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Access to specialist care: Optimizing the geographic
configuration of trauma systems

Jan O. Jansen, FRCS, FFICM, Jonathan J. Morrison, PhD, Handing Wang, PhD, Shan He, PhD,
Robin Lawrenson, MCPara, James D. Hutchison, PhD, and Marion K. Campbell, PhD, Aberdeen, United Kingdom

BACKGROUND:

The optimal geographic configuration of health care systems is key to maximizing accessibility while promoting the efficient use of

resources. This article reports the use of a novel approach to inform the optimal configuration of a national trauma system.

METHODS:

This is a prospective cohort study of all trauma patients, 15 years and older, attended to by the Scottish Ambulance Service,

between July 1, 2013, and June 30, 2014. Patients underwent notional triage to one of three levels of care (major trauma center
[MTC], trauma unit, or local emergency hospital). We used geographic information systems software to calculate access times,
by road and air, from all incident locations to all candidate hospitals. We then modeled the performance of all mathematically
possible network configurations and used multiobjective optimization to determine geospatially optimized configurations.

RESULTS:

A total of 80,391 casualties were included. A network with only high- or moderate-volume MTCs (admitting at least 650 or

400 severely injured patients per year, respectively) would be optimally configured with a single MTC. A network accepting
lower-volume MTCs (at least 240 severely injured patients per year) would be optimally configured with two MTCs. Both
configurations would necessitate an increase in the number of helicopter retrievals.

CONCLUSION:

This study has shown that a novel combination of notional triage, network analysis, and mathematical optimization can be used

to inform the planning of a national clinical network. Scotland’s trauma system could be optimized with one or two MTCs.
(J Trauma Acute Care Surg. 2015;79: 756-765. Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.)
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he configuration of health care services is of key impor-
tance when expeditious access to complex care is required,
such as after major trauma. A trauma system is a regional
network of designated trauma centers, with stratified capability,
supported by emergency medical services, which aims to
match patients’ needs with hospitals’ resources. Treatment
within a trauma system has been shown to be associated with
improved mortality and functional outcomes.' ™ Level I trauma
centers (or, in Europe, major trauma centers [MTCs]) are
specialist facilities designed to provide optimal care for the
most severely injured patients. The time required to reach
definitive care is recognized as a key determinant of outcome.*
Trauma system configuration is a topical and often
contentious issue. This applies not only to developing net-
works, as in England and Scotland, but also to existing systems,

Submitted: May 27, 2015, Revised: July 6, 2015, Accepted: July 13, 2015, Pub-
lished online: September 2, 2015.

From the Departments of Surgery (J.O.J., JD.H.) and Intensive Care Medicine
(J.OJ), Aberdeen Royal Infirmary and Health Services Research Unit (J.O.J.,
M.K.C.), University of Aberdeen, Aberdeen; Academic Unit of Surgery (J.J.M.),
Glasgow Royal Infirmary; and Scottish Ambulance Service (R.L.). Glasgow; De-
partment of Computing (H.W.), University of Surrey, Guildford; and School of
Computer Science (S.H.), University of Birmingham, Birmingham, United Kingdom.

This is an open-access article distributed under the terms of the Creative Commons
Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where
it is permissible to download and share the work provided it is properly cited.

The funders had no role in the design of the study, data collection, data analysis, data in-
terpretation, writing of the report, or decision to submit the manuscript for publication.

The opinions expressed in this article are those of the authors alone.

Address for reprints: Jan O. Jansen, Ward 505, Aberdeen Royal Infirmary, Foresterhill,
Aberdeen AB25 2ZN, United Kingdom; email: jan.jansen@abdn.ac.uk.

