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ABSTRACT

Major incidents are characterised by a mismatch between the immediate needs of patients and the
resources available to treat them. In the UK, man-made major incidents comprising blast and
penetrating trauma have occurred with increasing frequency in recent years and continue to
constitute the greatest threat to national security (Chapter 1). Triage tools have a crucial role in
ensuring that finite healthcare resources are allocated to maximise overall survival. Existing tools
have largely been developed based on expert opinion and implemented without formal validation.
A major challenge in furthering the science of major incident management is the lack of consensus
and standardisation of end-points which best define Priority 1 (P1) status and other triage

categories.

In this thesis, the literature surrounding major incident triage was reviewed and modern, evidence-
based definitions of triage categories were validated amongst adults and children from the UK
national trauma registry (Chapters 1 and 2). This system developed by Lerner et al defined P1
patients as those requiring any one of eight time-critical life-saving surgical and major resuscitative
interventions, directly reflecting patient resource requirements, and correlates well with casualty
distribution within UK regionalised systems of trauma care. Hence it is recommended that Lerner’s
criteria should become the gold standard in reporting triage tool performance in future UK major

incidents.

These intervention-based triage category definitions were compared with the triage category
assignments of ten existing international triage tools. This comparative analysis demonstrated that
the current UK national triage tool, the NARU Triage Sieve, is poorly sensitive in identifying P1
patients who require time-critical, life-saving interventions, and was surpassed in sensitivity by
several tools, the best of which was the UK military’s BCD Triage Sieve (Chapter 2, publication
number 1). Similarly, in children from the national trauma registry, the current UK tools, the

Paediatric Triage Sieve and JumpSTART, demonstrated suboptimal performance and were



substantially outperformed by several tools, with the BCD Triage Sieve again demonstrating the
greatest sensitivity (Chapter 2, publication number 2). This has directly informed national policy,
resulting in the removal of previous existing tools and a recommendation for the NHS Major Incident
Triage Tool (MITT), the civilian adaptation of the BCD Triage Sieve, to become a single tool for NHS

first responders to apply to all adults and children in future UK major incidents.

Subsequently, using tree-based machine learning methodology, a novel primary triage tool, Quick
Triage, as well as a secondary triage tool that is applicable via a portable device, have been
developed (Chapter 3). Both tools outperform the BCD Triage Sieve amongst TARN patients, with
reduced associated over-triage rates. The app-based secondary triage tool has withstood external
validation amongst injured patients from the UK military’s Joint Theatre Trauma Registry (JTTR);
however, a paucity of pre-hospital data precluded external validation of Quick Triage amongst JTTR
patients, necessitating further work. Quick Triage has balanced, favourable performance amongst
adults, children and elders with blunt and penetrating trauma from the UK national trauma registry,
with lower over-triage rates than the NHS MITT (Chapter 4). This offers the possibility of a single
tool for use amongst patients of all ages by all NHS and non-NHS first responders, allowing complete
interchangeability, simplification of the prehospital triage process and likely more rapid and accurate

triage of major incident casualties in future UK and international major incidents.
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CHAPTER ONE: GENERALINTRODUCTION



What is a major incident?

A major incident can be defined as “an event or situation with a range of serious consequences
which requires special arrangements to be implemented by one or more emergency responder
agencyl.” The characteristic feature of a major incident is that resources are outstripped by the
immediate needs of the community?. The challenge to responders lies in how best to allocate finite
resources. From a healthcare perspective, the National Health Service (NHS) defines a major
incident as any emergency that requires the implementation of special arrangements by one or
more of the Emergency Services, the NHS or local Authority for the initial treatment, rescue and
transport of a large number of casualties®. Whilst the term “major incident” is commonly used in the
UK, from a healthcare perspective, it is synonymous with the term “mass casualty,” which describes
any situation in which emergency medical services resources, such as personnel and equipment, are

overwhelmed by the number and/or severity of casualties®*

The management of casualties is one important aspect of major incident management®. According
to the Major incident Medical Management and Support (MIMMS) paradigm, which has guided
major incident practices across the UK and much of the Commonwealth for the last three decades,
the management of a major incident involves several steps including detection of a major incident,
incident command, ensuring scene security and safety, assessing hazards, support, triage and
treatment of casualties, evacuation and recovery from the major incident®. Prior preparation,
recognition of risks at a community level and the coordination and interoperability of multiple

agencies are crucial to the successful management of a major incident?>,

Triage is one aspect of major incident management. The term triage refers to the assessment of
casualties and the assignment of priority on the basis of clinical need. This assignment of priority
facilitates onward transfer and treatment of casualties in a manner that will provide the “greatest

good to the greatest number®.” This differs from the treatment of casualties outside of a major



incident, in which resources are not constrained and the best possible treatment and timely transfer
can be offered to individual patients to maximise their chances of a favourable outcome following
injury. There are no simple means by which critically ill or injured patients can be identified at the
scene of a disaster and this is where triage can make its greatest impact when faced with a large the
number of victims®. In fact, the outcome of victims assigned the highest triage category is

considered to be a good indicator of the effectiveness of medical care following a major incident’.

First responders are required to perform triage under challenging circumstances, including harsh
environmental conditions and often, an ongoing threat, for example the risk of building collapse
following fires or explosions, or the possibility of multiple or co-ordinated terrorist attacks®®.
Practitioners need to retain situational awareness to ensure their own safety as well as the safety of
patients®°, As such, practical factors such as ease and simplicity, time taken to apply the tool and
the degree to which the results are reproducible are important factors to consider in the design of

triage tools.

The history of triage and contemporary major incident triage categories

The concept of major incident triage, as with many aspects of trauma care, has largely evolved
through wars!2. Historically, when multiple individuals were injured in a Western military setting,
casualties were treated in the order of military rank and the order in which they arrived at a
treatment facility, irrespective of the nature or severity of injuries. During the Napoleonic Wars in
the late 18th century, Baron Dominique Jean Larrey (1776-1852) served as French surgeon in
Napoleon's Grande Arméel?. Larrey made some important observations which gave rise to the
concept of triage as we know it now. Larrey observed that military casualties could be divided into

three broad categories, as summarised in the table below!?.

Table 1: Larrey’s classification of combat casualties



Larrey’s division of combat casualties into three categories (Napoleonic wars, 18" century)

1. Likely to survive, regardless of care

2. Likely to die, regardless of care

3. Immediate care would make a positive difference

On this basis, he recommended that casualties should no longer be treated in the order of rank but
instead, by clinical need. Larrey ordered the adaptation of horse-drawn artillery carriages into
ambulance volantes or “flying ambulances” for the immediate transfer of those patients in whom
immediate care was likely to make a positive difference. These “flying ambulances” were the
predecessor of the modern field ambulance. Prior to transfer, casualties were sorted to identify
those in need of immediate care — hence the term “triage” was applied, from the French word
“trier” (to sort). Larrey is also famous for advocating early amputation following battlefield limb
injuries, in order to prevent death from bleeding or sepsis, which occurred hours or weeks later®2.
He also pressed for hospitals to be located as close to the battlefield as possible, indeed in
contemporary military practice this has translated into Field Hospitals with the delivery of Damage

Control Resuscitation and Surgery prior to rearward evacuation for definitive care'*!4,

In the contemporary major incident setting, Larrey’s three triage categories have been adapted over
time into five categories, to ensure that constrained medical resources are directed at achieving the
greatest good for the most number of people®. There are differences in the terminology used across
different countries and organisation, however approximate equivalence is noted in line with Larrey’s

observations, as summarised in the table below?!:

Table 2: Contemporary classification of casualties in a major incidents

Terminology for each triage category (approximate
equivalence)

Description

Priority 1, Immediate/red, T1

Immediate transfer, immediate medical care

Priority 2, Delayed/yellow, T2

Urgent or delayed transfer, urgent medical care

Priority 3, Minor/green, T3

Non-urgent, “walking wounded”

Priority 4/Expectant (blue) T-hold

Casualty who is expected to die

Dead, (white/black)

Casualty with no signs of life

Ledger: Common UK, US-based (including coloured tags) and NATO terminology is shown,
respectively. The Australian CareFlight system assigns Minor, Immediate, Delayed and

Unsalvageable categories.




In the context of a major incident, health care providers cannot deliver the highest standard of care
to every injured individual and must instead use available resources to deliver the greatest good to
the greatest number?. As such, casualties are assigned triage categories which reflect the urgency
with which they should be transferred to a medical treatment facility and receive treatment?.
According to the Major Incident Medical Management and Support (MIMMS) employed in the UK
civil and military environment, a Priority 1 (P1) casualty is one who requires “immediate life saving
treatment®.” Differentiation between P1 and P2 casualties remains the greatest challenge of major
incident triage!®. The P3 or Minor category is often assigned to patients who are ambulatory (the so-
called “walking wounded” category!!, however, evidence suggests that as many as one in five
ambulatory patients in the major incident setting have significant underlying injuries®®. Assighment
of the Priority 4 (P4), also known as Expectant, category is the most contentious and ethically
challenging category for healthcare practitioners®. This denotes a casualty who cannot survive
despite treatment or for whom the degree of intervention required is such that in the current
circumstances, their treatment would seriously compromise the provision of treatment for others.
Several triage systems use the assignment “Dead” for those casualties who are not breathing despite

manoeuvres to open their airway!’.

In measuring the accuracy of triage systems, studies may look at the overall accuracy of triage
category assighments!®!’. However, more commonly, studies have focussed on measuring the
ability of triage tools to detect the Priority 1 category, as it is these patients who are at greatest risk

1821 It is widely accepted that correct

of adverse outcome if assigned an incorrect triage category
identification of Priority 1 casualties is the most critical function of triage tools, in order to maximise
overall survival®. Incorrect triage may fail to identify patients in need of urgent intervention (under-
triage): in the case of critically ill individuals, there is an absolute harm associated with delays in care

292223 However, its inverse (over-

or onward transfer to an inappropriate facility for definitive care
triage) risks overwhelming healthcare facilities with patients who do not require time-critical

treatment. Frykberg demonstrated a direct link between overtriage and mortality?*. Currently, no



national or international standards have been defined to guide or govern the performance of triage
tools when applied in the major incident setting. By comparison, the American College of Surgeons’
Committee on Trauma sets a standard for the pre-hospital triage of patients outside of a major

incident setting, considering a 5% under-triage rate and 20% over-triage rate acceptable®.

Recent UK major incidents: blast and penetrating trauma

Planning for major incidents, including choice of triage tool, should cater for any eventuality i.e. have
an “all-hazards” approach, however for any given region or nation, specific types of major incident
occur with greater frequency®®. Elements of disaster planning for any region or nation, including

choice of triage tool, must consider the prevalent mechanism of major incident during planning?.

Historically in the UK, explosions have occurred accidentally, resulting from mining accidents and the
storage of munitions or agricultural chemicals (e.g. ammonium nitrate)?®. In recent times, they have
resulted from attacks using explosives?’?°. During the Troubles in Northern Ireland (1968-1998),
violence spread to parts of mainland Britain from 1972 onwards, resulting in bomb attacks targeting
British military personnel as well as civilian urban centres®’. Vehicle-borne bombs detonated by a
timing device could carry a relatively large amount of explosives as a means to kill and injure people
or incur significant economic and infrastructural damage, as seen in the 1973 Old Bailey bombing
and in central Manchester in June 199631, Bombs were also conveyed by parcel, or left in buildings,

as seen in the 1974 Birmingham pub bombings, killing 21 people and leaving 182 injured®.

However, more recently, the UK has encountered suicide bombings associated with extremist
religious ideology®. The first of these was the 7 July 2005 London Bombings, involving improvised
explosive devices containing triacetone triperoxide (TATP) packed into backpacks?. Four co-

ordinated attacks occurred targeting commuters on three underground trains, and later a bus. This



left 56 dead, including the four perpetrators and injured 784 people. The effects of these explosions
were amplified by the enclosed nature of the underground tunnels. The 2017 Manchester Arena
bombing involved a single suicide bomber, who detonated a TATP-based improvised explosive
device packed with almost 2,000 nuts as 14,000 people exited a concert venue?’. This left 23 dead
(largely children) and over 400 injured, 116 of whom required hospitalisation. Such events have the
ability to rapidly overwhelm the entire trauma system and distribution of casualties must take into
account the varying capabilities of hospitals (Major Trauma Centres, Trauma Units and Local
Emergency Hospitals) within regionalised trauma networks?. Emergency care providers remained
vigilant to the threat from secondary devices and the possibility of multiple co-ordinated attacks. In

fact, the two blast events described account for the largest loss of life on UK soil since World War 2.

Injuries involving firearms and mass shootings are fortunately infrequent in the UK, where access to
firearms is strictly controlled, compared with countries such as the United States where private
possession of automatic and semi-automatic assault weapons is permissible32. Following the
Hungerford massacre of 1987, in which 16 people were killed by a lone gunman armed with legally
owned semi-automatic rifles, and the 1996 Dunblane primary school massacre in which 16 children
and one teacher were killed, the Firearms (Amendment) Acts of 1988 and 1997 have banned the
private possession of all cartridge ammunition handguns in the UK. Interpersonal violence
involving firearms in the UK is thus fortunately infrequent, with 110 offences per 1 million
population in 20193, The most commonly implicated firearms are illegally owned handguns,
imitation firearms (e.g. BB guns) and shotguns34. Members of the public may own shotguns and

sporting rifles, subject to licensing.

Strong gun controls in the UK mean that bladed weapons are more commonly used than firearms in

2935 Bladed instruments include

terror-related incidences and cases of interpersonal violence
anything that can be used to cut or puncture. In recent major incidents, the use of bladed

instruments have been combined with vehicular attacks on civilians in crowded, urban settings, as



seen in the 2017 Westminster attack and 2017 and 2019 London Bridge attacks?®. Attacks involving
bladed weapons have formed a high proportion of UK major incidents in the last 15 years, however

1. In terms of major incident planning,

they are still relatively infrequent occurrences overal
particularly from a secondary care perspective, much can be learnt from the management of
patients suffering knife injuries outside of a major incident. For example, it is known that victims of
penetrating trauma experience higher early mortality and a higher proportion of victims require
operative intervention compared with blunt-injured patients, which has implications for major
incident planning®. A London-based study has demonstrated that terror-related bladed attacks
tend to involve relatively older victims, affecting both genders equally, and victims demonstrate a

higher injury severity with a greater likelihood of requiring surgical intervention owing to the lethal

intent of perpetrators®.

Less frequent mechanisms amongst UK major incidents have included burns and the use of a
chemical nerve agent?>%’. A large residential fire in London involving the Grenfell tower block in
2017 was responsible for claiming 72 lives (70 died at scene) and injuring a further 70 victims3®. The
rapid spread of fire has been linked to the cladding material used, which has led to a thorough
review of the use of building materials in new and existing residential buildings, to mitigate the risk
of such ocurrences in future. A major incident was declared following use of the nerve agent
“Novichok” in Salisbury in 2018%”. Major incidents relating to the use of Chemical, Biological,
Radiological and Nuclear (CBRN) agents are fortunately a very rare occurrence in the UK and
uncommon internationally, especially since such offences are illegal according to international
humanitarian law, some of which are described in the Chemical Weapons Convention®. As such, no
official contemporary databases of healthcare data exist with which one may test the performance
of existing triage tools amongst CBRN victims. A recent example of the illegal use of chemical
weapons includes the use of chlorine for hostile purposes in Syria, with an incident in 2017

estimated to have affected several hundred individuals®.

10



Overall, in the last 15 years, man-made blast and bladed mechanisms have predominated amongst
UK major incidents, accounting for significant mortality and morbidity?®. Hence, whilst major
incident planning (including choice of triage tools) in the UK should cater for any eventuality, it is
particularly important that any plans put in place are well suited to dealing with incidences involving
blast and penetrating trauma. As major incidents occur infrequently overall, several lessons may be

learnt from penetrating trauma occurring outside of a major incident.

Major incident triage in the UK: Current practice in the context of regionalised trauma

systems of care

With regards to major incident management in the UK, the National Ambulance Resilience Unit
(NARU) is centrally responsible for providing a co-ordinated approach to emergency preparedness,
resilience and enables NHS Ambulance Trusts to work together to provide a safe and reliable
response to major, complex and potentially protracted incidents®. NARU recommends the use of
the NARU Triage Sieve for the primary triage of adults and the Triage Sort as the secondary triage
tool of choice across the UK3°. The Paediatric Triage Tape (PTT) has been recommended for use
amongst children (<12 years) for many decades, however hospital-based guidelines have recently
recommended the use of JumpSTART for children arriving following a major incident®. Each tool is
described in depth, alongside other international tools, in the next section. Overall, the Joint
Emergency Services Interoperability Programme (JESIP) has a national role in ensuring
interoperability between the practices and procedures of multiple agencies that may be involved in

responding to major incidents®.

In England, trauma remains the commonest cause of death in those under 40 years®. Since the

creation of a National Health Service (NHS) in 1948, emergency care has been based upon
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ambulances transporting patients to the nearest Emergency Department, regardless of the hospital’s
capability to provide trauma resuscitation and definitive care. There was growing awareness that
outcomes following trauma in England were lagging behind those achieved in other countries in
which organised trauma systems including designated trauma centres existed?4%42, The NCEPOD
2007 report “Trauma, who cares?” identified significant shortcomings in the organisation of trauma
care in England®. In response to this, the National Audit Office recommended the development of
regional trauma networks in England. In April 2012, a series of Regional Trauma Networks became
operational, with 27 designated Major Trauma Centres (MTC) including dedicated paediatric MTCs.
The London network started earlier in 2010. Ambulance services are now trained and equipped with
a trauma triage algorithm which facilitates the bypassing of local hospitals in favour of the regional
MTC in the case of individual patients suffering severe injuries?®. MTCs receive additional
government funding per patient by means of “Best Practice Tariff,” based on the severity of injury of

patients®. Other hospitals within these regions were designated Trauma Units (TU).

In 1988, a working party at the Royal College of Surgeons recommended several changes in trauma
management, including the need to audit and research injury and systems of care®. This gave rise
to the Trauma Audit and Research Network (TARN) registry, which has a central role in the quality
assurance of care provided across regionalised trauma systems of care. Based at the University of
Manchester, TARN now receives clinical data from the point of injury until the rehabilitation phase
of care from all 169 trauma receiving hospitals in the UK**. TARN focusses heavily on patients with
major trauma and as such, inclusion criteria are: length of stay of 72 hours or greater, the need for
intensive care and/or death following injury®*. Notably, TARN does not include patients who die in
the pre-hospital environment. TARN does not include burns victims unless they have concurrent
traumatic injuries. TARN also excludes those with isolated pubic ramus and neck of femur fractures.
Each trauma receiving hospital has a trained TARN co-ordinator who is responsible for the
prospective identification of eligible patients and submission of specified data fields covering the

incident, pre-hospital care, emergency department care, imaging, critical care, ward, discharge and
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rehabilitation phases of care. Analysis of TARN data has demonstrated that the regionalised, tiered
system of trauma care, which has been in place for over ten years, has resulted in a 0.08% excess of
survivors per quarter since inception and a 19% increase in the adjusted odds of survival from severe

injury between 2008 to 2017%.

The major incident triage category assigned to a patient determines not only the order of treatment
or transfer away from the scene, but also the location for the delivery of definitive care’3. Within
these regionalised systems of trauma care, regional major incident casualty distribution plans
recommend the transfer for Priority 1 casualties to Major Trauma Centres, Priority 2 casualties to
Trauma Units and those with minor injuries (Priority 3) to minor injury units or emergency
departments some distance from the scene of the major incident®*. The appropriateness of this

pattern of casualty distribution, in terms of resource requirements, has not been formally assessed.

The UK Defence Medical Services (DMS) delivers healthcare to deployed military personnel via the
Operational Patient Care Pathway (OPCP), which is a coherent end-to-end healthcare system, from

point of injury to the home base hospital**.

Figure 1: The operational care pathway (UK military)
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Ledger: DMS=Defence Medical Services. MEDEVAC=medical evacuation to a place where medical
care can be delivered. Strategic evacuation (STRATEVAC) is the movement of patients from the
operational theatre to a first world-standard medical facility, designated a role four (R4) facility,
usually in the UK. That is — out of theater to definitive care). Tactical evacuation (TACEVAC)
encompasses both medical evacuation (MEDEVAC) and casualty evacuation within the operatational
theatre. DCR=Damage Control Resuscitation

The diagram above illustrates this rearward chain of evacuation from a non-permissive environment
to a more permissive environment where care delivered increases in complexity as a casualty move
further away from the point of injury!®. Initial care is provided by the “buddy-buddy” system where
a casualty is moved out of the line of fire by a colleague. Following this, the casualty is tended to by
a Combat Medical Technician, who can administer life saving interventions as per the Battlefield
Advanced Trauma Life Support algorithm (BATLS) in a semi-permissive environment!*. The casualty
is then extracted rearwards via a chain of facilities or including a casualty clearing station (Role 1), a
forward deployed hospital (Role 2), a rearward deployed hospital (Role 3) and finally the Home base

hospital, which is currently the Queen Elizabeth Hospital, Birmingham (Role 4).

