point estimate. Using these distributions, we calculate the
probability ¢;;, that a patient at location i € I can reach trauma center
j € J within the pre-hospital time threshold using an ambulance at
depot k € K.

Lastly, we define between which trauma centers an ambulance can
perform a patient transfer. We assume that patient transfers by ground
ambulance can occur if the road distance between the two trauma
centers is no more than 30 km. When this is the case, we assume
there is a ground ambulance near enough to one of the trauma centers
to complete the transfer. Favoring air ambulances over ground ambu-
lances for transfers at distances greater than 30 km has been shown
to reduce patient mortality [41]. In the sensitivity analysis, we also
consider a 50 km maximum transfer distance for ground ambulances.
We assume that an air ambulance stationed at a depot k that is within
15 min of travel time (55 km) to trauma center j may perform transfers
in/out of that trauma center. This enforces that air ambulances are
located reasonably close to trauma centers to maintain efficiency when
conducting transfers. The air ambulance can then transfer patients to
any trauma center within 60 min (220 km) from trauma center j. This
limits unreasonably long transfers. These two policies define Fj;. In
practice, few transfers occur over a distance greater than 100 km [42].
We vary these time thresholds in the sensitivity analysis.

5.2. Case study results

In this section, we describe the results of the case study using
the values described in Table 4. Solutions are generated using the
e-constraint method, where we seek to maximize the proportion of
patients transported to a trauma center within the pre-hospital time
threshold, f,(x), while ensuring that an e proportion of patients are
transported directly to a high-level facility, f,(h) > e x Y, p;- We first
discuss the trade-off between the two objectives using base-parameter
values. We then analyze patient flows for the extreme values of ¢ using
base-parameter values. We follow by evaluating the optimal placement
of resources within the trauma system as ¢ changes and discuss how
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Proportion of Patients Required to be
Transported to High-Level Trauma Centers (g)

Fig. 4. Proportion of patients transferred from low-level facilities to high-level facilities
as a function of the proportions of patients required to be transported to high-level
facilities (f,(-)) when u=0, m=0, and n=0.

the objective values are impacted using base-parameter values. Lastly,
we highlight the parameters to which the solutions are most sensitive.

We first discuss the trade-off between the two objectives. At present,
most patients are closest to a low-level trauma center. This can be
seen in Fig. 4, which shows the proportion of patients transferred
from the initial trauma center to which they are transferred (related to
objective f;(-)) as a function of the proportion of patients transported
directly to a high-level trauma center (f,(-)). The latter patients do
not undergo transfer. When all patients are allowed to be transferred
(e = 0%), approximately 70% of patients are transported to a low-level
trauma center before being transferred to a high-level trauma center.
As we increase €, a greater proportion of patients are required to be
transported directly to high-level facilities. When e = 100%, no patient
transfers are performed, since all patients are transported directly to a
high-level facility.

We find that for most values of f,(-) (until about 70%-80% of
patients), a marginal increase in f,(-) results in a relatively small
decrease in f(-) for any value of u, m, or n. This is because most
patients and high-level trauma centers are located near urban centers,
and there is little change in the expected proportion of individuals
reaching a high-level trauma center within 60 min instead of a low-
level trauma center. Increasing the proportion of patients transported
directly to high-level trauma centers within the range of 70%-80% to
100% substantially decreases the proportion transported to a trauma
center within 60 min due to the increasing rurality of the population
being served. Instead, these patients can reach nearby low-level trauma
centers within the 60 min pre-hospital time threshold where they may
be stabilized. Therefore, it may be desirable to transport these patients
to low-level trauma centers, since they are located too far from high-
level trauma centers to permit quick transport even with changes to
the trauma system. These patients can later be transferred to regional
high-level trauma centers. This is already common in practice for rural
patients [43].
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Base and alternative parameter values for the case study planning model.
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Model parameter or input Related symbol Base value Sensitivity analysis

Upgraded trauma centers u 0 {1, 2}

Relocated air ambulances m 0 {1, 2, 3, 13}

New air ambulances n 0 {1, 2, 3}

Transport time threshold ik 60 min 45 min

Patient demand distribution 1 Historical data -

Trauma centers J |J] =138 -

Air ambulance depots K, |K,| =124 -

Current air ambulances K} |K,| =14 -

Air ambulance capacity ¢, keK, 3 routes {2 routes, 4 routes}
Max air transfer distance Fy, k€K, 220 km {165 km, 330 km}

Air ambulance distance to F kek, 55 km {18.3 km, 110 km}
trauma center for transfers J

Max ground transfer distance Fy, k€K, 30 km by road 50 km by road

ARelocate all air ambulances currently in use.