DOI: 10.1097/TA.0000000000000827

756

as in North America. Historically, the configuration of a trauma
system was often not considered as a whole but instead hinged
on the designation and verification of individual hospitals as
trauma centers. Furthermore, although the decision to seek
trauma center status was based in part on need, other drivers
included individual and institutional commitment as well
as social, political, and economic considerations. The latter, in
particular, have prompted concerns regarding the rapid ex-
pansion in the provision of trauma centers, potentially in excess
of community need, resulting in a dilution of expertise.> Po-
litical considerations are often founded on the paradigm that
immediate access to care must be best when there is evidence
that traveling further to a center capable of providing definitive
care may be associated with better outcomes.®’

Recognition of the benefits of an inclusive trauma sys-
tem® has precipitated a more holistic approach. Geospatial
optimization—the siting of centers according to the geographic
distribution of the injured population—has the potential to
benefit both patients and institutions, by facilitating prompt ac-
cess and promoting the efficient use of resources. A systematic
approach to trauma system design can furthermore help to re-
assure stakeholders that the best configuration has been chosen.’
However, previous efforts to produce data-driven solutions to
trauma system design have shortcomings, prompting the de-
velopment of a novel approach, by our group, termed Geospatial
Optimization of Systems of Trauma Care (GEOS).?

Scotland is in the process of establishing a national trauma
system, which is due to go live in 2016. The currently proposed
configuration of the network, following a series of stakeholder
meetings, is for a system with four MTCs.!® However, several
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authorities—including the Royal College of Surgeons of
Edinburgh—have expressed concerns that four MTCs may be
too many.!! The aim ofthis study was to use the GEOS approach
to identify geospatially optimized trauma network configurations
for Scotland, to inform policy.

PATIENTS AND METHODS
Study Design

The methodology has been described in detail in a pre-
viously published article.” In summary, this study involved the
prospective collection of data on all trauma patients attended
to by the Scottish Ambulance Service (SAS) and Emergency
Medical Retrieval Service (EMRS) in Scotland, for a complete
year. Patients were notionally triaged to appropriate levels of
care, on the basis of clinical need. A modeling of all mathemati-
cally possible trauma system configurations was then undertaken,
using a combination of network analysis and multiobjective op-
timization, identifying optimal network configurations. The study
was considered by the North of Scotland Research Ethics Service
and deemed a service evaluation and therefore did not require
ethical approval. It was approved by the SAS Caldicott guardian
(body responsible for electronic patient data access).

Prospective Triage

Scotland has a population of 5.3 million, concentrated in
four major conurbations (Fig. 1). Prehospital care is provided
by the SAS and the EMRS. Between July 2013 and June 2014,
every patient 15 years and older, for whom a final diagnostic
code relating to physical injury was recorded by the ambulance
crew, was notionally triaged, using the Field Triage Decision
Scheme.!? We did not include children because the organiza-
tion of a pediatric trauma system differs. To enable the notional
triage, bespoke data collection screens were added to the am-
bulances’ electronic patient record system. Patients who met
the criteria of Step 1 of the triage algorithm (physiologic de-
rangement) or Step 2 (critical injuries) were triaged to the highest
level of care (MTC, equivalent to a North American Level 1
trauma center). Patients who met the criteria of Step 3 (mecha-
nistic criteria) or Step 4 (special considerations) were triaged to
trauma unit (TU) care. (A TU is broadly equivalent to a North
American Level II/III trauma center.) All other patients were
triaged to local emergency hospital (LEH) care (equivalent to
a Level IV/V trauma center or nondesignated hospital). This
algorithm is summarized in Figure 2. The electronic patient re-
cord also included clinical, demographic, and location data.

Configuration Modelling

We used incident location data to calculate drive times
and flight times from every incident location to every hospital
in Scotland, which could potentially become an MTC or TU. In
total, there were 18 candidate hospitals that could become TUs
(Fig. 1), of which 4 (in the major cities of Glasgow, Edinburgh,
Aberdeen, and Dundee) could also become MTCs, yielding
more than 2 million mathematically possible configurations.
Calculated drive times were adjusted to account for traffic
conditions, considering time of the day, day of the week, road
type, and population density. Ambulances conveying patients
triaged to MTC care were assumed to travel at “blue-light

© 2015 Wolters Kluwer Health, Inc. All rights reserved.

speeds”. Flight times considered stand-to times, flight time
from base to incident location, average loading times, and flight
time to destination and assumed night-flying capability.