The Battlefield Casualty Drills (BCD) handbook is provided to all service personnel within the UK
Armed Forces. Included within this is the BCD Triage Sieve, an algorithm which ordinary soldiers are
trained to use when faced with multiple casualties, including but not limited to situations in which a
major incident is declared*. The UK military’s Clinical Guidelines for Operations support the use of
the Triage Sort as a secondary triage tool, however this appears to have fallen out of favour with no
reports of recent use in practice45. Evidence suggests that the Triage Sort performs poorly with a
sensitivity of 15.7% in predicting Priority 1 status (defined as the need for life-saving interventions)

amongst injured personnel®,

A high-quality, prospective military trauma registry exists to capture clinical data from injured
servicemen and women, as well as other patients eligible for care at deployed British military
treatment facilities. The Joint Theatre Trauma Registry (JTTR) includes all injured patients who
triggered trauma team activation at a deployed Medical Treatment Facility, largely comprising

combat casualties injured during military operations in Irag and Afghanistan. Inclusion criteria were
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expanded in 2007 to include all patients evacuated to the Royal Centre for Defence Medicine,
Birmingham following injury. Patients from all services and nationalities are included, as well as
children, pregnant women and detainees. Studies have highlighted the challenges of collecting
comprehensive pre-hospital data during combat, whilst at the same time highlighting its importance,
since it is in this environment that most trauma deaths occur®. A previous study seeking to model a
novel major incident triage tool found that only 17% of JTTR patients had a complete set of core pre-
hospital physiological data with which to model a novel tool*’. Nonetheless, the JTTR has captured
high-quality data that has formed the basis of important clinical research on military subjects, may
findings of which have shaped aspects of contemporary trauma care, particularly with regard to

transfusion practices and the role of damage control resuscitation®-,

Existing major incident triage tools and their performance

Existing major incident triage tools

The purpose of a major incident triage tool is to categorize patients for transfer and treatment such
that finite resources are directed towards maximising overall survival. Several such tools exist
internationally, all of which are paper-based and many of which have been derived using expert

opinion. Major incident triage tools can be divided into primary and secondary triage tools.

Primary triage occurs at the scene of a major incident, which may be a “semi-permissive” or
physically dangerous environment. Individuals with basic medical training such as a paramedic
typically perform primary triage®. In the United States, members of the fire service rather than
paramedics routinely perform primary triage®. Existing primary triage tools consist of simple, paper-
based algorithms, which can be applied rapidly, in a stepwise pattern!. The purpose of primary
triage is to stratify patients by how urgently they need treatment, how urgently they need to be
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transferred from the scene, and importantly, triage category assignments also form the basis of the

choice of medical treatment facility for definitive care (casualty distribution)®13°

. Primary triage
tools may incorporate basic life-saving interventions such as airway manoeuvres, application of
tourniquets and/or haemostatic dressings for catastrophic haemorrhage and the placement of
unconscious casualties into the recovery position®. Primary triage tools for use in adults include the
US-based Simple Triage and Rapid Treatment (START)® and modified version, MSTART*?, the UK
military’s Battlefield Casualty Drills (BCD) Triage Sieve* and the National Ambulance and Resilience
Unit (NARU) Triage Sieve3, which was adapted from the UK military’s former MIMMS Triage Sieve®',
Novel tools include the Modified Physiological Triage Tool (MPTT)¥, it’s derivative the MPTT-2452>3,
and US-based Rapid Assessment of Mentation and Pulse (RAMP)*>*. The Australian CareFlight,
renowned for it’s simplicity, is applicable to both adults and children®. Existing paediatric-specific
primary triage tools include the UK-based Paediatric Triage Tape (PTT) applicable to children under
12 years®®, and the US-based JumpSTART, developed for use in children under eight years, alongside
the adult START tool®’. Whilst elders constitute a growing proportion of the population of most
countries including 17% of the UK population, there are no major incident triage tools specifically
targeted at elders®®. Only one triage tool (Sacco Triage Method) considers advanced age as part of
the triage process, despite recognition that they suffer worse outcomes following injury%%%6! The
US-based Sacco Triage Method (STM) was designed to be applied at scene (primary triage), however
its complexity including the calculation of points based on physiological measurements bears

similarity to the UK-based secondary triage tool, the MIMMS Triage Sort*>°,

Secondary triage often, but not always, follows primary triage®. According to the MIMMS approach,
secondary triage is performed within a permissive setting, such as a casualty clearing station or a
hospital reception area®. Here, triage is typically performed by a doctor in a place of relative safely,
hence a more detailed evaluation of the casualty is often possible, including blood pressure
measurement and calculation of Glasgow Coma Score (GCS)®2. Thus, it is expected that the
secondary triage process will offer more accurate triage compared to primary triage tools, however
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this is not always the case®. The most widely described secondary triage tool is the points-based

MIMMS Triage Sort'!.

Several studies highlight the important point that triage is not a static process®*®*%4. Casualties can
improve following an intervention (e.g. application of a tourniquet for catastrophic haemorrhage) or
deteriorate over time (e.g. splenic rupture, haemopneumothorax, transient response to fluid
resuscitation)*®®®, Hence, the assignment of a triage category at one point in time is not definitive
and casualties must be reassessed at various points in time as they transit through the system of
care. On reaching a hospital setting, it is common practice for a senior clinician to perform triage,
such as a surgeon or emergency department doctor, in order to determine the order of treatment
within the hospital setting. The evidence for triage by senior clinicians has been anecdotal®. Triage

beyond the hospital reception stage has not been considered in this thesis.

Below, adult and paediatric-specific triage tools are each described in more detail in chronological
order of introduction into practice, including how the tool was developed (where this information is
available), current use and geographical distribution, and tool performance as described in the
existing body of scientific literature. A diagram of each tool is included in Appendix 1 (Existing major

incident triage tools).

1. Simple triage and Rapid Treatment (START) Triage

The START triage tool was formulated by Newport Beach Fire and Marine Department and Hoag
Hospital in Newport Beach, California in 1983°. It is the earliest major incident triage tool described
and the most extensively studied amongst existing triage tools. Itis a primary triage tool applicable
to individuals aged over 8 years, used widely used in the USA as well as Canada and parts of
Australia®. The algorithm quickly dismisses ambulatory patients into the Minor (green) category,
followed by further categorization into Deceased (black), Immediate (red) and Delayed (yellow)

categories on the basis of airway status, the presence and rate of breathing, perfusion status
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(namely, capillary refill) as well as the ability to follow commands. No anatomical criteria are used.

The algorithm allows two interventions to be performed: airway positioning and control of bleeding.

A post-event evaluation sought to determine the effectiveness of START when prospectively applied
to 148 victims of a train crash in California in 2003 (blunt injury mechanism)®. This is the only
prospective study evaluating triage tool performance in actual victims of a major incident. The end-
points measured included modified Baxt criteria (see later) to define Red (Priority 1) status and the
need for hospital admission®. It was found that START ensured acceptable levels of under-triage
(100% red/Priority 1 sensitivity and 89% green/Priority 3 specificity) but incorporated a substantial
amount of over-triage whereby 54.4% of patients across all triage categories were assigned a higher
category than their outcomes-based designation®. Notably, START proved useful in prioritizing
transport of the most critical patients, with red category patients arriving in hospital a median of one
hour before patients assigned other categories®. This finding reiterates the value of triage tools in

ensuring the prioritisation of the most critical patients.

START has been criticised for lacking an evidence-base®. Additional criticisms of the START system
are that respiratory rate is difficult to measure accurately and that a high respiratory rate can be
caused by anxiety rather than pathology following injury in a major incident, which may account for
the high degree of over-triage seen with this system®. Further criticism includes the use of capillary
refill for field triage which may be inaccurate in a cold or dark environment, or in patients with dark
skin. Others have described START as being too complicated overall to apply under the “fear effect”
that arises following man-made major incidents, which have become more prevalent in recent
years'®®’  Indeed, its use during the 9/11 co-ordinated terrorist attacks on New York’s World Trade

Centre illustrated this weakness®. Measurement of capillary refill has been eliminated in the

modified START tool, described below.

2. The Major Incident Medical Management and Support (MIMMS) Triage Sieve and Sort
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The MIMMS approach was developed by two British Army doctors following the bombing of their
base hospital during the Irish troubles in the 1980s>%. As well as extensive guidance on how to
approach and manage a multi-agency major incident, MIMMS included a primary triage tool (the
MIMMS Triage Sieve) for adults (age 12 and above) that could be readily applied by minimally
trained personnel without the need for specialist equipment®. This tool involves four assessments in
total: ambulatory status, ability to breathe spontaneously, calculation of respiratory rate and
measurement of capillary refill time. The only permitted intervention is to open the airway of a non-
breathing patient, following which a patient may be declared Priority 1 (if begins to breath) or Dead
(non-breathing following airway manoeuvre). This tool is the precursor for several UK-based tools
including the BCD Triage Sieve, the NARU Triage Sieve and to some degree, the MPTT and MPTT-
24147 The MIMMS “Sieve and Sort” approach, involving rapid primary triage at scene followed by a
more complex secondary assessment involving medical equipment in a more permissive setting,

dominated UK military and civilian practice for several decades.

The MIMMS Triage Sort is a points-based secondary triage tool. Three assessments are conducted
for every patient (respiratory rate, systolic blood pressure and Glasgow Coma Score), and a score of
zero to four is assigned for each parameter. Scores are summated and those with a score of less
than 10 are assigned Priority 1 status. This tool was calibrated to correspond to the Revised Trauma
Score, which predicts mortality'!. Hence, it works on the rationale that once patients arrive in a
medical treatment facility alive, those that at greatest risk of mortality should be treated first,

irrespective of whether their injuries are compatible with life.

3. Battlefield Casualty Drills (BCD) Triage Sieve

The Battlefield Casualty Drills (BCD) Triage Sieve is the UK Armed Forces’ current triage tool for use
by ordinary soldiers when faced with multiple casualties, including but not limited to situations in

d44,68

which a major incident is declare . It appears within the BCD handbook, provided to all service

personnel within the UK Armed Forces®®. It was first introduced in 1998, undergoing serial updates
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by experts, in line with emerging evidence and changes in clinical practice®. The most recent update
in 2018 built upon the 2007 version by incorporating a revised respiratory rate threshold (adopted
from MPTT-24)%, an assessment of mental status, a revised heart rate threshold and the rolling of
unresponsive patients into the three-quarter prone position. At the time of writing, there were no

published evaluations of the BCD Triage Sieve present within the scientific body of literature.

4. CareFlight

The CareFlight triage algorithm was introduced into use in Australia in 2001 and is known to be one
of the simplest and fastest triage methods to apply. The authors claim that it takes only 15 seconds
to triage a patient using this method!. CareFlight results in the assignment of “immediate,”
“delayed,” “minor” and “unsalvageable” categories, using background colours consistent with other
common triage tools. Like the SALT triage tool, it does not distinguish between expectant and dead
casualties, labelling any casualties who do not breathe after an airway manoeuvre as

“unsalvageable.” This tool does not involve any counting or arithmetic calculations.

CareFlight has been successfully applied to both adults and children, and demonstrated utility in the
2003 Bali bombings, in which burns and shrapnel injuries predominated®. After START, CareFlight is
perhaps the most widely validated tool, having been applied to Australian, South African and UK

civilian and military populations (see later)7-20:5569.70,

5. Sacco Triage Method (STM)

The Sacco Triage Method (STM) is a points-based triage method first described in 2005 by Sacco et
al66. It was commercially developed in response to the 9/11 co-ordinated terrorist attacks on New
York’s World Trade Centre. STM involves the calculation of an “RPM” score, based on the sum of
coded values for respiratory rate, pulse rate and motor response®. The tool is designed to predict

mortality, incorporating some adjustments to the points with age.
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STM was developed using complex mathematical modelling to predict the probability of mortality in
a time-dependent fashion, which the authors describe as being well suited to the resource-
constrained major incident setting®. The authors have validated the STM’s ability to predict the
probability of time-dependent victim survival amongst over 75,000 blunt injured civilian patients
from Pennsylvania®, over 7,000 civilians with penetrating injuries’* and a further 99,369 military-age
victims®®, using complex modelling to demonstrate that STM’s RPM score predicted survivorship
equivalent to the Revised Trauma Score and exceeded that of the Injury Severity Score. The authors
state that STM outperforms START in every respect®. Unlike START, which is open-sourced and in

the public domain, STM is proprietary and licensed for commercial use only®°.

One independent evaluation of STM included a prospective, observational study using virtual reality
simulation technology based on actual major incident cases that resulted from a train accident in
Chatsworth, Los Angeles, California in 200872 26 advanced care paramedic students were
randomised to use either the STM or START method: the mean total triage times were slightly longer
amongst those individuals using STM, although the difference was not statistically significant. The
difference in triage ranking order between the two tools related to one patient’s ambulatory status.
The absence of obvious advantages over START coupled with the proprietary status of STM have

been a deterrent for more widespread use of the STM.

6. The Modified START (MSTART) Triage

Described in 20086, this is a modification of the START Algorithm with the elimination of capillary

refill as a measure of circulation, instead only the presence of a radial pulse is used?!.

In a small study evaluating the prospective application of this tool by German EMS on 152 trauma
patients outside of a major incident setting, the overall triage accuracy of the tool across all triage
categories was 62%, with a very low over-triage rate amongst P2 and P3 casualties. However one in
two P1 casualties were missed, particularly those with head injuries’®. The authors acknowledged

the need for a larger, multicentre study to examine the performance of MSTART more robustly’3,
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7. SALT (Sort, Assess, lifesaving intervention, treatment/transport) Triage Algorithm

SALT is a primary triage method, developed using expert opinion, introduced in the United States in
2008. It was a product of a Centre for Diseases Control Sponsored working group, who sought to

standardise triage practices across the USA”,

It has the advantage of being applicable to adults as well as children’®. The first step involves a
global assessment of how mobile and responsive the patient is, followed by a more detailed
individual assessment at the scene, which differs from the MIMMS “Sieve and Sort” approach of a
single assessment at scene followed by a second in a different location®. Individual assessment
notably involves several subjective assessments: determining whether a patient is in respiratory
distress (no parameters are set to define this) and whether major haemorrhage is controlled.
Another unique factor is reliance on the user to apply judgement in deciding whether the patient is
likely to survive given current resources, which determines whether the patient will be evacuated
immediately or not at all (expectant category). This expectation of a high level of situational
awareness amongst first responders has received criticism'®, which may be particularly challenging
in major incidents involving multi-site and coordinated terrorist attacks, and may result in inter-user
variability in assigning triage categories. The subjective judgements involved also make it very
difficult to apply this tool retrospectively in order to determine its inherent ability to discriminate

between triage categories.

SALT allows several interventions as part of the triage process including controlling haemorrhage,
opening the airway, chest decompression and the administration of auto injector antidotes. Itis
unique in permitting the last two interventions as part of a primary triage algorithm. Notably, SALT
does not involve any physiological measurements that involve arithmetic, such as heart rate and
respiratory rate; in fact, it was developed to avoid these in view of the recognition that such

estimations are likely to be performed inaccurately under challenging circumstances’*’®.
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In a simulated, independent evaluation of SALT, the accuracy of SALT in assigning all triage
categories was 78.8% and practitioners required a mean duration of 15 seconds to triage each

patient (range 5-57 seconds)®7®,

8. The National Ambulance Resilience Unit (NARU) Triage Sieve

The NARU Triage Sieve is in current use in the UK as the preferred civilian major incident primary
triage tool, as recommended by the National Ambulance Resilience Unit®. It is derived from the UK
military’s former MIMMS Triage Sievell. Introduction of the “big C” (“Catastrophic haemorrhage?”)
assessment as the initial step was adapted from military practice into this tool in 2014, following the
recognition that death from compressible haemorrhage could easily be prevented using
tourniquets’’. Following this assessment, the tool allows for the early identification of uninjured
ambulatory individuals to be directed to a survivor reception centre. The NARU Sieve assesses
ambulatory status, breathing, followed by measurement of the respiratory and heart rates, both of
which involve manual counting and arithmetic calculation. The only permissible interventions are
opening of the airway and placement of the unconscious patient into the recovery position. The
colour codes of red, yellow and green are used in conjunction with the P1, P2 and P3 triage category
assignments, as seen elsewhere. No “expectant” category exists and patients who do not breath
after an airway manoeuvre are declared “dead.” The performance of the NARU Triage Sieve has
been compared with the MPTT, Careflight and START primary triage tools in UK civilian and military

trauma populations (see later)*”78,

9. The Amberg-Schwandorf Algorithm for Primary Triage (ASAV)

This tool is the German adaptation of the MSTART, first described in 20137°, It involves six
gualitative assessments, avoiding the need for arithmetic estimations of physiological parameters. It
begins with assessing ambulatory status followed by a judgement by the user of whether the patient
appears to be “deadly injured,” in which case the category “Dead” is assigned. The next step

involves an assessment for “breathing difficulties” involving overall clinical judgement rather than
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arithmetic calculation of respiratory rate. An assessment for “spurting haemorrhage” constitutes
the fourth step; this contrasts with several UK-based tools (e.g. BCD Triage Sieve, NARU Triage
Sieve), which recommend assessment for external haemorrhage (referred to as “catastrophic
haemorrhage”) as the opening step on the basis that preventable large-volume external
haemorrhage may kill faster than a compromised airway'*®>777°, The final two steps are in common
with CareFlight, with assignment of Red/Priority 1 status to patients with an absent radial pulse and

those who are unable to follow a command (i.e. GCS Motor Score <6)L.

ASAV permits interventions to open the airway and to stop external haemorrhage®®. The
terminology utilised is assignment of Priority |, Il or lll (Roman numerals) which correspond with the
colours red, yellow and green, as seen in several other tools. The colour black corresponds with the
“Dead” category. Like the SALT tool, the subjective judgements involved make it very difficult to
apply this tool retrospectively in order to determine its ability to discriminate between triage
categories. Currently, there are no published evaluations of the accuracy of this triage tool in real-

life patients.

10. The Modified Physiological Triage Tool (MPTT) and its derivative, the MPTT-24

Designed by Smith and Vassallo in 2015, the MPTT was derived using a military cohort of patients
from the Joint Theatre Trauma Registry*’. The authors used logistic regression to predict the
presence of any one of 24 life-saving interventions. This outcome measure to define Priority 1 status
was developed by the authors via a Delphi consensus exercise of their UK and South African-based
colleagues, specifically for use in modelling a novel tool®!). The MPTT involves 5 steps including
assessment of ambulatory status, ability to breathe spontaneously, respiratory and heart rates and

estimation of a full GCS score®’.

In 2017, the MPTT underwent modification into the MPTT-24°3, The modification from an upper
threshold respiratory rate of 20 to 24 was felt by the authors to be more easily applicable in practice,

however this claim has not been substantiated by implementation studies®. Three versions of the
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MPTT-24 appear in the literature under the same name, with variations in the order of assessments
and the choice of mental statement assessment (GCS<14 vs. Responds to voice?)*5%>3, For the
purpose of this thesis, the version appearing alongside the tool’s validation has been considered as

the definitive version.

The MPTT and MPTT-24 have yet to be used in a major incident setting. In contrast to other existing
primary triage tools, MPTT and the initial MPTT-24 involve calculation of a full Glasgow Coma Score
at the scene of a major incident. All iterations of the tools are unique in assigning the “dead”
category to any non-breathing patients without permitting airway manoeuvres; this may raise
ethical concerns since simple airway manoeuvres are quick to perform and may save the lives of
several injured patients®. As these tools are relatively new, there are no published studies to verify
the ease and accuracy of their application in practice®2. The NHS Clinical Guidelines for Major
Incidents state that the MPTT-24 can be performed in 30 seconds, however there are no published
reports of how the authors determined this®. The MPTT has been validated by retrospective
application to the largest civilian trauma registry in Europe, the Trauma Audit and Research Network
(see later)®. At present, there are no independent evaluations of MPTT or any of the version of
MPTT-24 in the existing body of scientific literature. Further studies are required to examine the
ease and accuracy of the application of this tool, which has yet to undergo implementation studies

yet is more complex than its comparators.

11. Rapid Assessment of Mentation and Pulse (RAMP)

RAMP was introduced by the Rocky Mountain Fire Department, Colorado in 2018. Described by
Keating in 2016, this tool sought to simplify the triage process, recognising that the “fear effect” in
responders was likely to result in a loss of critical thinking and fine motor skills'®. The tool is based
around two qualitative assessments: ability to follow a command and presence of a radial pulse
(assumed to represent a systolic blood pressure of 100mmHg); if the outcome of either one of these

is negative, the patient is assigned the highest triage category “Urgent” (rather than “Delayed” or
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“Expectant/Deceased”)!®. RAMP permits three interventions to be performed during primary triage:

control of massive haemorrhage, maneouvres to open the airway and chest decompression.

RAMP was developed by expert opinion, with the main outcome of interest being mortality; the
scientific evidence in support of the tool arose from the care of combat casualties using the Field
Triage Score””,2%). More specifically, the author noted that initial GCS correlates directly with
hospital discharge in trauma, but since GCS is very difficult to score accurately under challenging
circumstances, the ability to follow a command is the next best substitute in predicting survival®.
Additionally, they observed that lack of a radial pulse and inability to follow commands is associated

with a mortality rate of 92%5%*.

Regarding the performance of RAMP, the authors undertook a simulation exercise involving 19
patients and compared the performance of RAMP to the widely used and extensively studied START
tool®®. They demonstrated that the time spent to triage a patient was shorter (45 vs. 60 seconds),
overall triage accuracy was 84% versus 58% using START, and that all “Red” (Priority 1) patients were
removed from the scene faster when RAMP was utilised (20 vs. 30 minutes, respectively)®. The
authors describe the benefits of RAMP as facilitating the rapid identification of the most severely
wounded, ease of use, easy to teach, lacking in reliance on numbers or critical thinking and being
based on scientific evidence. At present, there are no publications describing the independent

evaluation of RAMP in the scientific literature.

12. Paediatric Triage Tape (PTT)

The Paediatric Triage Tape is the paediatric modification of the MIMMS Triage Sieve, first introduced
in 19982, Since use of adult physiological parameters are likely to result in an artificially higher
triage category assignment in children, PTT includes physiological parameters specific to the child’s
height. A “tape” is laid out next to the child, starting at their head end, and the algorithm closest to

the child’s feet (one of four choices) is used to triage the child. Children who are known to be 12
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years or older, or those whose height exceeds that of the triage tape (>140cm), must be triaged

using an adult tool®.