The different values of ¢ lead to different patient pathways through
the trauma care system, illustrated in Figs. 5 and 6. We find dra-
matically different patterns in patient pathways based on the settings
selected. We compare pathways for the extreme values of e to highlight
the difference in a system in which transfers are not allowed (¢ = 100%,
shown in Fig. 5) and a system in which transfers are allowed (¢ = 0%,
shown in Fig. 6). Figs. 5 and 6 show the results when no changes to the
current trauma system are made (u = 0, m = 0, n = 0). When all patients
are transported directly to high-level trauma centers (¢ = 100%), shown
in (Fig. 5), the flow is fairly simple. Patients are transported to the
nearest high-level trauma center. Within a given time-based radius,
this transport is performed by ground ambulances (blue lines), and
beyond that radius by air ambulances (orange lines). These radii are
not the same for all high-level trauma centers due to differences in the
locally located air ambulances and their capacities. If a patient cannot
be transported to a trauma center within 60 min with high probability
by either a ground or air ambulance, a ground ambulance is likely
to be chosen so the patient does not impact the capacity of the air
ambulance. This is why some patients far from a high-level trauma
center receive a ground transport (blue line) even though they are far
away. In real time, emergency response teams must make non-trivial
decisions regarding which patients would benefit the most from an air
ambulance transport and when air ambulances should not be sent to
distant patients to ensure available capacity for other patients who may
benefit more from a quicker transport.

Patient pathways when transfers to high-level trauma centers are
allowed (¢ = 0%) are presented in Figs. 6(a) and 6(b). Patients are
far more likely to be transported to their initial trauma center by
ground due to the much larger number of trauma centers to which
patients can be transported. These patients are then transferred from
the local trauma center, often by air ambulance, to regional high-level
trauma centers. This allows a substantially higher proportion of patients
(approx. 94%) to be transported to a trauma center within 60 min
compared to when transfers are not allowed (no more than 86%).

Moreover, the benefit of non-zero values of u, m, and n on the
system depends on if transfers are allowed. When the value of f,(-)
is low, changes to the trauma system have little impact of the max-
imal value of f,(-) (< 1%). This because the trauma system is fairly
mature and adding resources are unlikely to substantially increase the
expected number of individuals within 60 min of a trauma center due
to stochasticity in transport times. In our case study, there are areas
within the state with no close high- or low-level trauma center, and new
trauma center locations must be considered to substantially improve
access. However, this is likely very costly and is outside the scope
of this study. If local health officials aim to transport more patients
directly to high-level trauma system (high values of f,(-)), changing
the trauma system has a larger impact. By relocating air ambulances
or adding air ambulances, up to an additional 3.5% of the patients
are expected to reach a trauma center within 60 min of pre-hospital
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Ambulance Type

® Ground Air

Fig. 5. Flow of patients through the trauma care system when no changes are made
to the current air ambulances or trauma centers (u =0, m =0, n=0) and all patients
are transported directly to a high-level trauma center (e = 100%). Flow is differentiated
by ambulance type.

time, depending on the number of ambulances added or relocated.
By upgrading up to two trauma centers, up to an additional ~ 3%
of the patients are able to reach a trauma center within 60 min of
pre-hospital time. The largest improvements are seen when one air
ambulance is added, one air ambulance is relocated, or one trauma
center is upgraded. Moreover, a direct comparison of relocating air
ambulances to other changes with the same model inputs indicates that
relocating air ambulances is roughly as valuable to system performance
as adding new air ambulances or upgrading trauma centers, which most
likely have a higher cost. Although no cost-benefit analysis was done,
these results suggest that relocating air ambulances is likely a cost-
effective approach to improving access to high-level trauma care. This
is an important finding from this analysis