We then analyzed which hospital each patient would have
gone to, given any particular configuration of trauma system,
using a set of decision rules (Fig. 3).° We used an access time
threshold of 45 minutes, as used by many trauma systems. We
also performed a sensitivity analysis, modeling a threshold of 60
minutes. Patients who could not have reached the desired level of
care within this time frame were modeled as having been diverted
to a lower-level center and flagged as “exceptions.” We assumed
a maximum possible number of seven flights per helicopter
per day based on average mission duration. For each analyzed
configuration, we calculated the predicted total and median
system travel times and the number of patient exceptions.

Statistical Analysis

We used a multiobjective optimization algorithm, which
searches for optimal solutions to problems with two or more
conflicting objectives, to determine geospatially optimized
trauma system configurations. Specifically, we used the Non-
dominated Sorting Genetic Algorithm (NSGA-2),'® with the
objectives of minimizing total system travel time and mini-
mizing the number of exceptions, reflecting the “time to de-
finitive care” paradigm.* The output is composed of a set of
mathematically equal solutions, which cannot be mathemati-
cally or numerically ranked, as they are all deemed “optimal”
(or “Pareto optimized”). The number of solutions can, how-
ever, be reduced by applying certain constraints. We selected
the predicted annual volume of severely injured patients in the
MTCs and the number of helicopters required as constraints.
The choice of the former was based on the recognized rela-
tionship between trauma center case volume and mortality.*!%13
We modeled minimum thresholds of at least 650 (“high vol-
ume”), 400 (“moderate volume”), and 240 (“low volume™)
severely injured patients per year, as defined by Injury Severity
Score (ISS). The number of severely injured patients per hospital
was calculated from the number of patients triaged to each
category, using coefficients based on Scottish Trauma Audit
Group registry data, and the published sensitivity of the Field
Triage Decision Scheme.'® The annual volume of severely in-
jured patients in MTCs was calculated from the number of
patients who were primarily admitted as well as the number of
severely injured patients transferred secondarily from TUs, as-
suming a 90% transfer rate, to allow for patients deemed not to
require specialist care or receiving palliative care.

We sequentially analyzed different constraints, reflecting
priorities in system design. In essence, we attempted to max-
imize MTC case volume, using the smallest number of heli-
copters. If no feasible or acceptable solutions were obtained for
a given case volume threshold, we increased the number of
helicopters, to a maximum of double the current configuration.
The performance characteristics of each trauma system con-
figuration, which we examined, included the estimated number
of primarily admitted patients (directly from the scene) with
severe injury (per center), the number of interfacility transfers
of patients with severe injury, the total number of severely
injured patients (including interfacility transfers) per center, the
median access time for all patients, the median access time for
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Figure 1. Study area and locations of candidate hospitals (excluding Shetland Isles). Locations in red indicate hospitals that could
become MTCs, TUs, or LEHs. Locations in blue indicate hospitals that could become TUs or LEH. Hospitals in green could only become
LEHs. The map also shows the locations of the three airfields with aeromedical retrieval assets. (Contains public sector information
licensed under the Open Government Licence v3.0.).

patients triaged to MTC care and taken to an MTC, and the
number of helicopter flights required. Data were collated using
Microsoft Excel (Microsoft, Redmond, WA). The modeling

and multiobjective optimization were performed using MatLab
(MathWorks, Natick, MA).

RESULTS

In total, 80,391 casualties were attended to by the SAS and
EMRS over the year, underwent notional triage, and were included

3

58

in our analysis. The median age was 62 years (interquartile range,
37-81 years). A total of 1,599 (1.9%) of incidents occurred on
islands. Of the patients, 80,202 (99.8%) were retrieved by road
ambulance and 192 (0.2%) by helicopter. A total of 7,095 (8.8%)
were notionally triaged to MTC care, 33,567 (41.8%) to TU care,

and 39,728 (49.4%) to local emergency hospital care. The groups,
as expected, differed in terms of demographic and physiologic

characteristics (Table 1). The spatial distribution of the incidents
has been described previously.!”
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TRIAGE QUESTIONS

TRIAGE
CATEGORY

Does your patient have any of the following:
+ Systolic blood pressure <90 mmHg
+ Glasgow Coma Scale < 14
+ Respiratory rate < 10 or > 29 breaths/min
(or < 20 breaths/min in infants less than one year)

Step 1: Assess your patient’s physiology

@No

Does your patient have any of the following:

Chest wall instability or deformity
Two or more proximal limb fractures

= s s e

Amputation proximal to wrist or ankle
+ Suspected pelvic fracture
Open or depressed skill fracture

Step 2: Assess your patient’s injuries

» Penetrating injury to head, neck, torso, or limbs prox. to elbow or knee

Crushed, degloved, mangled, or pulseless extremity

MAJOR TRAUMA CENTRE CARE

Paralysis
[

Did any of the following occur:
+ Fall > 20 feet
+ High risk vehicle accident

*  With > 12" intrusion

* Ejection (partial or complete)

Death in same passenger compartment

* Vehicle striking pedestrian/cyclist at > 20 mph
* Motorcycle accident at > 20 mph

Step 3: Assess the mechanism of injury

’

@No

Are any of the following present:

Age > 55 years

Bleeding disorder or anticoagulant treatment
Isolated bumns

Pregnancy > 20 weeks

Morbid obesity

a & s s @

Step 4: Special considerations

TRAUMA UNIT CARE

&

No

Figure 2. Triage algorithm.
Networks With High- or Moderate-Volume MTCs

There were 21 optimized configurations for a network
with high- or moderate-volume MTCs. (Modelling and opti-
mization with both volume thresholds produced the same set of
results.) Nine of these configurations would require five heli-
copters, and the remainder, six. There were no feasible high- or
moderate-volume configurations based on the current fleet size
of three helicopters or four helicopters. The nine optimized
configurations with the smallest number of helicopters all had

© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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one MTC, in Glasgow, and between 10 and 17 TUs (Table 2,
Configurations A to I). Eight hospitals featured as TUs in all
nine configurations. Configurations with a smaller number of
TUs would be predicted to result in an increase in median travel
time, a decrease in the proportion of patients reaching their
destination within 45 minutes, an increase in the number of
helicopter flights required, and a small decrease in the number
of exceptions (as a result of more patients being taken to MTCs
by helicopter). The reconfiguration of services in Scotland is
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Triaged to major frauma
> center (MTC) care

MTC accessible
within 45 mins,
by road?

MTC accessible
within 45 mins,
by air?

Allocate to nearest TU, using
quickest mode of transport

Allocate to MTC

Allocate to MTC Record “exception”

Triaged to trauma unit (TU)
carg

L 4

Triaged to trauma center care

TU or MTC
accessible
within 45 mins,
by road?

TU or MTC
accessible
within 45 mins,
by air?

Allocate to nearest TU, using
quickest mode of transport

Allocate to TUMTC

Allocate to TUMTC

Allocate to nearest hospital

Ly Triaged to local emergency
hospital (LEH) care

Figure 3. Tasking algorithm.

currently focused on MTCs, and it is therefore likely that all
hospitals that could become TUs would be designated as such.
This configuration (Configuration A in Tables 2 and 3) would
result in an estimated 864 severely injured patients per year
being taken to the MTC in Glasgow. Of these, an estimated 328
would be primary admissions, and 536 would be secondary
transfers. The latter figure includes both patients who could not
primarily reach an MTC within the desired time, for geographic
reasons, despite being triaged to MTC care, and those who were
incorrectly triaged and mistakenly taken to a TU, as a result of
the limited sensitivity of the triage protocol. The median access
time for patients triaged to MTC care, who would be taken to
an MTC, was estimated to be 21.9 minutes (Table 3).

Networks With Low-Volume MTCs

If MTCs with lower annual case volumes were accepted,
there would be 11 optimized configurations. Two of these could
be realized with four helicopters, whereas the remainder would
require at least five aircraft. The two configurations requiring
only four helicopters are also shown in Table 2 (Configurations
Jand K). Both had two MTCs, in Glasgow and Edinburgh, and
either 15 or 16 TUs. If all 16 hospitals that could become TUs
were designated as such (Configuration J in Tables 2 and 3), the
Glasgow MTC would be estimated to have moderate volume
(494 severely injured patients per year, including secondary
transfers), and the Edinburgh MTC would have low volume

760

L 4

(MTC, TU, or LEH)

(381 severely injured patients per year, including secondary
transfers). A total of 414 severely injured patients per year
would require a secondary transfer. As before, this number
includes both undertriaged patients and those who were cor-
rectly triaged but could not reach an MTC within 45 minutes.
The estimated median access time for patients triaged to MTC
care, who would be taken to an MTC, would be 18.2 minutes,
which is slightly shorter than for a single-center configuration.
The number of exceptions and secondary transfers would also
be lower. If the number of helicopters was increased to five,
an additional nine configurations would become feasible, all
with two MTCs, in Glasgow and Edinburgh, and 10 to 16 TUs.