In 2006, an independent validation of the PTT was performed using prospectively collected data
from 3461 children who attended a South African trauma unit within 12 hours of injury®®. Amongst
these, median age was 7 and 93% of patients were male; no breakdown of injury mechanism was
provided. The PTT was shown to be modestly sensitive (41.5%) in predicting the need for life-saving
interventions according to Garner’s criteria, particularly in children of the 50-80cm height block (25%
sensitivity) and 80-100cm height block (23.6%). Specificity for Garner’s criteria was remarkably high
at 99.6%; PTT is excellent at identifying children who are non-P1. Additionally, PTT demonstrated
poor sensitivity for predicting ISS of 16+ (37.8%) and NISS of 16+ (26.1%), when these alternative

outcome measures were applied.

13. JumpSTART

JumpSTART is a US-based paediatric tool first introduced in 2001157 It is widely used amongst
children aged under 8 years, alongside its parent tool, START (applicable to adults). In 2018,
JumpSTART was also incorporated into the UK’s NHS Clinical Guidelines for Major Incidents, where

its use was recommended in the hospital triage of children3.

JumpSTART uses identical triage category assignments to that used by START and the tools follow a
very similar sequence of assessments, although the respiratory threshold is revised (<15 or >45
breaths per minute consistutes P1 vs RR>30 in START) and neurological assessment involves the
AVPU scale rather than ability to follow commands (cf. START utilises the GCS Motor Component).
In addition to an airway manoeuvre, it allows the administration of five rescue breaths to apnoeic
patients, recognising that children may have a respiratory cause for cardiopulmonary arrest,

although this observation has not been substantiated in paediatric trauma patients®’.

A summary of the characteristics of existing triage tools is presented in Table 3.
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Table 3: Summary of triage tool characteristics
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Tool

Description and
geographical use

Tool components

Assessment of

Assessment of circulation Mental Status

Permissible interventions

Remarks

respiration t
Adult Primary Triage Tools
Simple Triage and Rapid | United States (introduced in Spontaneous Capillary refill>2 seconds Ability to obey Position airway 5 steps in total (1 arithmetic)
Treatment (START) | 1983) breathing; RR>30 commands
MIMMS* Triage Sieve | Former UK military adult** Spontaneous Capillary refill>2 seconds No Open airway 4 steps (1 arithmetic)
triage tool (introduced 1995) | breathing;
10<RR>29

Battlefield Casualty Drills
(BCD) Triage Sieve

Current UK military adult**
tool (introduced 1998,

Breathes with open
airway

Presence of catastrophic
haemorrhage; HR>100

Responds to voice
(component of

Apply tourniguet; Open airway;
Place casualty in the % prone

6 steps (2 arithmetic). Expert-led update of the previous
MIMMS Triage Sieve

revised 2018) AVPU) recovery position
CareFlight | Australian tool used in adults | Breathes with open | Presence of radial pulse Ability to obey Open airway Applicable to adults and children.
and children (introduced airway commands 4 steps (all qualitative measures)
2001)
Sacco Triage Method (STM) | United States, commercially Respiratory rate Pulse rate Motor component Points assigned for each variable, with an additional

developed points-based tool
(described in 2005)

of GCS (Ability to
follow commands)

allowance for extremes of age. Proprietary nature has
limited its dissemination.

Modified Simple Triage and | United States, modification Spontaneous Presence of a radial pulse Ability to obey Position airway 5 steps in total (1 arithmetic); Modification of START -
Rapid Treatment (MSTART) | of START (described in 2006) breathing; RR>30 commands radial pulse assessment replaces capillary refill
Sort, Assess, Life-saving | United States (Introduced by | Spontaneous Presence of peripheral Obeys commands or | Control majer haemorrhage; open 5 steps including “global sorting”(all qualitative

interventions,
Treatment/Transport (SALT)

the Centre of Disease
Control, 2008)

breathing; presence
of respiratory

pulse; is major
haemorrhage controlled

makes purposeful
movements

airway (2 rescue breaths in
children); chest decompression,

measures); involve subjective judgements: “Minor
injuries only?” and “Likely to survive given current

distress auto-injector antidotes resources?” limiting retrospective application
National Ambulance and | Current UK civilian adult** Spontaneous Presence of catastrophic Unconscious (Yesor | Application of 7 steps (2 arithmetic); Assesses for presence of injury.
Resilience Unit (NARU) | tool (this version was breathing; haemorrhage; HR2120; No) tourniquet/haemostatic dressing; Adapted from the MIMMS Triage Sieve
Triage Sieve | introduced in 2013) 10<RR>29 capillary refill>2 seconds open airway; place casualty in

recovery position

Amberg-Schwandorf

German adaptation of the

Presence of

Presence of radial pulse; Ability to obey

Open airway; stop the bleeding

6 steps (no arithmetic); includes the subjective

Algorithm (ASAV) | MSTART (described in 2013) breathing presence of “spurting commands judgement "Deadly injured?” and subjective judgement
difficulties (see haemorrhage” of breathing status: "airway obstructed, bradypnoea,
remarks) apnoea, dyspnoea, tachypnoea (not obviously

psychogenic) and cyanosis;” limiting retrospective
application
Modified Physiological Triage | Nowvel UK-based tool Spontaneous Presence of catastrophic GCS <14 Application of a tourniquet or 6 steps (2 arithmetic; GCS calculation); has yet to
Tool (MPTT) | modelled in a military cohort | breathing; haemorrhage; HR2100 haemostatic dressing (no airway undergo practical use or implementation studies
(described in 2017) 12<RR222 intervention permissible)
Moadified Physiological Triage | Novel UK-based toal, Spontaneous Presence of catastrophic GCS<14 Application of a tourniquet or 6 steps (2 arithmetic; GCS calculation); replaces MPTT's
Tool 24 (MPTT-24) | modification of MPTT breathing; haemorrhage; HR=100 haemostatic dressing (no airway upper RR threshold with 24; has yet to undergo practical
(described in 2017) 12<RR=24 intervention permissible) use or implementation studies
Rapid Assessment of | United States, used by the None Presence of radial pulse Ability to obey Control massive haemorrhage; 3 steps (all qualitative measures); Begins with subjective

Mentation and Pulse (RAMP)

Rocky Mountain Fire
Department, Colorado
(introduced in 2018)

commands

open airway; chest decompression

assessment “Casualty without obvious signs of death.”
RAMP is the only tool which doesn’t include an
assessment of ambulatory status

Paediatric-specific primary triage tools
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Paediatric Triage Tape
(PTT)

Current UK paediatric tool
(<12 years) (adapted from
MIMMS Triage Sieve in 1998)

Spontaneous
breathing;
Respiratory rate
(height-specific

Capillary refill <2 5 (use
child’s forehead); Pulse
rate (heigh-specific
threshold)

Alert and moving all
limbs (children
<100 cm height) or
Walking

Position airway

Use tape to gauge child's length in order to determine
which set of physiological values to utilise for triage

threshold)
Jump Simple Triage and | United States, used in several | Spontaneous Presence of radial pulse Inappropriate “P” or | Airway positioning; 5 rescue 5-7 steps (1 arithmetic)
Rapid Treatment | states alongside START in breathing; “U" from AVPU breaths if apnoeic
(lJumpSTART) | children <8 years (introduced | 15<RR>45 assessment
in 2001)
Secondary triage tool
MIMMS Triage Sort | UK-based, points-based Respiratory rate Systolic blood pressure GCS Points (0-4) assigned for each variable; total score <10

secondary triage tool
(described in 1998)

denotes a Priority 1 casualty

Ledger: *MIMMS= Major Incident Medical Management and Support; **Adult refers to those aged 212 years; RR=Respiratory rate; HR=Heart rate;
GCS=Glasgow Coma Score; AVPU refers to the Alert, Voice, Pain, Unresponsive scale (Neurological assessment). All tools described are applicable at the scene
of a major incident (primary triage tools).
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Historically, although not strictly a triage tool, the concept of “reverse triage” has been applied by
military personnel, whereby triage has been used to identify those patients with minor injuries who
could be treated and then returned to battle in order to maintain fighting power®’. This concept has
also been employed to increase the capacity of hospitals during disasters in order to facilitate the

rapid discharge of casualties with minor injuries®’.

Challenges in evaluating and comparing the performance of major incident triage tools

There are several challenges in evaluating the performance of Ml triage tools. Firstly, major
incidents are unpredictable and therefore planning prospective studies are logistically challenging
and the randomization of patients in a resource-constrained major incident setting would be widely
regarded as unethical. Hence, in order to inform practice, policy makers and care providers must
rely on assimilating the findings of other types of study design, each of which is prone to particular

biases.

Post-event evaluations of actual major incidents provide a real-world assessment of the triage
method in use for a specific major incident?®. Here, triage is performed by actual emergency medical
services providers, and the human factors that affect performance in this setting are fully
assimilated, as noted in the evaluation of the use of START during the 9/11 co-ordinated terrorist
attacks on New York®. However, this means that it is difficult to differentiate between inaccurate
triage resulting from a poor inherent capability of tools to differentiate between triage categories
and their incorrect application by practitioners. Other limitations are that one mechanism of injury
often predominates in a single event; therefore, it is necessary to assimilate information from
several events to draw meaningful conclusions in developing plans for an “all hazards” approach .
An Utstein-style template to standardise the reporting of the acute medical response in disasters has
been developed; however, this highlights that there are no common or standardised definitions of
each triage categories’. Each post-event evaluation uses author-selected end-points to define triage

categories, ranging from ISS>15 to mortality or utilisation of hospital resources'®?®, The various end-
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points that have been used to measure triage tool performance are considered in greater detail in

the next section.

Since a post-event evaluation will only report on the triage of patients using the tool(s) in place in
that system, some researchers have overcome this by retrospectively applying multiple tools to data
from the victims of actual events. For example, Chellen and Walter retrospectively applied multiple
triage tools to the victims of the London 7/7 bombings®. A key limitation of this approach is that
there is often inadequate pre-hospital data available following actual events and that an individual
event may involve a relatively small number of patients: any conclusions drawn from such studies
must evaluate whether the demographics of the affected population are representative of the

whole, in terms of implications for planning for major incidents®.

Some studies evaluate tool performance by applying triage tools prospectively to patients attending
hospitals following injuries incurred in regular day-to-day practice. Ideally, prospective studies
would facilitate accurate and contemporaneous application of the tool in question, however this is a
resource-intense and time consuming approach®2°, In some cases consecutive patients have been
assessed?® and in others, convenience samples have been used®*%. The advantages of this approach
are that larger numbers of patients can be harnessed and a range of injury mechanisms can be
covered?®. However, the relative proportion of patients injured day-to-day with each injury
mechanism might not be reflective of major incidents (e.g. proportion with penetrating trauma may
differ). Furthermore, outcomes of regular hospital patients might be much better than those injured
in a major incident, and triage is often “conducted” by a senior clinician in the safe and familiar

hospital environment; these factors may limit the external validity of study findings®°,

Another means by which to measure major incident triage tool performance is by their retrospective
application to patients captured by existing trauma registries. This assumes that patient physiology
in response to trauma will be similar whether they present individually or as a cohort of casualties

injured in a major incident setting. Since several trauma registries collect data prospectively, this
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approach minimises information bias. Studies that retrospectively apply tools to entire trauma
registry populations at once allow more rapid procurement of results attained from very large
numbers of patients and covering a broad range of injury mechanisms; this has proven particularly
useful in children®7%%°, The majority of recent published studies have adopted this approach!4>47,
Computed application of tools allows the innate discriminatory capability of triage tools to be
assessed independently from human error, which invariably arises in the real-world setting®®.
However, interpretation of such studies must acknowledge that all existing trauma registries have
specific inclusion criteria, which may bias results, for example, trauma registries in developed
countries that use hospital length of stay as an inclusion criterion may be prone to over-
representation of elders compared with the general population®. Additionally, submission to some
trauma registries such as the US National Trauma Database (NTDB) is not mandatory, hence patients
contained within this registry may not be nationally representative in terms of patient demographics
and injury characteristics'®. Notably, following the 2017 Manchester Arena bombing, the UK’s
Trauma Audit and Research Network (TARN) registry has introduced a data capture field to record
when patients have been injured in a major incident setting®. This will be of assistance in facilitating
future studies examining triage, outcomes, transfer times and other aspects of patient care in a
major incident setting and allow these patients to be assessed separately from those injured outside

of a major incident setting.

Simulation studies have a role in allowing the direct comparison of two or more triage tools with all
other factors remaining equal'®*®2, There is the possibility of mimicking, to some degree, the
human factors at play in a major incident, as well as measuring the practical applicability of tools,
including time taken to perform triage, and the inter- and intra-user reproducibility of results®. It is
important to note that it is often impractical to test more than two tools using this approach, and
that most such studies utilise student paramedics rather than qualified practitioners of varying
experience®. Importantly, simulation studies allow the evaluation of the practical applicability of
tools before subjecting actual patients to the proposed triage methods, providing a safe setting in
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which to learn lessons and gain feedback prior to wider dissemination!®°*%2, Notably, several
emergency responder agencies may chose not to publish the results of simulation or
implementation studies as this may reveal aspects of their major incident response plans, which may

compromise security in the context of man-made major incidents.

Furthermore, when evaluating the performance of major incident triage tools, controversy exists on
what constitutes a P1 casualty. This is considered in more detail in the next section. A lack of
standardized, universally acceptable definitions for triage categories severely limits our ability to
compare the findings of studies assessing triage tool performance, which limits the opportunities to

improve practice in this area’.

What endpoints have been used to measure triage tool performance?

Studies measuring triage tool performance have largely focussed on correct identification of P1
patients, as these patients are at greatest risk of adverse outcome if they are not correctly
identified*>*’, however other studies have looked at overall triage accuracy across all triage
categories®®®, When evaluating the performance of major incident triage tools, controversy exists
on how best to define a P1 casualty. A P1 casualty has been broadly defined as “one who is in need
of immediate medical care.” However, in academic terms, there is no consensus of how this is best

measured. Studies have generally defined the Priority 1 casualty using one or more of three distinct

end-points:

1. Those at greatest risk of mortality

2. Those with the most severe injuries

3. Those in need of life-saving interventions
Mortality
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This definition of the P1 casualty assumes that those who are most likely to die are in greatest need
of care. Mortality is the simplest outcome to measure. However, this doesn’t take into account that
a proportion of these patients cannot be saved and may die regardless of the care they receive
(those who may be assigned P4/Expectant category), thus channelling resources on this basis might
not be the most efficient practice. Furthermore, those who were at significant risk of death but
received timely interventions which averted death would not be readily identifiable. Notably, the
MIMMS Triage Sort tool was modelled upon the Revised Trauma Score, correlating with risk of
mortality!!. The STM was also modelled to predict the probability of mortality in a time-dependent

fashion®®.

That said, a thorough understanding of the timing and cause of deaths after trauma is crucial to
developing systems of care which maximise survival. In particular, understanding the degree to
which death is preventable is crucially important. Triage at scene involves coming into contact with
patients who may have signs of life but may have unsurvivable injuries (P4, expectant) as well as all

the other triage categories.

In 1974, Trunkey described three temporal peaks in death after injury, referred to the “trimodal
death distribution,” highlighting that the majority of deaths occur within the first 24 hours of injury
%, The first peak in the classic trimodal model of trauma mortality includes immediate deaths at the
scene within minutes or the first hour of injury. It is thought that these deaths occur due to
unsurvivable injuries and can only be prevented using injury prevention strategies and not by

advances in treatment®?

. The second peak of early deaths is described as occuring within a few
hours to 48 hours after injury. This group of deaths are potentially preventable through high quality
acute care in the pre-hospital and hospital settings, for which appropriate triage with timely transfer
and treatment are most important. The third peak in deaths occur between 1 to 4 weeks, from

complications of trauma including multi-organ failure and sepsis. It is felt that high quality early care

coupled with critical care can help minimise deaths at this stage. Indeed, this third peak is not
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observed in contemporary civilian practice and may have been eliminated through advances in

trauma care in the decades after it was first described®.

Whilst variations in the proportions of deaths at each time period has evolved since with further
variation by age group and setting (military vs. civilian trauma), an appreciation of the underlying
concept of temporal distribution of deaths is crucial to major incident planning. In contemporary
studies, over 50% of trauma deaths occur within the first 24 hours, with no clear distinction between
the first and second peaks’”®3. It is known that penetrating trauma is associated with a higher early
mortality than blunt trauma, which is highly relevant to planning, particularly for terrorist-related
major incidents'®®>77%%  Deaths within a combat environment similarly occur within minutes to
hours after injury, with haemorrhage cited as the leading cause of death (90.9%). The site of lethal
haemorrhage was truncal (67.3%), followed by junctional (19.2%) and peripheral-extremity (13.5%)
haemorrhage in a study of nearly 5,000 deaths recorded by the American armed forces in a ten year
period encompassing recent conflicts in Iraq and Afghanistan’”. In civilian studies, immediate deaths
from trauma have most commonly been attributable to severe head injuries®. In a German civilian
trauma registry study, 76% of deaths following trauma had a head AIS score greater than 31%.
Severe chest injuries are the second most common cause of early trauma deaths followed by
abdominal injuries, as seen in several international studies””?*%, Overall, several studies highlight

non-compressible haemorrhage as the leading cause of potentially preventable trauma deaths””%,

Overall, prediction of mortality is a crude but readily available outcome by which the performance of
triage tools can be measured. However, an understanding of the timing and common injury patterns
associated with death following trauma is crucial to the development of trauma systems of care and
in particular, in the development of triage systems for the major incident setting. The most
opportune time to save lives following trauma is in the first few hours following injury, hence the
correct categorization of patients into immediate (Priority 1) and urgent (Priority 2) in order to

facilitate timely transfer and treatment is of great importance.
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Injury Severity Score >15

A further method of defining the Priority 1 casualty is one who has an Injury Severity Score (ISS) of
greater than 15, which is a widely used definition of “major trauma” outside of a major incident
setting. Brohi et al utilised this retrospective definition as equivalent to Priority 1 status when
analysing casualty distribution and outcomes following the London 7/7 bombings?®. ISS is an
anatomically based scoring system in which each injury in every body region is assigned a score
(Abbreviated Injury Score) based on its severity using a six-point scale, ranging from minor (=1) to
maximal (=6 i.e. currently untreatable); ISS is then calculated by taking the highest AlS severity code
in each of the three most severely injured ISS body regions, squaring each of these AlS scores and
then adding the three squared numbers®®. 1SS>15 is also used as the justification for the
requirement of Major Trauma Centre care in the UK, a key outcome measure considered by the UK’s
Trauma Audit and Research Network (TARN) registry®®. This has been shown to correlate particularly
well with mortality, and less so with morbidity and the length of hospital stay after trauma®’.
However, other studies have demonstrated that anatomical classification of injury correlates poorly
with predicting the resource requirements (i.e. need for medical interventions) of patients, which is

of critical importance in the resource-constrained major incident setting>®°®,

In one study, the New Injury Severity Score (NISS) has been used as an additional outcome measure
of the performance of a triage tool on the basis that it may be a more accurate measure of injury
severity®®. NISS measures the three worst injuries in any body region, rather than using the highest
score in each of three different body regions, and a threshold of NISS of 16 or greater was utilised®.
However, the authors highlighted the key limitation of this, in that NISS focusses on injury pattern
and not the requirement for medical intervention, which many regard as the main priority behind

triage in a major incident®®.

The need for life-saving interventions
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The third outcome used to measure triage tool performance is the need for life-saving interventions.
This concept has gained popularity as a definition of Priority 1 in the last two decades, as it relates
directly to patients’ resource requirements in the major incident setting. However, amongst
researchers and practitioners in this field, there is a lack of consensus on what interventions
constitute a life-saving intervention, with various definitions of these, based on a combination of

indirect evidence and specialist opinion.

Baxt and Upenieks outlined in 1990 that ISS was a poor predictor of the resource requirements of
patients and should not be used to justify trauma centre care®. They suggested that the
requirement for trauma centre care should be defined by the need for any one of three criteria: a
non-orthopaedic operative procedure with positive operative findings within the first 48 hours of
admission, fluid resuscitation of more that 1L or transfusion of blood products to maintain a systolic
blood pressure of more than 89 mmHg or the need for invasive central nervous system monitoring
with raised intra-cranial pressure, or a positive head CT scan. Baxt et al also included death
following injury amongst the criteria to define the need for trauma centre care®. Subsequently, in
2001, Garner et al modified Baxt and Upeniek’s criteria to make these more specific to the the major
incident setting’®. They shortened the time to necessary surgery from 48 to 6 hours, included all
other criteria described by Baxt and added in a fourth criterion: the requirement of a procedure to
maintain a patent airway or requirement for assisted ventilation, either out of-hospital or on arrival
in the ED. In 2006, Wallis and Carley used these “Garner criteria” to validate the Paediatric Triage
Tool®. The authors highlighted the relative merits; Garner’s criteria covered many of the common
interventions that a patient may require following injury in a major incident and that the criteria may
equally be applied to both adults and children. They also acknowledged the weaknesses in that
Garner’s criteria were developed using expert opinion, they have not been validated as an outcome
measure for a triage tool, and importantly, these criteria could not be used to measure triage
categories other than Priority 1/T1%. In 2007, Wallis and Carley replicated this methodology with a

paediatric-specific modification (inclusion of a fluid bolus of greater than 20ml/kg, in addition to the
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adult criteria of 1000ml) in a prospective, hospital-based study of the performance of multiple triage
tools?’. Kahn et al further modified the criteria used by Garner et al in 2007 in their post-event

evaluation of a Californian train crash disaster in 2003°.