The importance of each of the objectives impacts the optimal loca-
tion of trauma systems resources. When we add, relocate, or upgrade
resources within the system, the differences in patient pathways for
different values of ¢ lead to fundamentally different optimal resource
locations. When patients must be directly transported to a high-level
trauma center (¢ = 100%), the implicit goal is to spread air ambulances
and high-level trauma centers across the state so that every patient has
a relatively high likelihood of being transported to one of the facilities
within 60 min. As seen in Figs. 7(a) and 7(b), the optimal location
of added or relocated air ambulances are in locations where they will
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Ambulance Type
B Ground 8 Air

(a)

Movement Type
W Transport @ Transfer
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Fig. 6. Flow of patients through the trauma care system when no changes are made to the current air ambulances or trauma centers (u =0, m =0, n=0) and all patients may
be transferred (¢ = 0%). The flow is differentiated by (a) The type of ambulance used to move the patient; and (b) Whether the movement was the result of an initial transport

or a inter-facility transfer.

cover the most densely populated areas without current air ambulance
coverage, instead of covering areas that would be served by a ground
ambulance or another air ambulance. Trauma center upgrades, seen
in Fig. 7(c), are applied to low-level trauma centers in areas with
relatively poor access to a high-level trauma center and in areas that
can increase the capacity of air ambulances to transport more rural
patients to a high-level trauma center.

When patients can be transferred to a high-level trauma center
(¢ = 0%), the implicit goal when locating air ambulances is to ensure
air ambulances are close enough to high-level trauma centers so that
transfers can be completed, while still being available to transport
patients to a trauma center if ground ambulance coverage is insuffi-
cient. Air ambulances more often transfer patients than respond to the
scene of patient incidents [21]. Figs. 8(a) and 8(b) present the optimal
location of air ambulances when three are relocated or added to the
system, respectively. Similarly, trauma center upgrades, illustrated in
Fig. 8(c), are located in areas at which there exist air ambulances that
can transfer patients to them and in areas where air ambulances had
previously conducted patient transports so that capacity of those air
ambulances is freed.

Through the sensitivity analysis, we also find that the quantitative
benefit of changes to the trauma systems are relatively robust to
input parameter changes. While comprehensive results are not reported
within this paper, we provide a brief overview of sensitivity analysis
results. Additional details of the sensitivity analysis can be found
in [44]. Compared to the other measures, a pre-hospital time threshold
of 45 min significantly reduces the proportion of patients transported
to a trauma center within the time threshold (f,(x)) for any value of
f>(x). This is unsurprising, since it is a more restrictive definition of
“coverage”. We find the difference in the proportion of patients with
pre-hospital times within 60 min and 45 min in the current trauma sys-
tem vary between 14.8-30.4% of patients, and the true value depends
on e¢. We also find that relocated air ambulances, new air ambulance,
and upgraded trauma centers lead to relatively larger improvements
in f,(x) (between 0.5-7.0%, 1.1-7.0%, and 0.3-4.1%, across ¢ = 0%
and € = 100%) when a pre-hospital time threshold of 45 min is used.
Different values for the other parameters considered in the sensitivity
analysis result in no more than a 1% impact on the objective function
values for the values considered for any considered change to the
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system. A change to the maximum distance between an air ambulance
depot and a facility for which they conduct transfers lead to different
locations of resources. As the maximum allowable distance between
an ambulance depot to trauma center for air transfers increases, the
air ambulances are located further from trauma centers. This improves
the expected number of patients that can be transported to a trauma
center within the pre-hospital time threshold while still being able to
conduct transfers. Similarly, the maximum ground transfer distance
impacts the optimal location of resources. A larger maximum ground
transfer distance allows some air ambulances to be located further away
from trauma centers since there is less reliance on air ambulances to
complete patient transfers. However, in both cases, the patient density
in areas that can be served with a larger distance is very low, so the
improvement to the objective function values is relatively low.

6. Mass casualty incident response problem: A case study of Wis-
consin tornadoes

We investigate the trauma system mass casualty incident response
problem introduced in Section 4 using a case study based on a tornado-
based MCI. Specifically, we consider how to add or reposition air
ambulance resources in preparation of patient surges following an F5
tornado in Wisconsin. Patient demands are based on historical tornado
locations [45] and previous work on patients volumes [46], locations,
and arrival times [47] following a tornado.