Helicopter Retrieval

The implementation of a trauma system with one or two
MTCs and with the tasking criteria described is estimated to
require an increase in primary helicopter retrievals. The con-
figurations described would necessitate between 2,832 and
4,065 missions to be flown per year, depending on the choice of
configuration, equating to approximately nine retrievals per
day. However, only 941 to 1,117 of these flights would be for
patients triaged to MTC care, the remainder being for patients
triaged to TU care, injured in remote locations (Table 3).

Access Time Threshold Sensitivity Analysis
A sensitivity analysis with a 60-minute (as opposed to
45 minutes) access time threshold revealed a small number of

© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 1. Characteristics of Study Population

All Patients

Patients Triaged to MTC Care Patients Triaged to TU Care Patients Triaged to LEH Care

(n = 80,391) (n =17,095) (n =33,567) (n = 39,729)
Demographics
Age, median (interquartile range), y 62 (37-81) 58 (36-80) 79 (69-86) 41 (26-55)
Male sex, n (%) 39,326 (49.0) 4,114 (58.0) 12,835 (38.2) 22,377 (56.5)

Physiology
Lowest systolic blood pressure, mm Hg

Median (interquartile range) 134 (118-152)

127 (107-146)

141 (123-161) 131 (117-146)

<90 mm Hg, n (%) 1,956 (2.4) 914 (12.9) 528 (1.6) 514 (1.3)
Lowest Glasgow Coma Scale (GCS) score
Median (interquartile range) 15 (15-15) 15 (14-15) 15 (15-15) 15 (15-15)
<14, n (%) 9,811 (12.2) 2,946 (41.5) 4,024 (12.0) 2,841 (7.2)
<9, n (%) 468 (0.6) 412 (5.8) 26 (0.1) 30 (0.1)
Lowest respiratory rate, breaths/min
Median (interquartile range) 17 (16-18) 18 (16-19) 18 (16-18) 17 (16-18)
<10, n (%) 107 (0.1) 38 (0.5) 28 (0.1) 41 (0.1)
Highest respiratory rate, breaths/min
Median (interquartile range) 18 (16-19) 18 (16-20) 18 (16-20) 18 (16-18)
>29, n (%) 1,148 (1.4) 420 (5.9) 377 (1.1) 351 (0.9)
Mainland/island location
Mainland, n (%) 78,666 (98.0) 6,918 (97.5) 32,743 (97.5) 39,005 (98.5)
Island, n (%) 1,591 (2.0) 180 (2.5) 824 (2.5) 587 (1.5)

additional configurations. Networks with high- or moderate-
volume MTCs alone could be optimized with a single MTC
in Glasgow, as before, or a single MTC in Edinburgh. However,
such a configuration would be associated with markedly longer
access times. Networks with low-volume MTCs had two
MTCs, in Glasgow and Edinburgh (as before) or in Glasgow
and Dundee. However, the latter combination would have
been discounted if two fewer patients had been admitted to
Dundee. Furthermore, this configuration would also be as-
sociated with markedly longer access times. In summary,
lengthening the access time threshold to 60 minutes does not
alter the conclusions.

DISCUSSION

This study has shown that a novel notional triage and
mathematical optimization methodology can be used to inform
the planning of a major national care system. This is the first
time such a methodology has been used in this field. That
the analysis is based on a complete and large national cohort
of prospectively collected data adds to the robustness of
the findings.

Our analysis indicates that a trauma system configuration
with one MTC, in Glasgow, or two MTCs, in Glasgow and
Edinburgh, would be optimal, based on observed data. These
findings are at variance with the widely held belief that the
geographic distribution and associated long access times would
preclude a configuration with a single center.!® While such a
configuration would result in a high proportion of patients who
could not reach definitive care primarily and a high number of
secondary transfers, these results should be viewed in the
context of an inclusive trauma system, which would facilitate
best possible care, even for those injured in remote areas.