In 2006, Wallis et al published a set of paediatric-specific criteria against which triage tools can be
measured®. These were derived by a Delphi consensus including 16 pre-hospital and hospital based
experts from the UK and South Africa. They defined T1, T2 and T3 (Priority 1, 2 and 3 equivalent)
categories. T1 was defined as patients requiring major resuscitative and haemostatic interventions
and the need for torso or other surgery within one hour, a very stringent cut-off. The definition of
T2 included the need for DPL or FAST ultrasound in ED, both of which are uncommon interventions
in contemporary practice. Contrary to the more widely held definition of “walking wounded,” the
definition of T3 included the need for theatre within 1 day of injury (not including those needing
surgery within an hour, who would be assigned T1)%°. From a casualty distribution perspective,
studies demonstrated that there is often little opportunity for inter-hospital transfer by EMS within
the first 24 hours following a major incident and this definition would not align well with the
transport of T3/P3 patients to minor injury units, for example!®?2, Burns and CBRN-related
interventions were not included in the criteria. Although proposed, these criteria have not been
validated or applied in subsequent studies, with the authors themselves favouring the use of
Garner’s criteria with paediatric modification in their study comparing the performance of multiple

triage tools, published in the same year®.

In 2013, Cross and Cicero undertook a large study involving over 500,000 patients from the US
National Trauma Data Bank (NTDB), reporting in-hospital mortality as the primary outcome!®,

There were also a variety of author-selected secondary outcomes including time spent in ED, death
in ED and overall hospital length of stay, which may not seem directly relevant to the choice of triage

tool in the major incident setting (particularly, time spent in ED). The authors included the need for
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a ventilator as a secondary outcome: this reflects a particularly resource-intense subset of patients

injured in the major incident setting and is therefore of value.

Adopting a similar approach to that of Wallis et al in 2006, Vassallo et al conducted a Delphi
consensus of South African and British specialists and formulated a list of 32 life-saving
interventions, including the need for airway interventions not previously described by Baxt, which
formed the basis of modelling a new tool, the Modified Physiological Triage Tool (MPTT) and its
derivative, the MPTT-24478197  Relative strengths of this system include the use of commonly
described medical interventions that are routinely recorded in patient medical records. This system
considers CBRN mechanisms but fails to consider burns-specific definitions of P1. Potential
disadvantages of this system are that it includes the administration of tranexamic acid (TXA)
(regardless of haemodynamic status) and the application of a pelvic binder (regardless of the
presence of underlying pelvic injury); practice around TXA administration and the application of
pelvic binders are highly variable in practice, making these subjective surrogates for P1. The system
appears to have been designed for adults with no mention of children. Vassallo’s system proposes
that patients with cardiac arrest (including at-scene cardiac arrest) should be considered Priority 1
patients, whereas many would consider these to be “Expectant” or “Dead!.” Like the so-called
Garner criteria, this system only defined the Priority 1 category and the criteria have not been
validated as an outcome measure for a triage tool. Crucially, the timing of interventions were not
considered in defining P1 status, such that patients requiring delayed surgery or those intubated or
undergoing intercostal drainage weeks following injury due to respiratory complications were also

considered P1.

In 2016, Lerner et al developed an objective system to define each mass casualty triage (Dead,
Expectant, Immediate, Minimal, Delayed), incorporating the need for commonly described surgical
and resuscitative interventions which would be routinely recorded in patient medical records, as

well as the timing within which those interventions needed to be administered®l. This system was

41



developed based on an extensive review of the literature followed by a Delphi consensus of named
US-based experts in adult and paediatric pre-hospital and hospital medicine with experience in
disaster management. Strengths of this system include definitions of all possible triage categories
using a logical flowsheet, consideration of all mechanisms of injury that may be implicated in a major
incident including CBRN and burns, and the definitions are applicable to adults as well as children.
The authors used their system to conduct comparative analyses of the performance of multiple tools
in small convenience samples of adults!” and children® presenting to ED in a US Level 1 trauma
centre (see later), however they did not comment on whether the patients assigned each category
differed with regard to clinically important characteristics such as mortality, requirement for

intensive care, injury severity or length of stay.

None of the systems described have been internally or externally validated to determine whether P1
patients differ clinically from non-P1 patients in terms of key characteristics such as mortality,
hospital length of stay, need for intensive care and injury severity. Several studies measuring triage
tool performance use author-determined definitions and are therefore prone to bias, whereby
definitions may have been based on the data available to investigators rather than scientifically
objective criteria®’. Amongst the various end-points used to define the Priority 1 patient, Lerner’s
criteria appeared to be the most objective and scientifically robust method to define triage

categories!®®,

Studies comparing the performance of multiple tools

Over the last two decades, several studies have sought to compare the performance of multiple
triage tools using selected patient populations, some of which have used patients actually injured in

t69

a major incident® whereas most have used surrogates, such as trauma registry populations®® or

patients attending ED in trauma-receiving hospitals?®. These studies have varied in the outcome
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measures selected and in their geographical location, spanning multiple countries and healthcare

systems.

In an Australian study published in 2001, four tools (CareFlight, START, MSTART and the MIMMS
Triage Sieve) were retrospectively applied to 1,144 consecutive adult patients (214 years, median
age 33 years, 65% male) captured in 1994 by the trauma registries of two major trauma centres in
New South Wales'®. Most patients suffered a motor vehicle collision (39.1%) or a fall <5m (21.3%),
with 2.8% suffering penetrating trauma whilst 1.8% suffered burns. Here, Garner modified the
original Baxt criteria, as described (referred to as “Garner criteria” in subsequent literature) as the
primary end-point measure. The differences in sensitivity between CareFlight, START and MSTART
were not dramatic, with sensitivities of 82% (95% confidence interval [Cl] 75% to 88%), 85% (95% ClI
78% to 90%), and 84% (95% Cl 76% to 89%), respectively. However, CareFlight demonstrated the
highest specificity of 96% (95% Cl 94% to 97%), compared with START (specificity of 86%, 95% Cl 84%
to 88%), and MSTART (specificity of 91%, 95% Cl 89% to 93%). Notably, the lead author was
employed by CareFlight. The study also found that of the physiologic variables, the Motor
Component of the Glasgow Coma Scale (<6) had the strongest association with predicting the need

for life-saving interventions, followed by a systolic blood pressure of <80mmHg?®.

Regarding paediatric triage, in 2006 Wallis and Carley undertook an independent, prospective study
comparing the performance of the PTT, CareFlight, START and JumpSTART amongst 3461 children
(£12 years) attending a South African trauma centre within 12 hours of an acute injury?®. They
defined a Priority 1 (or T1) patient using Garner’s criteria, modifying this for paediatric use by
including fluid resuscitation in excess of 20ml/kg?°. Additional end-points considered were 1SS>15
and NISS>15. They found that CareFlight demonstrated the highest sensitivity (46%) for detecting
the need for one of more of the modified Garner criteria, as well as ISS>15 (48.4%) and for NISS>15
(31.5%). PTT performed similarly (41.5%, 37.8% and 26.1% sensitivity, respectively). Both CareFlight

and and PTT demonstrated over 98% sensitivity for all three outcomes, with the authors
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recommending either tool for use, stating that the differences in performance were unlikely to be
clinically significant. In contrast, JumpSTART and START demonstrated worrying low sensitivities
(<40%) for all outcomes, with JumpSTART exhibiting sensitivities of under 4% for all outcomes. A
few years later, Price et al applied JumpSTART (<8 years), START (>8 years), CareFlight, PTT and the
Triage Sort to the data of 31,292 children (67.9% male, mean age 7.9 years, mortality 3.3%) taken
from the UK TARN trauma registry in 2009, with imputation of missing pre-hospital physiology”.

The authors reported tool sensitivity and specificity for in-hospital death and 1S5>15. Contrary to
the findings of Wallis and Carley, the PTT had the worst performance amongst the tools, with
sensitivity of only 37.8% for mortality in all <16s (25% in those <8 years) and 36.4% for ISS>15 (17.6%
in those <8 years). Overall, there was great variation in tool performance across age subsets and for
each outcome measured, and the authors were unable to recommend one tool as being superior the
others. Each study has utilised a different age cut-off for defining a child, different inclusion criteria
(ED attenders versus those meeting trauma registry inclusion criteria) and neither study presented a
breakdown of the injury mechanisms in their cohorts. As such, it is still unclear which existing tool

performs best amongst children.

In an attempt to standardise triage practices and increase interoperability between emergency
services across the various regions in 2006, the United States Centre for Diseases Control and
Prevention (CDC) and the National Association of EMS Physicians convened a working group of
national experts’®. They undertook an in-depth literature review, including the studies outlined
above, followed by a Delphi consensus exercise involving several experts, taking into account lessons
learnt from several international post-event evaluations’. Following this extensive exercise, they
acknowledged that there was insufficient evidence to recommend one method of triage over
another for use in across the United States. Instead, they compiled in a national guideline including
a list of 24 recommended “Model Uniform Core Criteria” which regions should apply when selecting
a triage tool. They introduced the SALT tool, which is the only tool which complies with all of these
recommendations®. Notably, although MUCC represents the most comprehensive effort
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undertaken in the United States to develop common uniform criteria for major incident triage
systems, the Federal Interagency Committee on EMS acknowledge that there is a lack of evidence
regarding the impact on patients outcomes of using a MUCC compliant triage method versus a non-

MUCC compliant tool%2,

Ahead of the 2012 UK Olympic games, Challen and Walter sought to retrospectively compared the
performance of START, the Manchester Sieve (MIMMS Triage Sieve) and CareFlight using 166
patients injured during the 7th July 2005 London bombings®. The authors found that the tools
performed identically, however they openly acknowledged that the amount of missing data seriously

compromised their attempts to evaluate tool performance.

The largest study to date comparing the performance of triage tools was undertaken by Cross an
Cicero, using 530,695 paediatric, adult and geriatric trauma patients from the US National Trauma
Data Bank (NTBD)!®. This compared the performance of six triage tools: START, Fire Department of
New York (FDNY, a modification of START), CareFlight, Sacco Triage Method Score, and Unadjusted
Sacco Score, as well as the ordinary Glasgow Coma Scale)®. The authors compared tool-assigned
outcomes to mortality on discharge, reporting area under the receiver operator curve (AUC) data.
Secondary outcomes included death in the emergency department, ventilator use, and hospital
length of stay. The authors undertook subgroup analyses by age, trauma mechanism (blunt,
penetrating and burns) and patient sex. The patient population included 84.8% blunt-injured
patients, 11% who suffered penetrating trauma and 0.9% who had burns; the bulk of patients had
non-severe injury with only 24.4% having IS5>15. Results demonstrated that the Sacco Triage
Method predicted mortality most accurately (AUC 0.883, 95%CI 0.880-0.885) and that CareFlight
was best amongst patients suffering burns (AUC 0.870, 95% Cl 0.85-0.89), although CareFlight had a
tendency to mistriage “salvageable” patients to the “Unsalvageable” (Dead/black) category (41% of
these survived). START performed particularly well among burn (AUC 0.86, 95%CI 0.84-0.88) and

penetrating trauma patients (AUC 0.926, 95%Cl 0.922-0.930) but less well among patients with blunt
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trauma (AUC 0.826, 95%Cl 0.822-0.829). With regard to the elderly, all the triage methods were
markedly less accurate than in other age groups, with the authors highlighting this as an area
requiring further research. The study was limited by the exclusion of a large proportion of patients
due to missing data particularly in those aged 0-15 years; overall, only 29% of the eligible patients
had complete data for analysis. Additionally, the methodology used to assign “true” triage
categories was subjective and based on ISS, and not resource requirements. Not all trauma-
receiving hospitals submit data to the NTDB, so the dataset is not nationally representative. Whilst
the need for ventilation is particularly resource-heavy making this a useful outcome to report when
considering major incidents, some of the secondary outcomes such as time spent in the Emergency
Department may be less useful or relevant to inform major incident planning. Despite the
limitations, this study was able to highlight the strengths and weaknesses of individual tools,

however it was unable to determine a clear winner amongst them.

In a series of UK-based studies starting in 2017, Vassallo et al sought to compare the performance of
their newly derived MPTT against the the MIMMS Triage Sieve and the NARU Triage Sieve, as well as
START and Careflight*’. A single primary outcome measure was used: this was the need for a life-
saving intervention, determined by an author-led modified Delphi consensus of experts®. This end-
point was used by the author to model their novel tool, the MPTT, and then used to compare the
performance of their tool to others?”. Other outcome measures such as mortality and injury severity
were not reported. Comparative analyses were conducted amongst military and civilian patient
populations?¥*’, Amongst patients from the UK military’s Joint Trauma Theatre Registry, the MPTT
and its derivative, the MPTT-24 demonstrated the highest sensitivity (66.3 and 69.5%) but lowest
specificity (65.3 and 69.9%) amongst the triage tools tested*>2. The Australian Careflight tool
demonstrated the highest specificity (98.4%) and lowest over-triage rate (5%) although sensitivity

was 32.9% with regards to the chosen outcome measure. This study was limited by the application
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of tools to patients’ first recorded hospital physiology, as the JTTR does not reliably capture pre-
hospital observations, hence results may have been influenced by treatments administered in the
pre-hospital setting. 40% of patients in the JTTR database were excluded from the study due to
missing data. Another limitation is that the patients were injured servicemen and women cared for
under combat conditions, which has limited generalisability to major incidents affecting civilians.
Vassallo et al went on to conduct a similar comparative analysis in a civilian population from the UK’s
TARN registry including over 100,000 patients®. Here, again, tools were retrospectively applied to
patients’ first hospital (rather than pre-hospital) physiological observations. The results
demonstrated that the MPTT had the highest sensitivity of 57.6% and the lowest level of under-
triage (42.4%) compared with other tools. The NARU Triage Sieve and the START tool were very
similar in performance, with a sensitivity of 28% and a positive predictive value above 50%. Both
these tools had a much lower over-triage rate of nearly half compared with 67% seen with the
MPTT; the authors described this as an acceptable rate of over-triage?’. In 2019, the authors went
on to compare the MPTT-24 and NARU Triage Sieve to the Triage Sort (MIMMS), a secondary triage
tool by retrospective application to TARN registry data, using the need for life saving intervention
(LSI) as the outcome measure 1, The Triage Sort demonstrated the lowest accuracy of all triage
tools at identifying the need for LSI (sensitivity 15.7% (95% Cl 15.2 to 16.2) correlating with the
highest rate of under-triage (84.3% (95% Cl 83.8 to 84.8), but it had the greatest specificity (98.7%

(95% C1 98.6 to 98.8).

In 2020, the authors who developed the consensus-based triage category definitions!®! (as well as
the SALT tool) conducted a prospective study using a small convenience sample of 125 ED attenders
at a US-based level 1 trauma centre, to test the triage accuracy of SALT, START, MIMMS Triage Sieve
and CareFlight®. The primary end-point measure was the accuracy of each tool in assigning all (not
just P1) triage categories. SALT was found to have the highest accuracy rate (52%; 95% Cl 43-60)
compared to START (36%; 95% Cl 28—44), CareFlight (36%; 95% Cl 28—44), and TriageSieve (37%;
95% Cl 28-45). SALT also had the lowest under-triage rate (26%; 95% Cl 19—34) compared to START
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(57%; 95% Cl 48—-66), CareFlight (58%; 95% Cl 49-66), and Triage Sieve (58%; 95% Cl 49-66). SALT
had the highest over-triage rate (22%; 95% Cl 14—29) compared to START (7%; 95% Cl 3—12),
CareFlight (6%; 95% Cl 2—11) and TriageSieve (6%; 95% Cl 2—11). This study had several limitations,
the most significant ones being that it was based on a very small convenience sample of patients
that contained only 5 patients who fulfilled criteria for Priority 1 status, and that it was conducted by
the authors that developed the SALT tool. The study highlighted that all four systems had relatively
high rates of under-triage. The same authors had previously used identical methodology to compare
the performance of SALT, JumpSTART, Triage Sieve, and CareFlight amongst 115 children (<18 years),
however results were inconclusive because the confidence intervals for both the accuracy and
under-triage rates overlapped between all triage tools, with high rates of under-triage noted

amongst all tools®.

Studies comparing the performance of multiple tools vary in their choice of metrics used to report
performance of tools. Triage tools are essentially diagnostic tools which seek to assign the correct
triage category to individual patients. For reasons outlined previously, diagnosis of the P1 category
is widely considered the most important and this is the focus of several studies outlined in the
previous section. Like any diagnostic tool, a number of measures of accuracy exist including
sensitivity, specificity, under- and over-triage (1-sensitivity), area under the receiver operating curve
(AUC) as well as both positive and negative predictive values (PPV, NPV). Policymakers must be clear
of the implications on likely patient outcomes as well as resource considerations when selecting
triage tools, taking account both sensitivity and specificity, but also the resilience of the system in

question and its ability to deal with over-triage.

Sensitivity describes the ability of a diagnostic test to correctly identify patients who have a
condition, also referred to as the true positive rate. Mathematically, sensitivity is calculated as the
number of true positive patients divided by the sum of the number of true positives and the number

of false negatives. However, sensitivity does not take into account the false positives. If a test has a
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high sensitivity for P1, then a negative result will be useful for “ruling out” the disease. In the case of
a triage tool, one with a high sensitivity is likely to assign a P1 label to a high proportion of patients
who are truly P1, however this comes at the likely expense of a degree of over-triage, or assignment
of P1 category to patients who are non-P1. Specificity, on the other hand, describes a test’s ability
to assign a negative result to patients who do not have a condition. Mathematically, specificity is
equal to the number of true negatives divided by the sum of the number of true negatives and the
number of false positives. A triage tool with a high specificity for P1 status will correctly assign non-
P1 status to nearly all the non-P1 patients, but this is not particularly useful for “ruling out” P1
status. Hence, a tool with high specificity might fail to assign P1 status to several true P1 patients,
with a significant rate of under-triage. The ideal diagnostic tool, or indeed triage tool, has a very
high sensivity and high specificity, however in reality one often comes at the expense of the other. A
suitable balance must be sought between correctly identifying all high-acuity patients (under triage
refers to those high-acuity patients who fail to be correctly identified) and inadvertently assigning
high acuity status to less severely injured patients (over-triage). No tools have been shown to
eliminate under-triage or over-triage completely and notably, there are no national or international
standards governing the performance of triage tools in the Ml setting. Several studies reporting the
performance of triage tools have used trauma registry populations with specific inclusion criteria
which give rise to a biased population with over-representation of severely injuried patients. The
“denominator” of non-P1 patients might not be representative of true Ml populations, and the

degree of false positives in practice may be greater than that reported by such studies.

A receiver operating character curve (ROC curve) is a graphical plot in which the x axis consists of the
false positive rate (1-specificity) and the y axis represents the true positive rate i.e. sensitivity. The
area under the curve (AUC) provides users with an appreciation of how well a model or diagnostic
test can produce relative scores to discriminate between positive or negative instances across all
classification thresholds. This amalgamates the results of sensitivity and specificity at any given
threshold in a visually appealing graphic and the AUC between different tools may be assessed and
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compared in this way. Notably, some studies such as Cicero et al report AUC values in isolation,
which may limit policymakers in that individual tool sensitivity and specificity is not expressed, hence

modelling and prediction of patient outcomes may prove challenging.

In selecting tools for a particular setting, policy makers must also take into account the resources
available to treat patients and the number of patients that are likely to be affected in major
incidents. There is a point at which healthcare facilities may be overwhelmed to the degree that
individual patient care and therefore overall survival and outcomes are compromised. In an analysis
of terrorist bombings between 1969 and 2004, Frykberg demonstrated a direct linear correlation
between over-triage and critical mortality. The degree of over-triage that a system can deal with will
also be affected by the setting, the number of victims arriving at healthcare facilities (which is also
influenced by the inherent performance and correct practical application of pre-hospital triage tools)
and the timing of major incidents. For example, individual hospitals and regional ambulance services
may be more easily overwhelmed outside of working hours (e.g. overnight, at the weekend) and the
resilience of hospitals may vary with the time of year, for example summer months versus the height
of the so-called “winter pressures” experienced within the NHS?. Paediatric major trauma centres,
which are geographically dispersed, are particularly vulnerable to being overwhelmed during major
incidents, particularly when coupled with the human factors tendency to over-triage children, as
observed in several post-event evaluations'®?2. In a high-resource setting and one in which a high
level of scrutiny is likely to be cast upon triage decisions and outcomes, sensitivity appears be a
higher priority. The under-triage of children, for example, is likely to be heavily criticised by the
general public and expectations of outcome following Ml have never been so high. This was

exemplified by the Manchester Arena Enquiry?’.

Therefore, in the relatively well-resourced setting of the UK, it can be proposed that the most
important aspect of triage tool performance is the correct identification of Priority 1 patients, i.e.

sensitivity. Inevitably, a considerable degree of over-triage is to be expected. In a low-resource
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setting where there is particular vulnerability to over-triage, specificity of a pre-hospital triage tool is
likely to be the most important performance metric to consider, in order to maximise overall
survival. Lastly, it is challenging to determine whether underperformance of a triage tool in major
incidents arises from poor discriminatory capability of the tool itself or whether the tools have been
applied incorrectly. Incorrect application can result from human error, or due to lack of simplicity of
the tool e.g. those involving arithmetic are more likely to be abandoned or applied incorrectly®. It is
apparent that large, registry based studies are valuable in determining the inherent physiological
discriminatory capability of tools, but real-life event evaluations as well as simulation studies can
give an idea of whether the tools are practically applicable by humans under challenging conditions.
Policy makers must take both aspects into account when selecting tools for use, since overall success

requires a tool to possess both of these essential qualities.