We begin by discussing the data used to instantiate the model. We
then discuss the results for a specific tornado event to gain a better
understanding of how the model performs and how it makes decisions
in preparation of a specific weather event. We investigate the sensitivity
of model results to various parameters used within the model instances.
Finally, we present and broadly analyze the results of fifty model
instances, each corresponding to a different tornado MCI.

6.1. Case study design

We consider a F5 tornado in Wisconsin as the MCI to which the
trauma system must respond. We assume the tornado has a start-
ing location, bearing, width, and length that follows the historical
distribution of tornadoes in Wisconsin from 1950-2017 [45].
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Fig. 8. When patients may be transferred (¢ = 0%), the optimal locations to (a) relocate three current air ambulances (m = 3), (b) locate three new air ambulances (n = 3), and

(c) upgrade three low-level trauma centers (u = 3).

Much of the data, such as travel time calculations, trauma center
locations, and ambulance depot locations, used in this case study are
identical to those described previously in Section 5.1. Therefore, in
this section, we describe only the changes and additions to the data
presented in Section 5.1. Table 5 provides the base parameter values
of the case study and parameter values used in the sensitivity analysis.

Patients entering the trauma system following the tornado are from
one of two groups: patients whose injuries are caused by the MCI and
patients whose injuries are not caused by the MCI and would enter
the trauma system regardless. Patients not caused by the MCI are, like
before, considered to be related to population density and historical
motor vehicle crashes. We create scenarios of patient locations and
arrival times by sampling from the following distributions. MVC victim
arrivals are sampled from historical crash data. For the remaining
patients, we assume they enter the trauma system according to a
Poisson distribution with arrival rates equal to those in the NEMSIS
database proportionally split by census block group population.

We construct scenarios representing the number of patients and
location of injury due to the tornado by sampling from the distribution
of the random variables as follows. As a result, Pr(¢) = L Injuries

occur in few tornadoes, but when injuries do occur there are often
many [46]. In this case study, we consider tornadoes that result in
an average of at least 50 injuries as impacted areas are likely to
require the additional air ambulances only with a large patient surge.
We assume the rate of injury is distributed according to a Negative
Binomial distribution based on the work of Elsner et al. [46], who
find a relationship between the mean number of injuries, the energy of
the tornado, the population density of the area affected using Negative
Binomial regression. Some injuries are severe enough that the injured
individual becomes a trauma patient. Historical data suggests that up
to 25% of injured individuals result in hospitalizations [47]. Therefore,
we assume the number of patients entering the trauma system follows
a Binomial distribution where the probability an injured individual
becomes a trauma patient is 20%(54%) ~ 11%, where 54% arises from
the historical proportion of patients transported to a low-level trauma
center are transferred to a high-level trauma center [32]. Injuries are
usually spread over the entire area of destruction [47]. We assume
patients caused by the MCI are randomly distributed by population
density across the affected area (determined by the path and width
of the tornado). Historical data suggests that most of these severely
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Values used to instantiate the response case study and sensitivity analysis. The ‘Symbol’ column indicates the symbol the input impacts, but

not necessarily the direct value the symbol takes.

Model parameter or input Symbol Base value Sensitivity analysis
Relocated air ambulances m 0 {1, 2, 3}

New air ambulances n 0 {1, 2, 3}

Transport time threshold f/ " 60 min 45 min

Patient demand distribution 1 Historical data -

Trauma centers J |J| =138 -

Air ambulance depots K, |K,| =124 -

Current air ambulances K, |K,| =14 -

Air ambulance capacity . keK, 3 routes {2 routes, 4 routes}
Trauma center capacity e;, jeJ, and j € J, 30 patients {20 patients, 40 patients}
Time until air travel permitted - 2h {1h,3h}

Max air transfer distance FI’ ,jed 220 km -

Air ambulance distance to D, jes 55 km -

trauma center for transfers J

Max ground transfer distance F, jeJ 30 km by road -

Air ambulance busy time

Py, keK, i€I@). (£

25h

injured patients arrives between 1 and 4 h after the tornado [47]. Thus,
we assume all trauma patients arrive uniformly between one and four
hours following the tornado.