© 2015 Wolters Kluwer Health, Inc. All rights reserved.

The findings are also at variance with the intuitive as-
sumption that, if two MTCs were required, these would be best
placed as far apart as possible, in Glasgow and Aberdeen.
These results are explained by the spatial distribution of the
incidents and the clustering of case volume in the Glasgow/
Edinburgh area in particular, as reported in our previous arti-
cle,!” which exerts a “gravitational pull.”

Implications for Policymakers

Trauma system design is influenced by a number of
forces, which vary with setting. Overdesignating high-level
facilities risks diluting experience. In the United States, the
principal reasons include the economic benefits and the pres-
tige of trauma center status. In the United Kingdom and in
Scotland in particular, there are no economic benefits to a
hospital being designated as an MTC, but as the National
Health Service is more susceptible to political influences, local
opinion can strongly influence decision making. Robust data,
as generated by the GEOS study, can help to make the process
more objective and transparent.

Following the decision to regionalize trauma care in
Scotland, the Scottish Government’s National Planning Forum
had originally recommended a trauma system with four MTCs,
in Glasgow, Edinburgh, Dundee, and Aberdeen.!? This study
shows that such a configuration might not be optimal. For the
two solutions identified as optimal in our analysis, for a given
minimum MTC case volume, the decision as to which solution
is best therefore relates, partly, to what is deemed an adequate
center volume. The relationship between case volume and
outcome is well recognized, but the improvements in mortality,
which are seen with higher case volumes, are probably not the
consequence of higher volume per se, but rather the ability to
justify a different service delivery framework. A dedicated
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TABLE 2. Optimized Network Configurations

Configuration
A B C D E F G H I J K
Configuration characteristics
No. centers
MTCs 1 1 1 1 1 1 1 1 1 2 2
TUs 17 16 16 15 15 14 13 12 10 16 15
MTC volume threshold (SIP per year) 650 650 650 650 650 650 650 650 650 240 240
Access time threshold, min 45 45 45 45 45 45 45 45 45 45 45
No. helicopters per base
Glasgow 2 2 2 2 2 2 2 2 2 1 1
Inverness 2 2 2 2 2 2 2 2 2 2 2
Perth 1 1 1 1 1 1 1 1 1 1 1
Total 5 5 5 5 5 5 5 5 5 4 4
Center designations
1. Aberdeen TU TU TU TU TU TU TU TU TU TU TU
2. Dundee TU TU TU TU TU TU TU TU TU TU TU
3. Edinburgh TU TU TU TU TU TU TU TU TU MTC MTC
4. Glasgow S MTC MTC MTC MTC MTC MTC MTC MTC MTC MTC MTC
5. Dumfries TU TU LEH TU LEH LEH LEH LEH LEH TU TU
6. Larbert TU TU TU TU TU TU TU TU TU TU TU
7. Glasgow R TU TU TU TU TU TU TU TU LEH TU TU
8. East Kilbride TU TU TU TU TU TU TU TU LEH TU TU
9. Inverness TU TU TU TU TU TU TU TU TU TU TU
10. Kilmarnock TU TU TU TU TU TU TU TU TU TU TU
11. Kirkcaldy TU TU TU TU TU TU TU LEH LEH TU TU
12. Ayr TU LEH TU LEH TU LEH LEH LEH TU TU TU
13. Airdrie TU TU TU TU TU TU TU TU LEH TU TU
14. Greenock TU TU TU TU TU TU TU TU TU TU TU
15. Paisley TU TU TU TU TU TU TU TU TU TU TU
16. Perth TU TU TU LEH TU TU LEH LEH LEH TU LEH
17. Melrose TU TU TU TU TU TU TU TU TU TU TU
18. Wishaw TU TU TU TU LEH LEH LEH LEH LEH TU TU

Configurations in bold (A and J) represent those with all hospitals that meet the study criteria for a TU being designated as such.