Summary of major incident triage tools and their performance as relevant to

contemporary UK practice

Multiple major incident triage tools exist, including several adult primary triage tools START,
MSTART, MIMMS Triage Sieve, NARU Triage Sieve, MPTT, MPTT-24, SALT, ASAV, CareFlight, BCD
Triage Sieve, two paediatric-specific primary triage tools (JumpSTART and PTT) as well as two points-
based triage tools, the MIMMS Triage Sort (a secondary triage tool) and the Sacco Triage
Method!#7>2, There are several challenges in comparing the performance of existing tools. The
unpredictable nature of major incidents makes it challenging to plan prospective studies in the major
incident setting, with only a single study of this design performed to date®. Retrospective studies
using data gathered on actual major incident patients are often severely limited by a lack of pre-
hospital data’®. Other studies have used surrogate populations, such as ED attenders in trauma
receiving hospitals, in which case triage is performed by a single or few hospital-based practitioners

without the challenging atmosphere of a major incident setting®®.
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A key limiting factor in comparing the performance of tools is the variation in end-points used:
controversies exist regarding the definition of a P1 casualty in academic terms. Studies evaluating
the performance of major incident triage tools have used mortality, injury severity scores (namely,
ISS>15 and NISS>15) and the need for various, sometimes subjective, life-saving interventions as the
primary end-point measure. None of the end-points identified have been validated as outcome
measures for triage tool performance and several are author-led®!. Variations in the end-points
have limited the ability to directly compare the results of studies. A validated, universally accepted
endpoint would permit direct comparison between studies; this is an urgent research requirement.
Such a standard may facilitate improvements in patient outcomes including overall survival.
Garner’s criteria to define P1 status appear to have gained popularity in multiple international
studies, however these include some outdated medical practices: intracranial pressure
measurements are now known not to correlate as well with neurological outcome as previously
thought®®. Additionally, large volume crystalloid resuscitation has given way to the preferential use
of blood products and a growing tendency to hypotensive resuscitation, hence Garner’s criterion of
large-volume crystalloid resuscitation is less applicable in the contemporary settingl9. Amongst the
end-points in the existing literature, Lerner’s criteria, although not currently validated for use as an
outcome measure, appear to be the most scientifically objective, defining not just P1 but all triage
categories, they are applicable to patients of all ages and incorporate a comprehensive range of

injury mechanisms including burns and CBRN®,

Amongst the tools identified, START has been studied the most and is the only tool to have
undergone prospective validation in an actual major incident setting®. START has demonstrated
sensitivity of 57% to 100% across various studies using a variety of primary endpoint measures, it has
consistently demonstrated specificity of over 67%%!%17:1852 The MSTART is very similar to START,
although their triage accuracy relative to one another has yet to be assessed. Lauded for its
simplicity, CareFlight is the second most studied tool, and has demonstrated moderate performance

in adults and children across a range of injury mechanisms, including blast and burns
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10,11,18,2047,55 The novel RAMP tool appears to be very similar to CareFlight and has only been

trauma
evaluated by the authors, who found that it is much quicker and more accurate to apply than
START®, Further independent evaluation of RAMP is warranted. The novel US SALT tool and
German ASAV have yet to undergo independent evaluation, however the subjective nature of the
assessments they include makes both tools very difficult to apply retrospectively®”#. MPTT and
MPTT-24 are novel tools evaluated using a single author-defined end-point, which was used as a
basis for modelling these tools. The authors recommend that the MPTT-24 replaces the NARU
Triage Sieve in current UK civillian practice based on a modestly higher sensitivity for predicting the
need for life-saving interventions®2.. However, their results suggest that the MPTT-24’s rate of over-
triage is higher and specificity lower than most other tools, which has implications in practice,
including the potential to overwhelm medical facilities with patients labelled P1 following a major
incident?**°2_ Independent evaluation of the performance of the MPTT-24 tools is warranted
alongside the current UK NARU Triage Sieve, including the use of additional, objective outcome
measures as relevant to the major incident setting. To date, no published evaluations of the

performance of the UK military’s Battlefield Casualty Drills Triage Sieve exist, although the tool has

been used extensively during UK military operations®,

The two point-based triage tools, Triage Sort and Sacco Triage Method, have both been modelled to
predict mortality rather than resource requirements in the major incident setting3¥°, Vassallo et al
demonstrated that Triage Sort, the only secondary triage tool identified in the literature, had the
lowest accuracy of all triage tools at identifying the need for life-saving interventions with sensitivity
of only 15.7% (95% Cl 15.2 to 16.2) correlating with the highest rate of under-triage of 84.3% (95% Cl
83.8 to 84.8)*. As such, there is an urgent requirement to develop a novel secondary triage tool
that offers refinement in performance, namely an increase in sensitivity and a decrease in overtriage
of the P1 category, compared with existing primary triage tools. The proprietary nature of STM
coupled with the limited improvements in performance relative to the widely utilised START tool in
the US has limited its uptake into practice!*®%’t, STM is also more complex to apply in practice with
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a heavy reliance on mathematical calculation by the care provider, making this a less attractive
choice for the challenging major incident setting. Whilst both points-based tools are paper-based,
the popularity of hand-held devices and personal mobile phones creates the possibility of developing
tools that take the form of a portable device application once patients have moved on from the

often dangerous and unpredictable scene of a major incident (i.e. secondary triage).

Regarding the performance of triage tools amongst children, two sizeable studies undertaken in
paediatric populations have reported conflicting outcomes regarding the triage accuracy of the
JumpSTART and PTT tools?%%%7°, CareFlight has been commended for its accuracy in children, and
there are practical and logistic advantages of using a tool which is applicable to both adults and
children; this also simplifies the training delivered to first responders®74. It is unclear which
paediatric triage tool would perform best in the contemporary UK major incident setting, warranting
further research in this area. At the other extreme of age, only one US-based study has evaluated
the performance of triage tools amongst elders, reporting that all tools performed less accurately
amongst elders compared to their younger adult counterparts'®. Those aged 65 years and over
form 18.3% of the current UK population and this proportion is likely to grow further®®. Major
incident planning must cater for the unique needs of this subset of our population, including

selection of triage tools which perform well in this age group.

Several studies have been based outside of the UK and the degree to which their findings are
generalizable to a UK setting are hampered by differences in population demographics and

1820 previous UK-based studies have

differences in the delivery of healthcare in those settings
utilised patient outcome data that preceded a major change in the delivery of trauma care in 2012,
when care was reorganised into inclusive, regionalised trauma systems2+#37°, Of the two UK (TARN)
registry-based studies, one involved children cared for prior to 2009 and utilised only mortality and

ISS>15 as outcome measures’®. The other was an author-led validation of a novel tool (MPTT-24)

alongside others, using patients captured by TARN from 2006 to 2014, and utilised a single author-
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defined end-point; a study design which may be prone to author bias?’. Hence, the generalisability
of their findings to the contemporary UK major incident setting is limited, warranting further
research using a contemporary database of UK patients. Furthermore, following the regionalisation
of trauma care, casualty distribution plans stipulate that P1 casualties would be conveyed to a major
trauma centre, P2 casualties to a Trauma Unit whilst P3 casualties may be conveyed to minor injury
units or EDs at a distance from the major incident®*. However, there has been no evaluation of
whether the patient resource requirements of each triage category align well with the capabilities of

the corresponding tier of trauma care?-2849,

Given the existing evidence, it is difficult to determine superiority of one tool above the others, with
reference to both UK-based and international settings'*®. The use of trauma registry data has
facilitated the retrospective application of triage tools in large numbers of patients, sometimes
including valuable subgroup analyses by age and injury mechanism, as demonstrated by Cross and
Cicero’s large, US-based registry study'®. Two high-quality trauma registries exist in the UK, namely
TARN and JTTR, capturing large numbers of injured patients, with the potential to form the basis of a

347 Mandatory subscription to

comparative analysis of the performance of multiple triage tools
TARN by all trauma-receiving hospitals renders the resulting TARN population a nationally
representative sample of injured patients, the largest of its kind in Europe®. Although JTTR largely
constitutes injured young, male soldiers cared for in military medical treatment facilities, the
predominance of blast and penetrating trauma in this cohort offers the opportunity to examine the
performance of any novel or existing tools in patients with these mechanisms of injury. This is highly
relevant since, in the last 15 years, man-made blast and bladed mechanisms have predominated
amongst UK major incidents?®. Hence, whilst the choice of triage tools for use in the UK should cater
for any eventuality, it is particularly important that they perform well amongst patients suffering

blast and penetrating trauma, warranting evaluation of the performance of triage tools in UK

patients with these mechanisms.
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Machine learning and its potential to improve triage

In the last fifty years, improvements in the power of computer processing and analytic ability has led
to marked technological advances'®. Additionally, the amount of routinely collected data that is
available for analysis has grown'®, This has been associated with the development of artificial
intelligence (Al). There has yet to be a widely accepted definition of Al within data science and
computing, partly due to the rapidly evolving nature of Al. However, from a clinician’s perspective,
Al can be described as “human-like intelligence displayed by a machine, in terms of learning from
experience or observations, then using this knowledge to recognise, interpret and make
autonomous actions when faced with similar situations'®®. Al is present in several aspects of
everyday life, from entertainment suggestions on social media to email spam filters and even self-
driving vehicles!®. A natural expansion into healthcare is to be expected'®. Machine learning (ML)
is commonly viewed as a subset of Al. Alan Turing famously distinguished between the two by
proposing that the cognitive question “Can machines think?” (Al) be replaced with the more
operational question “Can machines do what we (as thinking entities) can do?”%’. In 1959, machine
learning was described as a “field of study that gives computers the ability to learn without being
specifically programmed.” In practice, machine learning explores the construction and study of
algorithms that can “learn” or make predictions on data to make predictions, without following
strictly static computer programming instructions. Machine learning can be broadly classified
further based on the nature of the “feedback” available to the learning system. In supervised
learning, the computer is presented with example inputs and the desired outputs with the goal of
learning a general rule that maps inputs to outputs. In unsupervised learning, no labels are given to
the learning algorithm, leaving it on its own to determine structure in its input. Unsupervised

learning can help to reveal hidden patterns in data or a means to an end.

Machine learning has several advantages over traditional statistics, for example by using algorithms

to identify previously unrecognised input variables that predict outcome, unlike the requirement for
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human-determined variables in traditional statistics!?®®. Additionally, non-linear relationships
between variables and outcomes can be harnessed, making machine learning particularly useful in
identifying complex or unclear data inter-relationships. Hence, machine learning models excel in
exploratory predictive (regression or classification) modelling using large or computationally weighty
datasets. By comparison, traditional statistical methods are perhaps better suited to confirming

specific hypotheses in smaller datasets.

In healthcare, machine learning has the potential to impact and progress patient triage, diagnosis of
disease, prediction of patient outcomes and estimation of prognosis. This is made possible by the
large amounts of data collected routinely by individual healthcare facilities and multicentre regional
or national disease registries by regulatory bodies3*1%1%_ These large databases often include
patient variables and outcome data, lending themselves to the application of Al and ML. However,
despite the potential advantages outlined earlier, there have been barriers to adopting machine
learning-based findings into healthcare, such as worries about unstructured reporting, unsuitable
algorithm selection, concerns regarding data privacy and bias related to the use of proxy variables
105,108,109 ' The majority of studies utilise retrospective data, which were collected for reasons other
than the Al/ML applications, and this also raises concerns about the use of data retrospectively
without prior patient consent. A further reason for hesitance amongst clinicians of embracing ML-
based studies and their findings is a lack of understanding of when Al/ML based models are likely to
be superior to those derived from traditional statistical methods: ML has not always been shown to
be superior to traditional logistic regression®. Notably, it is not always the case that models
undergo external validation, which is an essential step in their evaluation prior to considering their
adoption into clinical practicel®. The confusing use of terminology, for example the interchangeable
use of Al and ML, can also baffle clinicians, patients and regulators alike. There has also been fear
amongst clinicians of being replaced with Al and ML-based technologies, however comparison
between clinicians and ML is not immediately relevant: Al/ML has the potential to reduce cognitive
load, enable the efficient use of clinician time and supplement or improve clinical care by combining
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the best of human and machine abilities!®. Additionally, ML clinical studies can involve deep neural
networks or other complex algorithms and the way that the models arrive at their conclusion cannot
easily be visualised by clinicians; this lack of transparency is a barrier to the acceptance of such

models by clinicians as well as patients and regulators>1%,

Tree-based machine learning models have demonstrated utility in clinical risk stratification, with the

ability to capture non-linear interactions between input variables!®

. In fact, the binary
(present/absent or yes/no) nature of decision trees (also known as Recursive Partitioning and
Regression Trees, RPART) closely resembles the “flowsheet” format of existing Ml triage tools,
making this ideally suited to developing paper-based primary triage tools. Both random forest (RF)
and gradient boosted tree (XGB) are popular machine learning algorithms with strong predictive
power. RF is based on the concept of bagging, which lowers the prediction variance!®*. Furthermore,
instead of growing each tree using all variables, it randomly chooses a subset of variables at each
split of the node in the tree, thereby forcing it to learn through all subsets of available variables. For
XGB, the prediction target is estimated by sum-of-trees, and the model is built by successively fitting
each tree to the residue of previously fitted trees, while regularizing the fit through multiplication by
a scaling factor known as learning rate. In short, XGB estimates the target function by a sum of trees
each of which explains a small and different portion of the target and no single tree dominates the
prediction. Both RF and XGB methods lend themselves to the development of an app-based Ml

triage tool, perhaps more suited to the secondary triage setting where reliance on a portable device

is more feasible.

Although there is a paucity of databases encompassing data from major incident victims, large
trauma registry databases exist, encompassing a broad range of patient demographics and injury
mechanisms. There is potential for machine learning applied to these large databases to result in
models which outperform existing tools in predicting the need for life-saving interventions in injured

patients, particularly as previous triage tools are largely based on expert opinion. Hence, there is

58



scope to develop machine-learning models that can be adapted into primary and secondary Ml
triage tools. Crucially, any such models must be externally validated using an independent

population of injured patients prior to recommending these for practical use in Mls.

Hypothesis and aims of thesis

Major incidents are characterised by the mismatch between the immediate needs of patients and
the resources available to treat them. Triage tools have a crucial role in ensuring that finite
healthcare resources are allocated to maximise overall survival. Existing tools are are largely paper-
based and have been developed based on expert opinion. A major challenge in furthering the
science of major incident management is the lack of consensus and standardisation of end-points

which best define Priority 1 status and other triage categories.

This thesis is focussed on the hypothesis that current methods of major incident triage in the UK

civilian setting are suboptimal.

In view of this hypothesis, the specific aims of this thesis are:

1. To determine an objective, practically applicable and resource-based system to define
major incident triage categories, and to validate this using a nationally representative
sample of adults and children

2. To compare the performance of existing international tools in adults, older adults and
children across injuries of all mechanisms using a nationally representative sample of
injured patients, in order to determine the best performing existing tool

3. To identify the best performing existing triage tool for use in the most prevalent type of UK
major incident, i.e. terrorist-related major incidents, which are characterised by blast and

penetrating trauma
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4. To use machine learning to develop novel primary and secondary triage tools for the UK
civilian setting and to validate these externally using a geographically distinct population of

injured patients
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Introduction to Chapter 2

Major incidents are characterised by a mismatch between the immediate needs of patients and the
resources available to treat them. A review of the existing literature has revealed that in the UK,
man-made major incidents comprising blast and penetrating trauma have occurred with increasing
frequency in recent years and continue to constitute the greatest threat to national security. Triage
tools have a crucial role in ensuring that finite healthcare resources are allocated to maximise overall
survival. Existing UK and international tools have largely been developed based on expert opinion
and implemented without formal validation. A major challenge in furthering the science of major
incident management is the lack of consensus and standardisation of end-points which best define
Priority 1 (P1) status and other triage categories. A number of systems exist to define P1, including
ISS>15, mortality and several intervention-based criteria, including objective and evidence-based

definitions described by Lerner et al.

Chapter 2 aims to validate an objective, practically applicable and resource-based system to define
major incident triage categories using a nationally representative sample of adults and children. A

further aim is to compare the performance of existing international tools in adults, older adults and
children across injuries of all mechanisms using a nationally representative sample of injured

patients, in order to determine the best performing existing tool.
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Background: Natural disasters, conflict. and terrorism are major global causes of death and disability. Central
to the healthcare response is triage, vital to ensure the right care is provided to the right patient at the right
time. The ideal triage toel has high sensitivity for the highest priority (P1) patients with acceprably low over-
triage, This study compared the performance of major incident triage tools in predicting M1 casualty status in
adules in the prospective UK Traurna Audit and Research Metwork [TARM) registry.
Methods: TARN patients aged 16+ years (January 2008-December 2017 ) were included. Ten existing triage
tools were applied using patients” first recorded pre-hospital physiology. Patients were subssquently
assigned triage categories (P1, P2, P3, Expectant or Dead) based on pre-defined, intervention-based criteria,
Tool performance was assessed by comparing tool-predicted and intervention-based priority status.
Findings: 195,709 patients were incuded; mortality was 7-0% (n=13,601); median Injury Severity Score ([55)
was 9 (IOR 9-17): 97 1% sustained blunt injuries. 22,144 (11.3%) patients fulfilled intervention-hased criteria
for P1 status, exhibiting higher mortality (12.8% vs, 5.0%, p<0.001], increased Intensive care requirement
(52.4% w5 5-0%, p<0.001), and more severe injuries [median 155 21 vs 9, p<00001 ) compared with P2 patients.
In 16—64 year olds, the highest performing tood was the Battlefield Casualty Drills (BCD) Triage Sweve [Prediction
of P1 status: 70-4% sensitivity, over-iriage TO9%, area under the recelver operating curve (AUC) 0.068 |95%01
0-676-0-684]L The UK National Ambulance Resilience Unic (MARL) Triage Sieve had sensitivity of 44.9%; over-tri-
ape 56-4%; AUC 0-666 (95501 0-662—0-670). All tooks performed poarly amangst the elderly (65+ years).
Interpretaticn: The BCD Triage Sieve performed best in this nationally representative population; we recom-
mend it supersede the NARU Triage Steve as the LK primary major incident triage tool, validared triage cate-
gory definitions are recommended for appraising funure major incidents.
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Research in context

Evidence before this study

Major incidents, ranging from terrorist attacks to large-scale
natural disasters, require prioritisation of limited healthcare
resources in order to maximise survival amongst those injured.
Selection of the optimal triage toel to prioritise patients at the
scene of a major incident is an essential component of disaster
preparedness and several such tools exist intermationally. Those
in need of urgent life-saving intervention (Priority 1, P1) are at
greatest risk of adverse outcome, hence their timely and accu-
rate identification is of greatest importance, however compar-
ing results from existing studies is limited by lack of consensus
on what endpoint best defines P1 status.

Added value of this study

Using 195,000 patients from the UK national trauma registry.
this study measured the performance of ten international major
incident triage tools, allowing direct comparison in their ability
to predict both P1 status and mortality. We validated a system
of retrospectively assigning triage cavegories based on com-
monly described pre-hospital and hospital interventions. The
best performing tool was the UK military's Battlefield Casuvalty
Drills (BCD) Triage Sieve, affording a 24-26% improvement in
identifying P1 patients over the current National Ambulance
Resilience Unit (NARLI) Triage Sieve .

Implicarions of all the available evidence

Existing consensus-derived definitions of major incident triage
categories, which relate directly to healthcare resource utilisa-
tion, have been validated. We recommend their use as an end-
point for future evaluations of UK and international major
incidents, research and related training. A number of studies
have demonstrated that the NARL Triage Sieve used currently
by UK ambulance services is not the optimal tool for major inci-
dent triage; the BCD Triage Sieve may facilitate a substantial
improvement in detecting patients requiring time-critical, life-
saving intervention.