As before, we assume that 3 patient transports or transfers may be
completed by each air ambulance and investigate capacities of 2 and
4 within the sensitivity analysis. Moreover, during a tornado MCI, it is
reasonable to assume that an air ambulance cannot be used to transport
the initial trauma patients due to high winds and limited visibility
caused by the storm [48]. In our case study, we assume that within the
first two hours following the tornado, only ground ambulances may
transport patients to a trauma center. Within the sensitivity analysis,
we consider one and three hours following the tornado.

We assume the capacity of each trauma center is 30 patients in
the base case and investigate a capacity of 20 and 40 patients within
the sensitivity analysis. These numbers may be lower than official
capacities of trauma centers. This is due to the difference between surge
capacity and surge capability at various trauma centers. Surge capacity
measures how many patients a hospital can treat within a fixed period
of time (e.g., one hour) [48]. By comparison, surge capability refers
to a hospital’s ability to treat patients requiring complex or specialized
care [48]. Therefore, even if a hospital has significant surge capacity,
it may have low surge capability and patients suffer worse outcomes
if too many patients are treated at a single hospital. As a result, surge
capacities may be overly optimistic. Thus, we use capacity values that
are actually closer to surge capabilities.

6.2. Case study results — single tornado

In this section, we present the results of the stochastic model applied
to a single, randomly generated tornado. The path of this tornado
is illustrated in 9(a). Rural MCI’s like this are not a rarity. Elsner
et al. [46] found that a tornado’s energy is far more predictive of the
number of resulting injuries compared to the population density of
the area that the tornado impacts. For this tornado, we consider 50,
100, and 200 possible scenarios of patient arrivals. We approximate the
Pareto frontier (potentially including weakly optimal solutions) using
the e-constraint method. For each number of scenarios, the planning
decisions (i.e., air ambulance locations) were identical. Due to the
homogeneity of the results, we only discuss results from using the 100
scenarios. Unless otherwise noted, the results presented in this section
refer to solutions using the base parameter values in Table 5.

The approximate Pareto frontier strongly indicates that, in this rural
instance, it is better to first triage patients at lower-level hospitals
before transferring them (lower ¢) if pre-hospital times are a factor
in decision-making. For any level of new or relocated air ambulances,
we find a substantial decrease in the number of patients that can be
transported to a trauma center within 60 min as a larger proportion
of patients must be transported directly to a high-level trauma center
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(i.e., as e increases). This is due to the restricted capacity of high-
level trauma centers near the MCI causing patients to be transported
to trauma centers further away, rather than low-level trauma centers
near the MCI. Allowing patients to be transferred to high-level trauma
centers after stabilization at low-level trauma centers results in ap-
proximately 50% more of the patients expected to be transported to
a trauma center within 60 min and receive at least stabilizing care.
Beyond shorter pre-hospital times to low-level trauma centers, there are
also logistical considerations. For example, tornadoes create significant
debris, which impedes the use of air ambulances to transport patients
from the scene [48], especially for crews not trained to navigate this
debris. It is also easier to restock medical supplies when air ambulances
are located at depots near trauma centers, which is a result of a
system with many patient transfers. While this does not imply that air
ambulance transports should always be avoided, it suggests that there
are substantial trade-offs between both characteristics of high quality
care.

Similar to our observation within the planning model solutions in
the previous section, the improvements from relocating and locating
air ambulances are more significant when patients must be transported
directly to a high-level trauma center (¢ = 100%) compared to when
patients can transferred to high-level facilities later (e = 0%). As seen
in Figs. 9(a) and 9(b), a majority of the tornado path crosses low
population areas. As a result, most MCI patients are far from high-
level trauma centers. This causes additional air ambulances to have a
significant improvement on the likelihood a patient in an impacted area
may be transported to a high-level trauma center within the 60 min
pre-hospital time.