SIP, severely injured patients.

trauma service to coordinate and deliver care for the severely
injured is key to improving outcomes but is only justifiable
when there is a sufficient case volume. In addition, mortality is
not the only measure of a high-quality service. The precise
position of the inflection point on the volume/outcome curve
is therefore not known, and it is probable that both configu-
rations described would result in MTCs large enough to sustain
a specialist service. Furthermore, choosing between the two
optimal configurations identified by the modeling should also
consider other factors, such as hospitals’ capacity, and issues
that are less quantifiable, such as organizational commitment
and resilience. Capacity is difficult to model because it is in-
fluenced by the number of admissions and the length of stay.
Data on the latter were not available in our prehospital data set.
In terms of the number of emergency department attendances
alone, however, it seems probable that a configuration with two
MTCs, in Glasgow and Edinburgh, would be better able to
deal with the predicted increase in volume than a single-MTC
configuration.

Both the single- and two-MTC system configurations
(but, in fact, also the four-MTC configuration proposed by the
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Scottish Government) would require an increase in aeromed-
ical retrievals, although a proportion of the primary helicopter
retrievals predicted by this study were for patients triaged to
TU care, with a low probability of major trauma who were
injured in remote locations. Some of these patients might not
always require helicopter transport or could be taken to a lo-
cal emergency hospital, if a degree of provider judgment
was applied. The anticipated need for increased aeromedical
retrieval reflects Scotland’s geography and a probable un-
derprovision of lift capacity, given the population character-
istics. The cost of operating additional helicopters may seem
substantial but should be viewed in the context of setting up and
running additional MTCs, which is also considerable. The
combined set-up cost for four MTCs is estimated to be in the
region of £12 to £17 million ($19-$27 million). A detailed
health economic analysis is in planning.

Strengths and Weaknesses

The strengths of the study lie in its prospective, sys-
temwide, population-based design; its use of actual incident
location data; and its application of multiobjective optimization

© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 3. Predicted Performance of Optimized Network Configurations
Configuration
A B C D E F G H I J K
Predicted case volume of candidate MTCs (no. severely injured patients per year)
Glasgow  Primary 328 329 332 330 335 336 337 337 378 263 263
admissions
Total including 864 855 856 851 845 837 833 817 784 494 495
transfers
Edinburgh Primary admissions — — — — — — — — — 198 200
Total including — — — — — — — — — 381 377
transfers
Predicted access time - patients triaged to MTC or TU
Median, min 10.9 11.2 11.1 11.5 11.6 11.9 12.3 13.0 15.1 11.0 11.3
Interquartile range, min 2.9-18.8 3.0-19.3 2.6-19.5 2.8-20.2 3.0-20.1 3.1-20.7 3.0-21.6 2.0-240 4.6-256 3.0-19.0 2.8-19.7
Proportion reaching 0.94 0.94 0.91 0.94 0.91 0.91 0.91 0.91 0.91 0.94 0.94
within 45 min
Predicted access time—patients triaged to MTC and taken to an MTC
Median, min 21.9 22.0 223 22.1 225 22.6 227 227 227 18.2 18.3
Interquartile range, min 8.1-35.6 8.2-358 82-36.3 82-359 8.1-369 8.1-37.1 81372 81-37.3 8.1-373 6.8-29.5 6.8-29.8
Proportion reaching 0.94 0.93 0.92 0.93 0.91 0.91 0.91 0.90 0.90 0.94 0.94
within 45 min
Predicted helicopter use, flights per year
From Glasgow base 173/926 195/1,006 249/1,775 195/1,006 292/1,788 319/1,870 319/1,870 319/1,870 302/1,825 159/926 159/926
(triaged to MTC/TU)
From Inverness base 215/1,690 215/1,690 215/1,690 215/1,690 215/1,690 215/1,690 215/1,690 215/1,690 215/1,690 228/1,690 228/1,690
(triaged to MTC/TU)
From Perth base 565/216 565/216  565/216  577/296  565/216  565/216  577/296  583/505  583/505 554/216 581/296
(triaged to MTC/TU)
Total 9532832 97512912 1,029/3,681 987/2992 1,072/3,694 1,099/3,776 1,111/3,856 1,117/4,065 1,100/4,020 941/2,832 9682912
(triaged to MTC/TU)
Exceptions and secondary transfers
No. MTC exceptions 2,427 2,405 2,351 2,393 2,308 2,281 2,269 2,263 2,262 1,290 1,263
per year
No. secondary transfers 536 526 524 521 510 501 496 480 406 414 409
per year

Configurations in bold (A and J) represent those with all hospitals that meet the study criteria for a TU being designated as such.