1. Introduction

The global incidence of natural disasters, conflict, and terrorism
has risen in the last two decades [1,2]; with over two million people
dead, many more wounded, and incurring far-reaching economic
and societal consequences [1-4). In the UK, recent major incidents
include terrorist-related combined vehicular and stabbing attacks
|2], a shrapnel-laden bomb in a concert hall [4], and a large residen-
tial fire [2]. Triage, the sorting of casualties according to priority, was
conceived during the Mapoleonic Wars [5]. Triage enables prioritisa-
tion for treatment and onward transfer, and selection of an appropri-
ate destination for definitive medical care [3,6-8], Those in need of
urgent life-saving intervention (Priority 1, or P1, category, also
known as Immediate, Red, and Triage category 1 or “T1" internation-
ally) are at greatest risk of potentially preventable adverse outcome,
hence their timely and accurate identification is the most important
priority of major incident triage [5.8,9). Accurate triage ensures that
limited medical resources are directed towards achieving the greatest
possible positive impact for the largest number of people [3,10],
Incorrect triage may fail to identify patients in need of urgent inter-
vention (under-triage); howewver, its inverse (over-triage) risks over-
whelming healthcare facilities with patients who do not require
time-critical treatment [3,5-10],

The selection of appropriate major incident triage tools is an
important component of disaster and major incident preparedness
[1.2.11]. Algorithmic tools used at the scene of a major incident must
be quick and simple to apply under challenging circumstances. In the
UK, emergency medical services (EMS) currently utilise the National
Ambulance and Resilience Unit (NARU) Triage Sieve [12], adapted
from the UK military's former MIMMS Triage Sieve |5, The Battlefield
Casualty Drills (BCD) Triage Sieve, used by British soldiers faced with
multiple casualties, first appeared in 1998 |13, undergoing serial
updates in ling with emerging evidence and changes in clinical prac-
tice. The most recent update in 2018 (Supplementary Data Fig. 1)
incorporated assessment of mental status and a revised respiratory
rate threshold (adopted from MPTT-24) [14], a revised heart rate
threshold and the rolling of unresponsive patients into the three-
quarter prene position, The L1S-based Simple Triage and Rapid Treat-
ment (START] and modified version MSTART tools [5,15] have been

evaluated following several disasters [6,8), and registry-based studies
[15,15], demonstrating sensitivity of 85% to 100% in predicting P1

Lt

«*“@fﬁ*fﬁffﬁ f"‘ﬁ e s

Fig. 1. Distribution of Injury Severity amongst toal-assigned P1 patients (patients aged 16— 64 years)
Ledger: I55=Injury Severity Score. Doated horizontal line denotes 155 15. The upper whisker extends from the hinge to the largest value no further than 1#5 * 1QR from the hinge:
thes hoeweer whisker exterds fram the hinge to the smallest value, at mast 15 ° QR of the hinge,
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status [5]. The Australian CareFlight has demonstrared appreciable
sensitivity in predicting P1 status (46—82%) and mortality {(AUC
0.852) in events including the 2002 Bali nightclub bombings [5], hos-
pital [15] and trauma registry-based studies | 16]. Novel tools include
the Modified Physiological Triage Tool (MPTT)14]. MPTT-24 [17],
and US-based Rapid Assessment of Mentation and Pulse (RAMP) [ 18].
JumpSTART, developed for wse in children under eight years, has yet
to be evaluated in adult patients [5,11], Few studies examine the per-
formance of triage tools in the eldery [15], who constitute a growing
propartion of the UK population [ 19],

There is a paucity of evidence to guide policy makers in thelr
choice of triage tool [58,11]. Conducting prospective studies to
directly compare tool performance during major incidents is logisti-
cally challenging, given their unpredictable, infrequent nature
[2,5,%,10), Thus, existing evidence comprises post-event evaluations
[6,7,10], often limited by small patient numbers with incomplete
pre-hospital data | 20], simulation studies [2], and studies using hos-
pital [15] or trauma registry patients [14,15] as surrogates for those
injured in major incidents. Comparing study results is further limited
by lack of consensus on what endpoint best defines P1 status
[5,10,15,21). Some studies have retrospectively utilised 155=15 as an
endpoint to assign high-acuity status and justify transfer to the
uppermost tier of trauma care [10,16]. Whilst 155 and mortality are
commonly used, the nead for life-saving intervention is recognised as
the most appropriate endpoint as this relates directly to resource uti-
lisation in the respurce-constrained major incident setting [15,21). In
order to inform major incident triage practice in the UK civilian set-
ting, this study aimed to compare the performance of major incident
triage tools applicable at the scene of injury in predicting P1 casualty
starus amongst adults using the UK trauma registry database. A sec-
ondary aim was to assess the utility of a consensus-based system of
defining triage categories for the retrospective evaluation of major
incident triage [21].

2. Methods
2.1 Overview of study design

This study tests the performance of ten major incident triage tools
in predicting P1 status using patients from the UK Trauma Auwdit and
Research Metwork (TARM) registry. Each triage tool was applied to
patients” pre-hospital physiology to determine whether the patient
would have been designated P1 status. Patient records were
reviewed to determine whether they required time-critical interven-
tions from a pre-defined list, allowing assignment of “actual” triage
categories (P1, P2, P3, Expectant or Dead) |21]. Tool performance
was assessed by comparing tool-predicted and intervention-based P1
status.

2.2, Selection of participants

Prospectively recorded, anonymised data for TARN registry
patients aged 16+ years presenting to hospitals in England and Wales
between 1 January 2008 and 31 December 2017 were included,
Patients with incomplete pre-hospital physiclogical data required to
apply the triage tools (respiratory rate, heart rate, capillary refill
time, Glasgow Coma Score (GCS), and GCS Motor Component) were
excluded.

TARMN constitutes the largest trauma registry in Europe, receiving
data from all UK Major Trauma Centres and Trauma Units |22 ). TARN
hospital co-ordinators include injured patients fulfilling the following
criteria: length of stay over 72 howrs, intensive care (ICU] admission
and/or in-hospital death [22]. Pre-hospital and in-hospital physiolog-
ical, demographic, and outcome data are prospectively recorded into
a web-based proforma [22]. TARN excludes pre-hospital deaths and
elderly patients with isolated feroral neck fractures [22].

2.3, Application of major incident triage tools

It was anticipated that TARN's inclusion criterion of length of stay
greater than 72 hours would result in over-representation of elderly
patients within the study population. Therefore, to test tool perfor-
mance, patients were categorised by age into adults [16-64 years)
and the elderly {65+ years), consistent with National Health Service
configuration. The BCD Triage Sieve (Supplementary Data Fig. 1),
CareFlight [5), JumpSTART [5], MIMMS Triage Sieve [5], MPTT [14],
MPTT-24 [17], MSTART [5), NARU Triage Sieve [12], RAMP [18] and
START [5] tools were transcribed into computer code and applied to
first recorded pre-hospital physiclogy to determine whether patients
were P1 or non-P1. Tool characteristics including their precise compo-
nents are summanised in Table 1, The US-based SALT | 11| and German
ASAV | 23] tools were considered for inclusion, however these require
subjective judgements, limiting reliable retrospective application.

In order to facilitate recrospective application of the triage tools
(see Table 1), several assumptions were made. By virtue of fulfilling
TARN inclusion criteria, all patients were assumed to be non-ambula-
tory. Patients who had undergone an advanced airway intervention
at scene were deemed unable to breathe [24], A respiratory rate of
less than four breaths per minute was regarded undetectable by EMS
personnel. The term “catastrophic haemorrhage™ utilised by the BCD
and NARU Triage Sieve, and MPTT-24 could not be applied retrospec-
tively as this field is not captured by TARM. Patients with a systolic
blood pressure of 90 mmHg and over were regarded as having a pal-
pable radial pulse |25), Patients were deemed unconscious if their
GCS score was less than or equal to eight and those with a GCS of less
than 12 were deemed unresponsive to voice [26). Ability to follow
commands was equated te GCS Motor Score of six by convention. In
applying JumpSTART, a GCS Motor Score of three or less was regarded
as equivalent to “inappropriate response to painful stimulus (e.g pos-
Turing) or unresponsive o noxious stimulus [26]."

2.4, Quitome measures

The primary outcome measure was the ability of triage tools to
predict P1 status. defined as the need for time-critical lifesaving
intervention(s) [21]. Each patient was assigned a triage category
(Dead, Expectant, P1, P2 or P3) based on a pre-defined system utilis-
ing EMS and hospital-based interventions described by Lerner er al,
using equivalent TARN terminology (see Supplementary Data
Table 1) [21]. As TARN does not include patients with chemical, bio-
logical, radiological, and nuclear injuries, criteria relevant to this
injury mechanism were not included [21.22]. TARN records the tim-
ing of hospital arrival and each intervention, allowing incorporation
of this interval into the time-critical definitions constituting P1 status,
To assess the validity of Lerner's system of classification [21], patients
within each category were compared with regard to mortality, ICU
admission, hospital length of stay (LOS) and (55,

Secondary outcome measures included prediction of mortality
and 155=15, and distribution of IS5 amongst tool-assigned P1
patients, which may provide further discriminative value and appre-
ciation of tool characteristics,

2.5, Data processing and analyses

TAEN data were received in SPSS Version 24-0 (Armonk NY: IBM
Corp 2015) and processed using R software (Version 3.6, R Core
Team, New Zealand, 2000, Nen-parametric data are presented as
median and interquartile range; categorical data as frequency and
percent. To indicate whether the differences between Pl and F2
patients as designated by Lerner's criteria [21] were statistically sig-
nificant, the Chi-squared test (comparing mortality and 10U admis-
siom) and Mood's median test [27] (comparing IS5) were utilised.
Performance characteristics included sensitivity, specificity, positive
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Tabbe 2

Patient and injury characteristics (n=1%5,704],
Characteristic (%)
Gender
Mal= 104,018 (53.1%)
Female 91500 {465}
Missing data 0 [0-0%)
Injury Severity Score (I55)
Median (IQR) F[9-17)
Missing data o (040%)
Age
Median { IQR), years 652 [47.3-63.0)
Patients aged 1664 years 96,306 (48.TE)
Pathents aged 65+ years 100,403 (51.3%)
Missing data 040
Dischange status
Alive 152,007 (93-0%)
Dead 13,601 [7.0%)
Missing data 10401
Made of injury
Elunt 190,048 (97-1%)
Penetrating 5660 (2.5E)
Missing data 104061
Mechanism of injury
Fall bess than 2m 113,319 (579%)
Wehicle Incident]Collison 41,590 {21.3%)
Fall mare than 2m 25,154 12.9%)
Blow(s) BE2T (3.58)
Srabbing 4105 (2. TE)
Outher 2609 (1.3%)
Crush 1355(0-7E)
Shoating 440 (0-2%)
Elast 142 [0-1%)
Burn 128[0-1%)
Missing dara 0[00%)

predictive value, negative predictive value, under-triage (1-sensitiv-
ity), over-triage (1-positive predictive value), and Area Under the
Receiver Operating Curve (AUC), 95% confidence intervals were cal-
culated using the Wilson Score with continuity correction for bino-
mial proportions, and Delongs Algorithm for comparing AUC curves
[28]. To estimate bias, patients included in the study were compared
to those excluded with respect to clinical and demographic charac-
teristics (Supplementary Data Table 27 A value of p=0-05 was con-
sidered statistically significant.

Ethical approval: The UK Health Research Authority Patient Infor-
mation Advisory Group (Section 20) have granted ethical approval
and waived the requirement for individual participant consent for
research using anonymised TARN data.

Role of Funding: The funding source had no role to play in the in
study design; in the collection. analysis, and interpretation of data; in
the writing of the report; and in the decision to submit the paper for
publication,

3. Results
3.1. Characteristics of the study population

TARN captured 215,632 patients. 19923 [9-2%) patients were
excluded due to incomplete data; hence, 195709 patients were
included. Patient and injury characteristics are summarised in
Table 2. There was a slight male preponderance (53-1% male vs.
46.9% femnale). Elderly patients constituted approximately half of the
study population (n=100.403, 51.3%). Mortality was 7.0% (n=13,601},
median 155 was 9 [[QR 9-17), Blunt-injury patients accounted fior
97.1% of patients, with low-level falls (n=113,319, 57.9%) and vehicle
collision (n=41,590, 21.3%) recorded as the most prevalent injury
mechanisms. Penetrating trauma consticuted only 2-9% (n=5860),
largely comprising stabbings (n=4105, 2-1%). Comparison between
included and excluded patients is shown in Supplementary Data
Table 2.
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Tahie 3

Comparison of putcome characteristics between patients in each triage category,
Triage categary Total. n (%) Mortality.n (8] Intensive care admission, n(%]  Length of stay (days), median (JQR) 155, median {IQR)
Dead 282 (0-1) 282 (100:0) 145 (51-4) 1[1.3] 27 |25.41]
Expectant 1879 (1.0 1862 [99.1) 1021 (54-3) 1[1.4] 2 |25. 18]
Priority 1 {Immediate]  22,144{113)  2839(128) 11,593 (524) 114, 26] 210, 2]
Priarity 2 (Urgent] 171,404 (E7-6]  8B1E [50) B6G1 [50] 1015, 18] g, 16]

Ledger: IQR=interquartile range, 155=Injury Severity Soore.

Tahile 4
Breakdown of time-critical life-saving interventions constibuting Priority 1 status.

Subcomponents of the Prionity | iriage category n[%af P patients]
A advanced airway intervention (eg. intubation, LMA, 18,890 (85 3%
surgical alrway ) performed (n the pre-hospital setting
ar within 4 haurs of arrival at hospital
Chest mbe placed within 2 hours of arrival at hospital 4301 [19-4%)
Neurological, vascular, ar haemorrhage-controlling sur- 3427 [15.5%)
gery to the head, medk or tooso performed within
4 haurs of arrival to hospital
Arrived in the ED with uncontrilled haemorrhage 1979 [B9%)
Limb—conserving surgery performed within 4 hours of GG [2.75)
arrival at hospital on a limb thatr was found to be pulse-
kess dlistal to the injury prics to surgery
IV vasopressors adiministered within 2 hours of arrival at - 361 {1.6%)
hospital
Patient who required EMS initiation of CPR (Le. had acar- 182 {0-8%)
diac arrest) during transport, in the ED, or within
4 howrs of arrival atahospical
Escharotomy performed on a patient with burns within F(00%)
2 howrs of arrival at a hadpital
Total numbser of P1 patients 22144 (100-08)

Ledger: There i overlap between life-saving interventions (LSI): 78.0% (n=17272) of
Pl patients required one L5, 159% (n=3520) required two L5, and 0% (n=1328)
required 3 or more LSL

Table 5

32 Designation of intervention-based iriage categories (using Lermer's
criteria}

A minority of patients met criteria for the “Dead” category [n=282,
0-1%) whilst 1.0% (n=1879) of the study population were classed as
Expectant due to non-survivable burns (n=36) and catastrophic head
injury (n=1843%) (Table 3). 22,144 (11.3%) of patients satisfied criteria
for P1 status; most commonly requiring alrway intervention
(n=18,890, 85.3%), emergent chest tube placement (n=4301, 19.4%),
and emergency surgery (n=3427, 15.5%) (Table 4). No TARN patients
met criteria for the minimally injured P3 group (Supplementary
Data Table 1). The remaining patients (n=171402, 87.0%) were
assigned P2, forming the largest triage category.

Comparison of patient characteristics across the four triage cate-
gories revealed important differences (Table 3). Mortality was umi-
versal in those classed “Dead” and 99-1% in those labelled Expectant,
bath groups exhibited very severe injuries {median 155 27 and 26,
respectively). P1 patients demonstrated more than double the mor-
tality (12.8% vs, 5.0%; p<0.001), ten times the rate of ICU admission
(52-4% ve. 5.0%; p<0.001), and more severe injuries (median 1SS
21 vs. median 155 9; p=0.001, respectively) compared to patients des-
ignated P2.

Tual Performance in Predicting Intervention-based Priority 1 Status in Adults aged 1654 years.

Toal Sensitivity Specificity PRV NPV Undertriage [ 1-sensitivity) Overtriage [1-PPV) ALC

BCD Triage Sieve T0-4[69-7,71-1] 65-G]65-3,660] 291 (286, 29-6] 917 [91-5,91.9] 20-6[28.5, 20-2] TG[T04.T1-4]  0-GRO|0-GIE, 0-684]
CareFlight 433 [426 441] 92.8[92.7,930] 548 [539,55.7| B0-1|BED,B9.3| 56-7[55.8.57.4) 452 [44.3,461]  0.681|0.677, DEES|
JummpSTART 468 [46-1,4746] 89-3[&9-0,85-5] 466458, 47-4] 853 (891, 89-6] 53-2[52-4.53-9] 534 [526.542] 0681|0676 0685
MIMMS Triage Sieve 41 [41.0,425) 03.4]933,936) 550|551, 56.9) 889|887, E9.1| 58.2|57.5,59.0) 440431, 44.9) 0676 |0.672, 0630
MPTT AQG[49-1,5007] 59-1[58-7, 55-4] 196 [158-2, 20-0] 855 (452, 85-8] 50-1[49-3, 50-9] 804 [B00.90-8]  0-545[0-541,0-548]
MPTT-24 47.9[47.1,487] 62.0[62.5,63.2] 3045 [20-1,21.0) 858 |85.5 B6.1] 52.1[51.3.52.9) 794 (79.0,799] 0554 |0.550,0558]
MSTART 57.2[56-5. 58-0] B9-0[58-8,85-3] 51.1[50-4, 51-8] 91-2 [91-0.91-4] 42-8[42-0.43-5] 459 [48.0.496] 0730 [0-T27.0.735]
MARU Triage Sieve  44.0[44.1,457| BS.4[88.2,886) 436|429, 44.4) 869|867, B9.1| 55.1|54.3,55.9) 564(556,57.1] 0666 |0.652, 0670
RAMP 0-4[38.6,40:1) 03.3[93-1,93-5] 541532, 550] 285 853, 88.7] 60-6(59.9.61-4] 450 [45.0 46-8]  0-663 |0-660,0-667]
START 53.7[52.8,545] 90.0[007,91.1] 54.2[53.4,55.0] 907 |90.5,90.9] 46.3[45.5.47.1] 458 (450, 46.6]  0.723|0.719,0.727]
Ledger: Results are accompanicd by $5% confidence intervals, PPY=positive predictive value, NFY=negative predictive value, AUC=Area Under the Receiver Operating

Curve,

Table &

Tool Performance in Predicting Intervention-based Priority 1 Status amangst the Elderly (aged 654 years).

Toal Sensitivin Specificity PV NPV Undertriage [1-sensitivity) Overtriage [1-FFV) ALC

BOD Trisge Sieve  56.7[55.5.574) 72.7|724,73] 121117, 125 9632 [96.1,063] 43.3[42.1,44.5)] B7.0[B7.5.E8.3]  0.647 [0.641, 0,653
CareFlight 5323 347] 53-4[93-3,93-6] 253|244, 26-3] 95-5 (954, B5-6] 665 [65-3.67-7] 4T [TRLT56] 0635|0625, 0641
JumpSTART 6.1 [14.9,37.3) 090.7[905,90.0) 30.5(19.7, 21.2| 955 [95.4,05.7] 63.9(62.7.65.1] 795 [TEE B3] 0634|0628 0.640]
MIMMS Triage Sieve 347 [33.5.359] 928 [92-7.930] 24-3 (234, 25.2] 95-5 954, %5.7] 653 [64-1.66-5] T5T[T48.76-6] 0638|0631 0644
MPTT 45.4[44.1,466) B5.4[56-1,667) B2(79,85)  048(94.7,050] 54.6(53.4,55.0] 918(91502.1] 0550|0553, 0565
MFTT-24 437 [41.9,44-3] 699|686, 70-2] &7 84, 90] 49 [94.7, 95.0] 569 [55.7.58-1] 91-3 [910.91-6]  0-565|0.555.0.571]
MSTART 486(47.4,499] BSS[883,887| 21.8(21.2,22.5) 963 [96.2, 06.4] 51.4(50.1,52.6] TEI(TT5.TAE]  0.G86|0.679 0692
NARU Triage Sleve 332 321,344 B9.6]584,858] 175169, 18.2] 953 (952, 954] 666[656.67.9)] 825 [B16.831] 0614|0609 0-620|
RAMP 31.3[101,324] 93.7[93.5,939] 247|238,15.7| 954|952, 05.5] 687 [67.6,60.0] 753743, 762] 0625 (0619 0631
START 459[44.7,47.2] B90[80-7,90.1] 232|225 24.0] 962 [960,96.3] 541528553 FEE[T60,77.5] 0679|0673 0636

Ledger: Results are accompanisd by 95% confidence intervals. FPVepositive predictive value, NFV=negative predictive value. AUC=Area Under the Recsiver Operating

Curve,
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Toal performance in predicting morstality in adulis aged 16-64 years,

Toal Sensitivity Specificity FPY NFY Undertriage [ 1-sensitivity) Owertriage (1-PFV) ALIC
BOD Triage Steve 852 [83.8.866] 609 |60:5,60-2] 56(54, 58] G953 [99-3,98-4) 148 [13-4.162] 944 [894-2, 94-6]  0-730 |0-723. 0-738]
CareFlight 60.6[678,714] B23[88-1,986] 140]134,146] 991 [99.0,80.1] 304[28.6322] 860854, 866]  0-790 |0.781,0.799)
JumpSTART 7040 (682 71-8] BAT([B4-5849] 111106, 11.6] 95:0[99.0,5-1] I00H[282.31.3] 884 (834, 594] 0774 |0.765,0.783|
MIMMS Triage Sieve 61.3[61.4,652] 88.0]28.7,88.1] 13.5[129,14.2] 98-9[988,09.0] 367 [I4.8 18.6] 865 (858, E71] 07610750771
MPTT 34.2[32.3.36-1] 57.4|570,57.7] 21[20,23]  97-0[968,97.1] 658 ([63.5.67.7) 97.9[97.7,88.0] 0458 |0.448, D457
MPTT-24 334[31.6,35-3] 61.0]60:6,61-3] T3[21,24] 97-1[97-0,97-2] 666 [64.7.68-4] 97-7[87.6,97.9] 0472 |0-463, 0-481]
MSTART 773[756,789] B20(827,832] 11.0[105 115 993 [99.2,99.3] 227 [21.1,244] BO4H[B8.5,B95]  0-801 |0.793, D.-B09|
NARU Triage Sieve  72.7[70.9,74.4] 84.3[34-1,84.6] 112108, 11.7] 951991, 98.2] 27-3[25.6.28-1] A8-8[88.3,89.2]  0.785]0.776.0.794]
RAMP 50.6[486.52.6] BS.0(88.7,80.1] 1L.1[10:5 11.7] 965 [98-4,08.6) 404 [47.4.51.4] 8B4 [B83,B95] 0598 |0.68E, 0.707]
START F53[T36,770] 851|848, 85-3] 120 [116,126] 992991, 89.3] 247 [23-0. 26-4] 75874, 88-4]  0-802 |0-794, 0-810]
Ledger: Results are accompanbed by 95% confidence Intervals, PPY=positive predictive value, NFW=negative predictive value. AUC=Area Under the Receiver Operating
Curve,
Table 8

Toal Performance in Predicting Martality amongst the Elderty (aged 65+ years).