Figs. 9(a) and 9(b) illustrate the locations of air ambulances when
patients are transported directly to high-level trauma centers or can
be transferred to them, respectively. When air ambulance are added to
the trauma system, rather than relocated, they are placed at the same
depots as relocated air ambulances. We see a similar pattern in results
of the incident response model to that of the planning model. When pa-
tients are transported directly to high-level trauma centers (e = 100%),
shown in Fig. 9(a), air ambulances are relocated closer to the locations
expected to have patients that are not currently within the range of a
high-level facility in order to facilitate those patient transports. When
transfers to high-level trauma centers are allowed (¢ = 0%), shown
in Fig. 9(b), patients are almost always transported to local low-level
trauma centers by ground ambulance. To facilitate patient transfers,
the air ambulances are relocated to a nearby high-level trauma centers
without sufficient air ambulance resources.

No parameter, other than the transport time threshold, had a large
impact on the planning decisions regarding air ambulance locations or
relocations. When patient transfers are allowed (¢ = 0%), lowering the
transport time threshold to 45 min decreases the proportion of patients
transported to a trauma center within the time threshold by about
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Fig. 9. The locations and number of air ambulances when three air ambulances are relocated. Depots shown with 0 air ambulances host an air ambulance that was relocated.
Other possible depots are not illustrated. In Figure (a) patients are transported directly to high-level facilities (¢ = 100%); and in Figure (b) patients may be transferred (e = 0%).

30%, but does not change patient pathways through the trauma system.
By comparison, when direct transport to a high-level trauma center
is required (e = 100%), a 45 min threshold significantly disincentives
using air ambulance resources to respond to and transport MCI-caused
patients to a trauma center, since the probability of reaching a high-
level trauma center within 45 min is low even with an air ambulance.
As a result, using a 45-minute time threshold when optimizing a rural
MCI response may not provide desired solutions.

6.3. Case study results — 50 tornadoes

The results discussed in Section 6.2 are for a single tornado path.
In this section, we briefly discuss the average results of fifty model
solutions, each corresponding to a unique tornado path, using the base
parameter values and solution times for these problem instances. Each
tornado is generated as described in Section 6.1 and is given a starting
location, bearing, width, and length according to historical data. For
each tornado, we generate 100 scenarios of patient arrivals to the
trauma system.

Table 6 presents the mean proportion of patients transported to a
trauma center within 60 min after the 50 tornadoes. We see similar
trends in the results to those discussed in Section 6.2. The proportion
of patients that are transported to a trauma center within 60 min
begins to decrease significantly, even when only 50% of patients must
be transported directly to high-level trauma center (¢ = 50%). For
each tornado path and scenario, the optimal location of air ambulances
and patient pathways are heterogeneous, reflecting the various tornado
paths.

We find a noticeable difference in the results when the tornado
impacts rural and urban areas. Urban areas, despite the increased
number of patients, have far greater trauma care and air ambulance
capacity. Thus, urban areas often have sufficient capacity to care for
patients without transporting or transferring patients out of the region.
Rural tornadoes see a far greater decrease in the proportion of patients
transported within 60 min as we increase the proportion of patients
being transported directly to high-level trauma centers (larger values
of €). Likewise, we find a much larger improvement in the objective
function values when air ambulances are relocated in response to
tornadoes in rural areas compared to urban areas.
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Table 7 presents the mean computational solution times for 50
model solutions. Unsurprisingly, using ¢ = 50% results in significantly
longer average computational times versus ¢ = 0% or ¢ = 100%. This
is due to the additional complexity of determining which patients to
transport versus transfer to a high-level facility. This does not occur
when ¢ = 100% as all patient must be transported directly to a high-
level facility. When ¢ = 0% it is usually optimal to transport all
patients to the nearest facility and thus the computational requirement
is relatively low.

Additionally, due to the aforementioned heterogeneity of the torna-
does, we see significant variation in the computational solution times.
This may lead to unacceptably long practical solution times using sam-
ple sizes that are at least 100 scenarios, especially when 0% < e < 100%.
However, for a given tornado, if 50 scenarios are considered instead of
100, almost all first-stage solutions are the same, but computational
times are much smaller. Only in one of the 50 model instances was a
relocated ambulance location different, and this occurred when only
one air ambulance was allowed to relocate. Therefore, while it is
likely better to use 100 scenarios per tornado, using 50 scenarios often
provides the same first-stage solutions and can be found in far less time,
as shown in Table 7.