SIP, severely injured patients.

to network analysis, which enables multiple, conflicting ob-
jectives to be considered. The use of prehospital triage de-
cisions implicitly considers both undertriage and overtriage
and thus provides a realistic model of patient flow.

Several previous studies'®2° have attempted to quantify
access to trauma center care using “isochrone analysis™ of census
data, relying on the assumption that the distribution of the injured
population mirrors that of the population in general, which does
not always hold true.?! These issues are overcome by network
analysis, a well-established technique for solving siting problems
in operations research, which was used by Branas et al.?>?3
in their seminal Trauma Resource Allocation Model for
Ambulances and Hospitals (TRAMAH) study. However, the
TRAMAH study was limited by the use of retrospectively
calculated severity scores, obtained from trauma registries, to
stratify injury severity. In reality, patient flow is determined by
prehospital triage decisions, as used by the GEOS modeling. The
positive predictive value of triage for determining severe injury is
limited, and the resulting overtriage has implications for transport
services and hospitals’ capacity.

© 2015 Wolters Kluwer Health, Inc. All rights reserved.

Nevertheless, mathematical modeling also has limita-
tions. No provision was made for provider judgment in triage,
and the model is dependent on the sensitivity of Steps 1 and 2
of the Field Triage Decision Scheme for detecting severe in-
jury. We used a conservative estimate of 45.5%, derived from a
large multicenter study from the United States.'® It is possible
that the performance of the Field Triage Decision Scheme in
Scotland differs because of variations in case mix and appli-
cation. Calculated drive times are estimates and did not con-
sider the effects of weather, both of which may impact on the
accuracy of the data. We considered making allowances for
no-fly weather conditions, but the available data on which to
base such modeling are limited, particularly as the entire flight
path—rather than just the incident location—would have to be
considered. Similarly, we did not make allowances for weather-
related decreases in driving speeds. However, the model was built
on a large data set, collected over a full year, to account for any
seasonal variation in the geographic distribution of the incidents.
It is possible that the injuries observed over this time may not be
representative of what would happen every year, but the profile
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of the data is similar to that seen in previous years,?*2® which
provides reassurance that the results are generalizable.

Future Research and Other Applications

This study adds to the literature on trauma system design, and
while the data in this study pertains to the configuration of a trauma
system for Scotland, the methodology could easily be adopted and
adapted to other settings. In particular, the technique could also
be used to compare mathematically optimized configurations with
existing ones, to provide a form of quality assurance of the con-
figuration of existing trauma systems. This latter application could
help to address the issue of trauma center proliferation, which is an
increasingly recognized problem in North America. Furthermore,
trauma is not the only time-critical condition that requires complex
care delivered by a hierarchical clinical network. The effect of
hospital volume on outcome following percutaneous coronary in-
tervention for myocardial ischemia, thrombolytic therapy for stroke,
and the repair of ruptured abdominal aortic aneurysms is well
recognized,”’2° and these treatments might also benefit from
geospatially optimized systems of care.

CONCLUSION

This study has shown that a novel combination of notional
triage, network analysis, and mathematical optimization meth-
odology can be used to inform the planning of a major national
care system. Scotland’s nascent trauma network would be opti-
mally configured with one or two MTCs, and the latter config-
uration, in particular, seems feasible with regard to the capacity
of the proposed centers and the additional need for acromedi-
cal retrieval resources. Whatever configuration is eventually
implemented, it should be carefully and continuously evaluated.

The methodology described here is not only applicable
to trauma care or to Scotland. Whether explicitly considered
or not, there is a geographic dimension to the design of any
clinical network. The need to balance conflicting objectives—such
as accessibility, center case volumes, and need for aeromedical
transport—is a particular feature of networks caring for patients
with highly acute conditions.
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