Toal Sensitivity Specificity PPV HFY Undertriage [1-sensitivity) Owertriage [1-PFV) AUC

BOD TriageSleve 407 [48.8.507] 734(73.1,737] 18.8(184,193| 922 [92.0,52.4) 50.3[49.3.51.2] #12[B07.B16] 0616|0611, 0621
CareFlight 269 [26.1,27.8] 94.1]93.9,942] 36-1[350,37.1] 91.2[91.0,51.4] 731 [722.73.4] 618 [629,G50] 06050601, 0-609]
pSTART 23.5[22.7.24.3] 906|90-4,908] I3.6(229,24.5) 90.5([90.3,80.7] TE5(757,77.3) 764 (755, 771]  0-571 |0.568, 0.575]
MIMMS Triage Sieve 215 [M0-8,22-3] 52.7[92.5,92-9] 268|258, 27.7] 90:5[90.3,%0.7] 785[77.7.79-2] T32[723.742] 0571 ]0.567.0.575]
MPTT AB6[47.7.485] 67.5|672,678] 156(152, 160 91.4[91.2,916] 514(505,523) 84 [B4.0,B4.8]  0.380 [0.575, 0.585|
MFTT-24 450449, 468] TLO0P0-7,70-3] 164160, 16-8] 91-4[91-2,91.6] 541 [33-2.55-1] A3G[83.2840]  0-384 |0.579, 0.585]
MSTART 357 [I4.E,366] BS.0|EE7,80.1) 25.4(277,29.2) O1.8(916,520] 643 (634,652 TI6[TOE 723 0623 [061E, 0627
NARU Triage Sieve  29-4 [28.6,30-3] S0-4 [90-2,9046] 275 [26-7, 284 91-2 [91-0.91-4] 7046 [65.7.71.-4] TEE[TET733] 0389 0-595, 0-604]
RAMP 250242, 259] 043 [34-1,944] 351 (341,352 91.0[00.8,51.2] 750[74.1,758) 640 [63.6,659]  0.507 [0.502, 0.601|
START 33.5[327.344] 90-3[90-1,905] 301|293, 30.5] 91-6[91-5 91-8] 665 [B5-6.67.3] GO [68-1, TRT] 04619 0615, 0-624]

Lexger: Results are accompanied by 85% confidence intervals. PPV=positive predictive value, NFW=negative predictive value. AUC=Area Under the Receiver Dperating

Curve,

3.3, Trimge tool performance

3.3.1. Prediction of P status

Tool performance in predicting P1 stapus in adulis aged 1664 years
is shown in Table 5. The NARU Triage Sieve exhibited sensitivity of
44.9% in predicting P1 status with associated over-triage of 56.4% and
an ALUC of 0.666 (95% C1 0-662-0-670). The BCD Triage Sieve demon-
strated the highest sensitivity (70-4%) in predicting P1 status with asso-
clated over-triage of 70.9% and an AUC of 0-680 (95% CI 0-676—0-684).

To-

““?fﬁﬁ*’*‘ﬁ

Fig. 2 Distribution of Injury Severity amongst toal-assigned P1 patients (patients aged 65+

MSTART demonstrated the mext highest sensitivity in predicting P1 sta-
tus (57-2%) with the most favourable AUC of 0.731 (25% Q
0.727-0.735); followed closely by parent toal START, The novel RAMP
demonstrates lower overall performance to CareFlight, MPTT and
MPTT-24 demonstrated moderate sensitivity (49.9% and 47.9%), the
highest over-triage rates (B0-4% and 79.4%) and lowest specificity
(59.1% and 62.9%) Amongst adults aged 654+ years, tools demonstrated
high owver-triage and all tools except for the BCD Triage Sieve achieved
less than 506 sensitivity in predicting P1 status (Table ),

.

&
fﬁ,ﬁf

years]
Ledger: 155=Injury Severity Score, Domed horizontal line denctes 155 15, The upper whisker extends from the hinge ro the largest value no further than 1-5 * 1QR from the hinge:
the lower whisker extends from the hinge o the smallest value, at mase 1.5 * IQR of the hinge,
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132, Prediction of mortality

Amongst 16—64 year olds, there was greater variation in tool per-
formance in predicting mortality (Table 7). The BCD Triage Sieve
exhibited the highest sensitivity {85-2%) in predicting mortality, fol-
lowed by MSTART (77-3%), START (75-3%), and MNARU Triage Sieve
(72.7%); all four tools attained comparable AUC (0-730-0-802). MPTT
and MPTT-24 predict mortality with sensitivity of 34-2% and 33.4%,
respectively, with AUC below 0.5, All tools performed poorly (sensi-
tivity 21.5-49.7%; AUC 0-571-0.623] in predicting mortality in the
elderly (Table 8).

3.3.3. Imjury Severity Score

Patients with 155=15 totalled 62402, of these, only 24-1%
[n=15,058) met criteria for intervention-based ' status whilst 75.9%
[n=47,344) were non-P1. One third (n=7086) of intervention-based
P1 patients had an 155=<15, There was great variation in the distribu-
tion of 155 amongst tool-assigned P1 patients Figs. 1 and 2). Tool per-
formance in predicting 15515 is included in Supplementary data
Tables 3 and 4.

4. Discussion

Globally, natural disasters, conflict, and terrorism pose significant
and often unexpected threats, incurring substantial societal and eco-
nomic inpact [1,2,29). Review of the 2017 Manchester Arena attack
highlighted the importance of well-co-ordinated, multiagency collab-
oration in processing casualties and the negative impacts of an inade-
quate EMS response |4]. Meticulous disaster planning, including
selection of an effective triage tool, is crudal to maximising survival
[2,3,8,10,29]). This study measured the performance of ten major inci-
dent triage tools in predicting P1 status and mortality using a nation-
ally representative UK adult patient population. A system for defining
major incident triage categories relating directly to healthcare
resource utilisation has been validated, yielding patient groups with
distinct clinical characteristics, 15515 correlated poorly with the
need for life-saving intervention, making this a suboptimal endpoint
for evaluating major incidents. The NARU Triage Sieve, currently
used in UK practice, is outperformed by several other triage tools.
The military-derived BCD Triage Sieve demonstrates the greatest sén-
sitivity in predicting both P1 status [sensitivity 70-4%, AUC 0.680,
over-triage 70.9%) and mortality (sensitivity 85.2%, ALUC 0.730), All
tools performed poorly amongst the elderly.

‘Whilst the American College of Surgeons has established stand-
ards for the performance of pre-hospital triage tools for individual
patients (acceptable rates of under-triage of up to 5% and 25-50%
over-rriage, respectively) | 7], no national or international standards
exist to govern tool performance in major incidents [%,11,12]. From a
clinical perspective, under-triage of critically unwell (P1) patients
leads to absolute harm arising from delayed care or transfer to an
inappropriate medical facility. Conveying critically injured patients to
the highest tier of trauma care within trauma networks s associated
with decreased mortality: in the UK, bypass of local hospitals to des-
ignated Major Trauma Centres has been associated with a 19%
increase in the adjusted odds of survival following severe injury [30],
However, minimising over-triage in the resource-constrained major
incident setting is also crucially important as overwhelming medical
facilities with patents suffering mon-critical injury can impair care
for those requiring time-critical interventions[8—10]: a study encom-
passing 3357 casualties from 220 bombing incidents demonstrated a
direct linear relationship between over-triage and critical mortality
[9]. Policymakers are therefore likely to favour the clinically relevant
measures of under-triage and over-triage over AUC, which offers an
aggregate measure of performance, selecting tools that align with
local casualty distribution plans and available resourees |3.4]. Whilst
the need for life-saving intervention is of prime importance in guid-
ing resource allecation in major incidents, predicting all-cause in-

hospital mertality in patients with diverse, multi-system injuries is
an additional useful measure of tool performance, given that the pri-
ofity i to maximise overall survival [3,5,12,16]. The NARU Triage
Sieve currently used in UK practice performs suboptimally in predict-
ing both P1 status and mortality. Based on the markedly superior sen-
sitivity in predicting P1 status and mortality in patients in this study,
we recommend the BCD Triage Sieve as the primary triage tool for
adulr patients in the UK major incident setting, This change may
afford a 24-26% improvement in detecting patients at the scene of a
major incident who require time-critical life-saving intervention
(and an additional 13-20% of patients who may suffer in-hospital
mortality), facilitating their immediate transfer to the highest tier of
trauma care and thereby maximising their chances of survival. The
BCD Triage Sieve is similar in format to the MARU Triage Sieve, a
potential advantage in the retraining of EMS personnel. Furthermore,
omission of the need to measure capillary refill may reduce the time
taken to perform triage.

The MSTART, START, and CareFlight tools demonstrate consider-
able sensitivity in predicting mortality, consistent with the findings
of a large US registry-based study [ 15]. CareFlight involves four sim-
ple qualitative assessments, apparently achievable within 15 sec-
onds  [5].  CareFlight's previously demonstrated  superior
performance in children confers the potential advantage that a sin-
gle tool used across all ages would simplify EMS training and prac-
tice | 16]. Such strengths render it a viable choice for non-clinical UK
emergency services personnel, where its relative ease of applicabil-
ity and low over-triage rate may prove advantageous. In adults,
JumpSTART is substantially cutperformed by several other tools,
limiting its potential utility as a single tool for use across all ages,
MPTT and MPTT-24 have comparable over-triage rates to the BCD
Sieve, however the BCD Sieve offers a 20-5-22-5% sensitivity advan-
tage in predicting the need for life-saving intervention. Amongst
the elderly, all tools performed poorly, consistent with the findings
of a large US registry-based study [16]; this may be attributable to
age-related physiological changes, chronic illness and polyphar-
macy, The elderly represent 18.3% of the total UK population [19],
yet constitute 51-3% of the study population [51-3%), likely due to
the TARN inclusion criterion of admission exceeding 72 hours®®:
this over-representation has been mitigated by analysing this
cohort as a separate subgroup. Further research is needed to deter-
mine how triage can be improved in the elderly,

A key strength of this study is the use of a nationally representa-
tive sample of patients, with detailed physiological data, injured by a
range of mechanisms. Our findings are therefore applicable o UK
adules involved in all-hazard major incidents. IS5 has again been
shown to correlate poorly with resource use and need for interven-
tion [31], Qur study has externally validated a consensus-derived def-
inition of triage categories [21). Application of Lerners criteria
defined P1 patients with characteristics ([mortality 12.8%, 52-4% ICU
admission, median 1S5 of 21) appropriate for the highest tier of
trauma care [4,7,12]; whilst those designated F2 (mortality 5-0%,
5408 IOU admission rate, median 155 of 9) may appropriately be
treated in second-tier centres | 21|, Incorporating timing of interven-
tion to distinguish M1 from P2 patients is also clinically meaningful in
the major incident setting, Furthermore, the proportion of P1 casual-
ties (11-3%) yielded is comparable to the 10.8-17.7% critical injury
rate reported in recent UK [4,10] and international major incidents
[8,29]. We recommend that Lerners criteria [21] be employed as the
gold standard for future use in post-event evaluations, research, and
training purposes in the UK major incident setting. This will enable
standardised assessment of major incidents and triage systems, aid-
ing resource planning and policy refinement.

The Expectant category (also known as P1 hold, P4 or T4) has pre-
viously been defined as “casualties whose condition is so severe that
they canmot survive despite the best available care and whose treatment
would divert medical resources from salvageable patients who may then
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be compromised | 12]." However, triage category definitions proposed
by Lerner did not take into account resource limitations®': the defini-
tion employed in this study was associated with near-universal mor-
tality (99-1%) and assigned to patients whose injuries would be non-
survivable under any circumstances (eg 90% burns). The Expectant
category has never been assigned in UK civilian practice®: rationing
healthcare to severely injured, living patients is ethically challenging
[11,1Z]), We recommend that this non-resource dependant definition
of the Expectant category is appropriate for academic use and that in
practice, Expectant status should only be assigned by a senior clini-
cian.

Woeaknesses of this study include wse of singly injured TARN
patients as surrogates for those injured in major incidents, in whom
outcomes (e mortality) may be considerably worse, Blunt trauma
predominates in this registry population: therefore, triage tool per-
formance may not be completely generalisable to penetrating or blast
mechanism Incidents. Some assumptions made to facllitate retro-
spective triage tool application (e.g patients meeting TARN inclusion
criteria are non-ambulatory) may not hold true in real-life. Study
conclusions were unlikely to be biased by patients [9-2%) excluded
due to missing data, TARN inclusion criteria are biased towards cap-
turing the severely injured, however this can be viewed as a strength
since these patients are at greatest risk of adverse outcome: care
received is unlikely to greatly influence outcome in the large number
of “walking wounded" patients who predominate in major incidents
[1,6,10]. Additionally, TARN excludes pre-hospital deaths. Given that
most trauma deaths occur pre-hospital [2,10,29), our study fails to
capture the main indicators of early mortality by only analysing tool
performance in patients who reach hospital alive; however, those
who do not make it to hospital alive under normal circumstances are
even less likely to do so during a major incident, where transfer will
likely be delayed due to pre-hospital resource constraints. Further-
more, our study focussed on tool performance in predicting P1 status:
further research is required to evaluate tool performance in predict-
ing non-P1 categories, Motably, triage tools commaonly assign P3 sta-
tus to those able to walk, however a Dutch study of an aeroplane
crash involving 135 casualties revealed serious underlying injuries in
17% of ambulatory patients [20]. Finally, computed retrospective
application of triage tools is used as a surrogate for EMS personnel
conducting real-time triage under challenging circumstances, This
does not account for human error, or the variation in tool complexity
which affects their ease and accuracy of application [3,11]. However,
the current study design allows the physiological discriminative
capability of tools to be assessed independently of human error, as
well as overcoming the challenges of conducting prospective studies
during major incidents, Consequently, registry-based studies such as
this are likely to form the highest level of evidence to guide major
incident triage practice and policy.

In practice, policy makers must consider several factors before
adopting a triage tool for widespread wse [3,5,8,11]. This includes
ability of the tool to differentiate categories accurately across a vari-
ety of relevant injury mechanisms [3,16]; time taken and inter-rater
reliability when applied |5.58,23]; the degree of over-triage that health
systems can accommodate [1,10]; and interoperability between the
multiple agencies involved in major incidents [3,8,10,11). Addition-
ally, regular major incident training exercises have been credited for
improved performance during the 20017 Manchester Arena [4] and
2015 Paris terrorist attacks [29]. Whilst simple triage algorithms
have been employed since the 1980s [5,11], further work is required
to determine how technology (e.g portable device applications, elec-
tromic patient management systems, wearable devices) may be effec-
tively incorporated into clinical use to augment triage.

In conclusion, based on current available evidence and the find-
ings of this study, the NARU Triage Sieve used currently in UK civilian
practice is not the optimal tool for major incident triage. We recom-
mend its replacement by the BCD Triage Sieve, which may afford a

24-26% improvement in detecting patients in need of time-critical,
life-saving intervention at the scene of a major incident, thus facilitat-
ing their immediate transfer to the highest tier of trauma care and
maximising chances of survival. 155>15 correlates poorly with the
need for life-saving intervention, making this a subsptimal endpoint
in evaluating major incidents. We have validated a system of retro-
spectively assigning triage categories based on commonly described
EMS and hospital interventions, resulting in clinically distinct groups
of patients; we recommend its use in future evaluations of UK major
incidents.
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Supplementary Data Table 1: Designation of Triage Categories based on EMS and Hospital Interventions

received:

DEAD

TARN equivalemt

l. | A lack of palpable pulss andior respiratory effort (i.c. candiac or
respiratory arrest) at initial EMS assessment that is not responsive o
airway positioning of needle decompression

Any cardiorespiratory resuscitation at scene AND Inpatient death

=]

Lack of pulse or respiratory effort within 13 minutes of EMS arrival

Any cardiorespiratory resuscitation at seene AND Inpatient death

at scene
4 anm
EXPECTANT TARN equivalent
L. | Inpatients aged 0 to 49 years old, thind degree (full thickness) bums | 90% Total Body Surface Burns

o >00% of the body

2. | In patients over 30 years old, third degree (full thickness) bums to
80 of the body

Age=50 years AND 40-89% Total Body Surface Bums

3. | Penetrating or blunt trauma to the head which crosses the midline
with agonal nespirations andfor oo metor response decorticate
pasturing or decerebrate posturing (i.e. a motor GCS of 3 or less)

Any head injury AND Total GCS3=3 or Motor GCS=3 at scene AND Inpatient death

4, | Uncontrolled haemorrhage that resulted in carding arrest prior to
EMS transport

No TARN equivalent

4 All no

PRIORITY 1 {IMMEDIATE)

TARN equivalent

1. | Mewmnlogic, vascular, or haemorrhage-controlling surgery to the
head. neck or torso performed within 4 hours of arrival to hospital

At soene: Pericardial d pression, pericardiog h omy, heart surgery

In bospital {including ED¥):

Evacuation of ERDH/SDH, Evacuation KCH, Elevation depressed cranium, Repair Cranium
fracture, Open Craniotomy, Burrhole of Cranium, Lobectomy of brain, Repair of Dura,
Cranisctomy

Loparotomy, Splenectomy. Nephrectomy, Resection Liver, Repair Spleen, Repair Kidney
laceration. Abdominal Pecking, Caesarian Dielivery for tranma. Colostomy,
Hemicolectomy' Colectomy, lleectomy, Repair Liver laceration, Repair Colon laceration,
Repair Rupture to Bladder, Repair mesentery of small bowel, Repair mesentery of colon,
Excision of Pancreas, Repair of Duodenum, Repair of Jejunum, Repair of leum, Repair of
Stomach, Rectal operation, Bowel operations {specified),

Surgery involving the [hac artery, Surpery involving the Subclavian artery, Aortic Repair,
Pericardiocentesis, Thoracotomy, Aortic Repair, Preumonectomy, Heart Surgery. Repair
of lung, Repair Oesophagus, Diaphragm repair

External Fixation of Pelvis, Fixation of Pelvic Ring, Fixation of Acetabulum

2. | Limb-conserving surgery performed within 4 hours of arrival at
hoapital on a limb that was found to be pulseless distal to the injury
PrioT Lo Surgery

Fasciotomy, Surgery to the brachial or femoral anery, Ampatation of upperlower limb.

Any injury to the brachial or femoral anery (not time dependent)

3. | Escharotomy performed on & patient with bums within 2 hours of
armivil at o hospital

Escharatomy

4. | Chest mbe plaged within 2 hours of arrival at hospital

Insertion of chest tubs at scene or in-hospital

5. | Anadvanced airway intervention fe.g. intubation, LMA, surgical
airway} performed in the pre-hospital setting or within 4 hours of
arrival at hospital

Adrway abstrsction at scene or in-hospital,

Airway support required at scene or in-hospital,

Intubation and mechanical ventilation at scene or in-hospital,
CPAP administration in ED or Critical Care,

Cricothyroidotomy or tracheostomy required st scene or in-hospital

6. | IV vasopressors administerad within 2 hours of arrival at hospital

Administration of vasopressors'instropes

7. | Ammived in the ED with uncontrolied haemorrhuge

Admimistration of 4 or more units of blood products within 24 hours of admission,
Any use of Resuscitative Endovascular Balloon Occlusion of the Aorta (REBOA),
Inierventional radiolegy/embolisation within 4 hours of hospital arrival

9. | Patient who required EMS initiation of CPR (i.e. had a cardiac
arrest) during transpor, in the ED, gr within 4 hours of arrival at a
hospital

Any eardiopulmonary resuscitation in hospital {in the absence of cardiopulmonary
resuscitation at sceng)

4 All o

FRIORITY 3 (MINIMAL)

TARN equivalent

l. | Dvscharged from the ED with no X-rays or an extremiby X-ray that
was negative or showed an uncomplicated fraciure (i.e. a closed
extremity fracture without significant displacement or neurovascular
compromisel; no laboratory testing; received only simple wound
repair (single kaver suturing only); and received no medications
intravenously (does not include fluids), or inhaled (does not include
axvgen) from EMS or im the hospital

Nor imctirded in TARN database (these patients wourld mot meet TARN inclusion criteria)

T Any no

[ FRIORITY 2 {DELAYED)

| TARN equivalent

l. | All remaining patients

| All remaining TARN patients who do not fulfil any criteria for previous irigge categorics




Ledger: Cardiac arrest is defined as a lack of palpable pulse and EMS initiation of CPR. CPR=cardiopulmonary
resuscitation, EMS=Emergency Medical Services, GCS=Glasgow Coma Scale, EDH=extradural haematoma, SDH=subdural
haematoma, ICH=intracranial haemorrhage, LMA=laryngeal mask airway, CPAP=continuous positive airway pressure,
Chemical, biological, radiological and neurological (CBRN) entities were excluded from triage category definitions as no
CBRN patients exist within the TARN database. There is international variation in the names of triage calegories with
approximate equivalence as follows: Priority 1 (Immediate, Red, T1); Priority 2 (Delayed, T2, Urgent); Priority 3 (Minimal,
Minor, T3); Expectant {Unsalvageahle, T1 hold, P4); Dead (Black).