7. Conclusion

We introduce models for locating resources within a trauma system.
The trauma system planning problem is to determine the location of
new air ambulances, where to relocate air ambulances, and which low-
level trauma centers to upgrade and transform into high-level trauma
centers. The incident response problem focuses on a shorter time-frame
decision of determining the optimal location to temporarily reposition
air ambulances shortly after a mass casualty incident, but before the
patient volume is known with certainty.

Our results suggest that the optimal locations of trauma resources
change significantly depending if patient transfers are considered or
if patients must be transported directly to a high-level trauma center.
For example, when all patients must be transported directly to a high-
level trauma center, air ambulances tend to be spread further away
from trauma centers to increase the geographic area of patients that
may be transported to a high-level trauma center within the time
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Mean proportion of patients transported within 60 min, E [Ql(w, T, 5)], for 50 tornadoes with 100 scenarios per tornado.

Relocated air New air Proportion transported to a high-level facility

Ambulances Ambulances Within 60 min, E [Q,(w.r,£)|, i

m n E [0 (w.1,8)| > 0% E [Q,(w.r,8)] > 50% E [Q,(w.1,8)] = 100%
0 0 88.2% 79.0% 46.3%

1 0 88.6% 81.0% 48.5%

2 0 89.9% 81.4% 50.4%

3 0 89.1% 82.8% 51.3%

0 1 88.7% 81.3% 49.3%

0 2 89.0% 82.2% 50.4%

0 3 89.3% 83.3% 52.6%

Table 7
Mean computational solution times and standard errors for 50 tornadoes.

E [0,(w,1,8)]

Number of scenarios
Per Tornado

Mean time (s)
+ Standard Error

> 0% 50 59+10

> 50% 50 150 + 54
=100% 50 58+9

> 0% 100 636 + 515

> 50% 100 2400 + 2633
=100% 100 523 +£748

threshold. When patients may be transferred to a high-level trauma
center, some air ambulances are located close to trauma centers to be
able to facilitate the transfer of patients between facilities. The case
studies also suggest that increasing the proportion of patients who
must be transported directly to a high-level trauma center decreases
the expected number of patients arriving at a trauma center within
a desired pre-hospital time. We also find that changes to the trauma
system have a larger impact on patient pre-hospital time when patients
must be transported directly to a high-level trauma center. When
patients may be transferred between facilities, the benefit of changes
to the trauma system are relatively small due to the maturity of the
existing system.

Both problems highlight the importance of air ambulances in trans-
ferring patients between trauma centers. Air ambulances should be
located in areas to perform both patient transports from the scene of the
injury to a trauma center and transfers between centers. Some patients,
such as those in rural areas, are unlikely to be transported directly to
a high-level trauma center and are instead far more likely to reach a
low-level trauma center to receive stabilizing care if a later transfer to
a high-level trauma center is allowed. The decisions on where to locate
air ambulances and high level trauma centers change significantly
depending on the proportion of patients that can be transferred after re-
ceiving initial care at a low-level trauma center. Therefore, we present
multiple solutions each corresponding to a unique importance of each
objective. The trade-off in these objectives highlights a larger question:
should resources be allocated to improve the ability of the trauma
care system to transfer patients between facilities or to improve the
number of people with direct access to the highest level of trauma care.
Determining which is best using cost-analysis and patient outcomes is
an area for future research.

In both problems, the need to locate at least some air ambulances
near trauma centers to efficiently facilitate transfers differs from what
has been previously seen in the literature. The optimal resource loca-
tions we find in this research have more in common with the current
location of air ambulances than previous research, since many air
ambulances are located at and share personnel with high-level trauma
centers.

In this paper, we have only considered patient data at a highly
aggregated level. In practice, dispatchers and EMS personnel have sig-
nificantly more information on the health of each patient. In real-time
operations, this information informs the decision to either transport or
transfer patients and by what means. A direction for future research

16

is to incorporate this information into model formulations to more
accurately capture the movement of patients in the trauma system
and model the patients’ impact on resource usage with more granu-
larity. For example, some patients could be directly discharged from
low-level trauma centers without being transferred. Moreover, future
research can consider investment to increase trauma center capacity or
to stand-up new trauma centers altogether.
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