Supplementary Data Table 2: Comparison of Characteristies between Included and Excluded Patienis

Paticat and injary characteristics Included, n (%) Excluded, n (%)
n=195,709 n=19,5913
Gengder
Male 104,018 (53 1%) 11,823 (593%])
Female 1650 (46-9%%) H L0 (40-T%)
| Injury Severity Seore (158}
Median (IQR) 9{9-17) | 10{9-22)
Age
Madian (IQR), years | 662 (47-3-83-0) | 567 (38-1-79-3)
Discharge status
Alive LRL 107 (%3 0% 17,501 (B7-8%])
Diead 13.601 (7-0%) 2422 (20-5%)
Maode of injury
Blumt TEHLD48 (97 -1%0) 18,855 (94-6%)
Penetrating 5660 (2-9%) 1,067 {9-0%)
Mechanism of injury
Fall less than 2m 113,318 (57 9% Q016 (45-3%)
Vehicle Incident Collision 41,590 (21-3%%) 5613 (28-2%)
Fall more than 2m 25,194 (12-9%) 2650 (13-3%)
Blow(s1* 6,827 (3-5%) T84 (3-9%)
Stabbing 4,105 (2= 1%5) Bk (4-0%)
Oither 2604 (1-3%) T44 (3-T%)
Crush 1,355 {0-7%) 163 (0-8%)
Shooting A 2% G4 (ik3%)
Blast 142 (0-1%) 23 (0-1%)
Bum 128 (6)-1%) 44 (2%




Supplementary Data Table 3: Tool Performance in Predicting 1S5>15 in adults aged 16-64 vears

N | . . Undeririage Orvertriage
Tool Sensitivity Specificity PPV NPV (1-sensitivity) (1-PPV) AlUC
BCD Triage
Sleve  S67[56°1,572]  B4-B[64:5,662]  455[45:0,4640]  T4I[T30, 74-6] 433 [42:8,439] 545 [54.0, 550] 0-608 [0-604, 0-611]
CareFlight — 28-4 [28-0,28-0]  04-7[94-5,94-9]  73-6[72-8,74-4]  TI-9[71-5,722)  F0-6[TI-1,72-0]  26-4 [25-6,27-2] 0-616 [0-613, 0-61%]
JumpSTART 204 [28:9,29-9]  E9-B[89-6,90-0] 590 [59-2, 60-7] 711 [T0:-7,71-4]  TO-6[T0-1,71-1]  40-1 [39-3, 40-8] 0-596 [0-593, 0-599)
MIMMS
Triage Steve 222 [21°8, 22T B0 [%4-5, 98] 682 [673, 68°1] T0-1 [69-8, T0-4] TRE[TT-3, 7821 3183009, 327 0-584 [0 582, (-557)
MPTT  40-1 [48-5,49-6]  6L-0[60-7,61-4]  39-5[39-0, 40-0]  GO-8[69-4,70-2]  50-9[50-4,51-5] 605 [60-0, 61-0] 0-551 [0-547, 0-554]
MPTT-2d 442 [43-6,447] 653 [649,656]  39-7[392,40:2] 693 [689,69-6]  55-8[553,56:4] 603 [39K, 60-8] 0-547 [0-544, 0-550]
MSTART 364 [359,36:%] 905 [903,90°7) 665 [658,672] 733 [73:0,736]  636[631,641]  33-5[328 342] 0634 [0-632, 04637
NARU
Triage Sieve  20-0[28:5,20-5]  O0-T[90-5,909]  GI-8[61-0,62-6]  TI-1[T08, 71-4]  T1-0[70-5,71-5]  38-2[374,39-0] 0-595 [0-596, 0-601]
RAMP  25:7[25:3,26:2]  94-9[94:7,951)  T24[71:6,732]  T1-1[T0:8, 71:4] 743 [T3E, 747]  27-6 [26-8, 28-4] 0603 [0-601, 0-606]
START  33-8[33:3,34-3]  924[92-2,926] 69-9[69-2, T0-6]  72-9[12:6,73:2]  66-2[657,66-7]  30-1[29-4, 30-8] 0-631 [0-629, 0-634]
Supplementary Data Table 4: Tool Performance in Predicting 1S5=15 in older adults (aged 65+ vears)
Undertriage Orvertringe
Tool Sensitivity Specifieity PRV NEV {1-sensitivity) (1-PPV) AUC
BCD Triage
Sieve  J9-T[391,40-2]  73-1[72-8,73-5]  38-5[379,30-0]  T4-1[73-8, 74-4]  60-3[59-8,60-9)  61-5[61-0,62-1]  0-564 [0-561, 0-567)
CareFlight 183179, 18:8] 960 [959,962] 662 [652,67-2)  T3-5(732,7%8]  B1-T[81:2,821)  33B[328,348]  0-572[0-570, 0-574]
JumpSTART  {7-2[16:8,17-6]  ¢1-T[91-5,91-9]  46T[458,47-6]  T23[72:1,726]  BLR[82:4,832]  533[524,34-2]  0-345[0542, 0-547)
MIMMS
Triage Sieve  12°5[122,129]  940[93-8,%4-1]  46°B[457.479]  TIT[T14.72:0]  BTS[8T1,878]  §32[521,543]  0-533[0-330, 0-535)
MPTT 418 (413,42.4] 689 (685,692 363 (357,368  77(753,740]  SR2[576,587]  637(632,643)  0-554[0550, 0-557]
MPTT-24 367 [36-2, 37-3]  729(72-6,73-2]  365(359,37-0]  T3-1[72-8,7%-5]  63-3[62-7,63-8]  63-5[630,64-1]  0-548[0-545, 0-551)
MSTART  24-7[24-2 252]  90-7[90-5,91-0]  53-0[52-2,53-8]  T40[73-7,74-3]  T5-3[748,758]  47-0[462,47-8]  0-577[0-574, 0-580]
NARU
Triage Sieve  1T9[17-5,18:4]  920([91-8,92-2]  48:6(477,496]  T16(72:3,729] B2 [816,82-5] S04 [50-4,52:3)  0-550[0:547, 0-552)
RAMF | 7-5[1740,17-9] Gar2 [96°1, 96-3] o1 [650,67-1]  T3-4[73-1, 736 BL-5[82:1,83-0]  339[32.9,35-0] 0568 566, 0-571]
START 23| [226,2%-6]  02-3[02-1,02-5]  S5-0[35.0,%6-8]  T3-0[73:6,74-2]  T6-0[764,77-4] 441 [432, 45-0]

0-577 [0-574, (-550]
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ABSTRACT

Article History: Backgroard: Children are frequently injured during major incidents (ML), including terrorist attacks, conllict
Received 2 June 2021 and natural disasters. Triage facilitates healthcare resource allocation in order to maximise overall survival, A
Revised 6 August 2021 critical function of M triage tools is to identify patients needing time-critical major resuscitative and surgical
ml':b’k" :ﬂ’;.‘ﬁamt - intervention [Priority 1 (F1) status). This study compares the performance of 11 Ml triage tools in predicting
P1 status in children frem the UK Trauma Audit and Research Network (TARN ) registry.
. ; Metlads: Patlents aged = 16 years within TARN {January 2008-Decenvber 2017} were included, 11 triage tools were
Majorinciﬂem applied to patients' first recorded pre-hospital physiology. Patients were retrospectively assigned triage categories
Mass casualoy (P1, P2, P3, Expectant or Dead ) using predefined intervention-based criteria. Tools' performance in < 165 were eval-
Prehaspital medicine uated within four-yearly age subgroups, comparing tool-predicted and intervention-based priority status,
Triage Finclings; Amongst 4062 patients, mortality was 1,1% (n = 53); median Injury Severity Score (I55) was 9 (I0R
Pasdiatric trauma 9-16). Blunt injuries predominated {94.4%). 1343 (27.1%) met intervention-based criteria for P1, exhibiting
Major rauma greater intensive care requirement (6025 vs. 8.5%, p < 0.01) and 155 (median 17 vs 9, p = 001 ) compared
Disaster with P2 patients. The Battlefield Casualty Drills (BCD) Triage Sieve had greatest sensitivity (75.7%) in predict-
Injury Severity Scome ing P1 starus in children <16 years. demonstrating a 38.4-49.8% improvement across all subgroups of chil-
E‘;w Sieve dren -:12 years compared with the UK's current Paediatric Triage Tape (PTTL JumpSTART demonstrated low
srmls sensitivity in predicting P11 status in 4 to & year obds (35.5%) and O to 4 year olds (28.5%), and was outper-
MSTART Tormed by its adult counterpart START {G0.6% and 59.6%),
MFTT-24 Interpretation: The BCD Triage Sheve had greatest sensitivity in predicting P1 status in this paediatric trauma
RAMP registry population: we recommend it replaces the PIT in UK practice. Users of JumpSTART may consider
JumpSTART alternative tools. We recommend Lerner’s triage category definitions when conducting M1 evaluations.
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In both ordinary times and during crises, strong primary health-
care systems play a key role in saving lives and ensuring the conti-
nuity of health-care services. Primary health-care providers, such
as general practitioners, counsellors, or pharmacists, represent the
first point of contact between the health-care system and individu-
als, families, and communities. The role of primary care providers
in providing people with the most comprehensive care possible,
from prevention to treatment, is pivatal in ensuring basic health-
care services and guaranteeing a health system that meets the
needs of the population it serves.

The COVID-19 pandemic exacerbated pre-existing wieabnesses in
health-care access and delivery: primary care systems worldwide
weere not able to deflect the pressure from hospitals and, due to lock-
dowm restrictions, were unable to fully support communities with
maintaining essential health services, The pandemic has unequalky
affected many vulnerable groups, bringing the discussion amound the
social determinants of health and inequity to the forefront of public
health In a nutshedl, access to health-care services is stll not for all.

Haonarever, this is not a new issue. Heads of state across the globe
met for the first time in 1978 in Alma-Ara, Kazakhstan, to commit
to the ideal of health for all. The meeting recognised the existence
of inecquality in the access to health care between advantaged and
disadvantaged individuals, both socoeconomically and geographi-
cally; acknowledged the situation as unacceptable; and endorsed
primary health care as a core pillar to the amtainment of health for
all. The Alma-Ata declaration reinterpreted primary health care,
envisioning it beyond hospitals and health services, but as a reflec-
tion of the social determinants of health, The declaration's main pil-
lars were to build a primary health-care system close to all
communities, regardless of their geographical location, to allow
universal accessibility to individuals through their full participation
and empowerment. [n October, 2018, the commitment to health
for all was reaffirmed by heads of state during the Global Confer-
ence on Primary Healthcare in Kazakhstan in the Declaration of
Astana This political re-affirmation, together with a repewed com-
mitment globally towards universal health coverage and the devel-
opment of Sustainable Development Goals, are welcome steps in
the right direction, However, progress has been slow with the goal
of Alma-Ata of ‘health for all’ unlikely to be met for many decades,

Joint data om access to health care released before the
COVID-19 pandemic from the World Bank and WHO on Dec 13,
2017, worryingly highlighted that the trajectory to attain health
for all was very far from being reached. At least hall of the
world's population lack access to essential health services and
800 million people spend at least 10% of their budget on
health-care expenses. The same report also warned that a
shortfall of 18 million health-care workers will occur by 2030,
which will hamper universal health-care delivery and is likely
to widen the gaps in health equity, Data from the Universal
Health Coverage Global monitoring report published by WHO
in 2019 reiterated these issues and warned that over 5 billion
people will be unable to access health care by 2030, This report
called countries for increased spending on primary care by at
least 1% of the gross domestic product to close health coverage
gaps and highlighted that more people were paying for services
out of their own pocket, with 925 million people spending

JumpSTART (HDRUK/CFCHOT ). The views expressed are those of the authors and not necessarity those of the NIHR, the
Life-saving inte Department of Health and Social Care, or the Ministry of Defence,
£ 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(hittp: [fersativecommons org | licenses by 4.0[)
more than 10% of their household income on health-care
Research in context expenses and 200 million people spending more than 25%.

Although there is variation across world reglons, it is evident
that there is room for substantial improvement globally.

‘We must act mow to reframe primary health care based on
the Alma-fta principles, tailoring strategies around the actual
burden of diseases and the additional challenges brought about
by the COVID-19 pandemic. It is time to carve policies that
reflect patients' needs to build strong primary health-care sys-
tems globally that serve the needs of all populations. It is essen-
tial that the delivery of primary health-care services is
reprganised, establishing a strong link between basic practices
and community services, and expanding home-based pro-
grammes and strategies to reach isolated communities. In this
context, the role of community health workers should be fur-
ther utilised to provide timely information and direct access to
care, In addition, the leverage of remote services and use of big
data that were successfully exploited during the pandemic
should be further implemented as tools to help maintain conti-
nuity of care and to develop tailored interventions, Lastly, and
importantly, governments should invest in modernising
health-care systems and supporting the delivery of essential
services, an aim that cannot be reached without a plan oriented
at increasing the number of health-care workers,

Many countries are still facing major challenges posed by
the COVID-19 pandemic, which has shone an uncomfortable
light on the health inequities that alveady existed, Unfortu-
nately, these gaps in health-care access and delivery have also
widened over the past 2 years. ‘Health for all’ is certainly one of
the major public health challenges of the 21st century and cur-
rently looks unlikely to be met in the next few decades, It will
require input and commitment from governments at a global
level, but also immediate action to reframe primary care and
bring it closer to people. 43 years have passed and it is finally
time to transform the Alma-Ata vision into action.

1. Introduction

Children are often injured during major incidents (MI) including
natural disasters, conflict and terrorist attacks, where their immedi-
ate needs exceed the resources available to treat them [1-4]. For
example, following the 2017 Manchester Arena Bombing. children
constituted 44153 (29%) casualtles attending various Emergency
Departments (ED) [5] and 7/22 (32%) of those killed [2]. During ML
respurces are best directed towards maximising overall survival
amongst those affected. Selection of a triage tool for use at scene is an
impertant aspect of disaster planning, enabling patients to be prion-
tised for treatment and onward transfer, particularly those in need of
immediate life-saving intervention[1,3.4]. Children display age-
dependent mormal vital signs and, thus adult tools may assign an
incorrect triage categery when applied in children [G]. There is a nat-
ural tendency for first responders to assign a higher triage category
to children |6]; uninjured ambulatory children are often conveyed to
haspital from MIs, as reported following the Fairchild and Columbine
School massacres (4], Incorrect triage of children may fall to identify
those needing urgent intervention (under-triage); however, assign-
ing P1 status to children who do not require time-critical treatment
(over-triage) risks overwhelming dedicated paediatric resources at
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sceme and in hospital, and potentially directing resources away from
others who require intervention more urgently | 7], As such, objective
assessment of injured children using an appropriate triage tool is cru-
cial to maximising overall survival following a ML

The ideal MI triage tool is quick and simple to apply, with high
sensitivity in identifying those for whom timely intervention is likely
to aleer overall outcomes (P1 patients) and an acceptably low rate of
overtriage |8,9). Two dedicated paediatric primary MI tools are in
current use internationally, The Paediatric Triage Tape (PTT) (adapted
from the adult MIMMS Triage Sieve in 1998) is applied to children
=12 years in UK Mis [6]. PTT utilises physiological paramerers relat-
ing to the height (or weight) of the child to determine the child's tri-
age category. The US-based JumpSTART is a paediatric adaptation of
the adult Simple Triage and Rapid Treatment (START) for use in chil-
dren <8 years [10), The Australian CareFlight triage tool has been
applied in both adults and children, achieving good performance
[AUC 0.852) in predicting mortality to discharge [11] and the need
for intervention [12,13]. Although several other adult triage tools
have been developed and are in use, their performance in children
remains largely unvalidated |1]. These include the Major Incident
Medical Management and Support (MIMMS) Triage Sieve |14, the
Madified Physiological Triage Tool (MPTT) [15), its derivative MPTT-
24 [15], the maodified START [MSTART) [14], National Ambulance
Resilience Unit (NARU} Triage Sieve [16] and the US-based Rapid
Assessment of Mentation and Pulse (RAMP) [17]. The Battlefield
Casualty Drills (BCD) Triage Sieve, used by British soldiers faced with
multiple casualties, first appeared in 1998 | 18], and was updated in
2018 in line with emerging evidence and changes in clinical practice
(Fiz, 1% The BCD Triage Sieve was recently identified as the most sen-
sitive of multiple M1 triage tools in an adult population [ 18],

Few studies exist to inform the choice of paediatric Ml triage tools
[1,11,19]. One challenge in interpreting existing studies lies with var-
iation in age used to define a child [11,19,20]. Whilst the UK usually
employs age =16 years as the cut-off for paediatric healthcare serv-
ices, MI casualty distribution planning in some regions stipulates that
children aged 12 o 16 years should be conveyed to adult facilities in
order to preserve speclalist paediatric services for the youngest
patients. However no studies have examined tool performance in the
12 to 16 year old subgroup; in whom the NARU Triage Sieve would
be applied (UK practice) [16]. Studies measuring triage tool perfor-
mance have often focussed on predicting an Injury Severity Score
(I58) =15 as the end-point [13,20], despite a lack of correlation
berween 155 and requirement for medical resources [21]. There is
growing consensus that the ability to predict requirement for urgent
life-saving resuscitative and/or surgical intervention is the most
meaningful measure of performance in MI triage tools [9,13,22]. Our
primary aim was to determine which tool performs best in children
[« 16 years), in order to inform UK policy. A secondary aim was to
analyse the performance of tools in subgroups of children by age. in
order to determine the appropriateness of the age cut-offs applied by
the paired adult and pasdiatric tools, namely the UK's Paediatric Tri-
age Tape [ =12 years) with the NARU Triage Sieve [5,16], and the US
JumpSTART (below eight years) with START [10].

2. Methods
2.1, Overview of study design

This study utilises the physiology and outcomes of injured chil-
dren within the UK national Trauma Audit and Research Metwork
[TARMN) as a surrogate for those injured in a M1 Two paediatric and
nine adult triage tools have been applied to each patient’s first
recorded pre-hospital physiology. Patient records have been assessed
to determine which triage category they would fulfil (P1, P2, Expec-
tant or Dead) on the basis of required interventions, using pre-
defined (Lerner's) criteria [9]; Priority 1 stamus was defined as

MULTIPLE CASUALTIES
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Fig. 1. Battlefield Casualty Drills Triage Sieve (UK Military Primary Triage Taal)

patients requiring time-critical, major resuscitative andfor surgical
intervention(s). Toel performance is reported against intervention-
based Priority 1 status.

2.2, Study population

TARN co-ordinators capture pre-hospital, clinical management
and outcome data from 169 trauma receiving hospitals in England
and Wales, including all paediatric major trauma centres, constitut-
ing the largest trauma registry in Europe [23), TARN includes injured
patients attending hospital with length of stay over 48 h, intensive
care admission andfor in-hospital death [23]. Pre-hospital deaths are
excluded.

All patients aged =16 years submitted to TARN by hospitals in
England and Wales between 1 January 2008 and 31 December 2017
were included, Those patients missing pre-hospital physiclogical
data required for tool application (respiratory rate, heart rate, systolic
blood pressure, Glasgow Coma Score (GCS), and GCS Motor Compo-
nent) were excluded.

2.3. Application of friage tools

The BCD Triage Sieve {Fig. 1), CareFlight [14], JumpSTART [10],
MIMMS Triage Sieve [14], MPTT [15], MPTT-24 [15], MSTART [14],
MARU Triage Sleve[16], RAMP]17], START[14] and PTT[&] tools [see
Table 1) were converted into computer code: these were verified by
clinician co-authors and by application in an adult population [ 18]
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Tool codes were applied to patients’ first recorded pre-hospital physi-
ology (assuming that these preceded any intervention), to determine
whether patients would be assigned P1 or non-P1 status, as per a
recent adult study methodology [18].

‘Where teols employed parameters mot recorded in TARN, approx-
imations were made based on available information. TARN patients
were assumed to be non-ambulatory. Those who umderwent
advanced airway interventions at scene were considered unable to
breathe [24]. A respiratory rate below four breaths per minute was
deemed undetectable by EMS personnel. No approximation for the
term “catastrophic haemaorrhage” [utilised by MPTT-24, BCD and
MARU Triage Sieve) could be identified, hence this term was not
applied. Children with a systolic blsod pressure of =60 mmHg (<12
years)or =80 mmHg (=12 years), were regarded as having a palpable
radial pulse [25]. Patients with a GCS of <8 were deemed uncon-
scious, those with a GCS =12 were deemed unresponsive to voice
[26]. GCS Motor Score of six indicated ability to follow commands.
For JumpSTART, a GCS Motor Score =3 was equated to “inappropriate
response to painful stimulus (e.g. posturing) or unrespensive to nox-
ious stimulus™ [26],

Teol performance was measured in children 16 years and in sub-
groups based on age: 0 to <4 years {pre-school), 4 to <8 years, 8 to
=12 years and age 12 1o =16 years. These subgroups were selected in
line with thresholds employed by the dedicated paediatric wools (PTT
=12 years, JumpSTART =8 years).

2.4, (utcome measures

The primary outcome was the ability of triage tools to predict P1
status, defined as the need for any one or more of eight time-critical
major resuscitative or surgical interventions {Table 2)(9]. Each
patient was assigned a triage category {Dead, Expectant, Priority 1
[P1], Priority 2 [P2] or Pricrity 3[P3]) based on a pre-defined system
utilising EMS and hospital-based interventions described by Lerner
et al, using TARN terminology which best matched each criterion
[see Supplementary Data Table 1) Since TARMN does mot include
patients with chemical, biological, radiological, and nuclear injuries,
criteria relevant to these mechanisms were not considered [9]. Two
further paediatric-specific measures for ~presented to ED with
uncontrollable haemorrhage” were included: administration of a
fluid bolus of 20 mijkg within an howr of arrival in ED [22 ] and/or the
requirement for blood products within an hour of ED arrival, In order

Table 2
Breakdown of time-critical major operative and resuscitative imterventions consti-
tuting Priority 1 status.

Subcomponents of the Priority 1 triage category niEr
An advanced aiway intervention (&g intubation, LMA, surgi-  BOB [75.2%)
cal airway} performed in the pre-hospital setting or within
4 hoof arrival at haspital
Arrived in the ED with uncontrolled haemarrhage I0(28-4%)
Meuralogical, vascular, or hasmarrhage-controlling surgery 1o 169 [15.7%)
the head, neck or torso perfarmed within 4 h of arrival to
hospital
Chest tube placed within 2 hof arrival ar hospital TO6-5%)
Limb-conserving surgery performed within 4 h of arrival at 1Z 2%
hospital om a Himb that was found to be pulseless distal to
the injry prios to surgery
IV vasopressors adminkstered within 2 hoof arrival at hospleal 6 [06%]
Patient who required EMS imitiation of CPR (i« had a cardiac ~ 1(0-1%]
arrest) during transpoet, (n the ED, or within 4 hof arrival at
a hospital
Escharatomy performed an a patient with bums within2 hof — 1(01%)
arrival at a hospital
Tatal mumber of P1 patients 1343 100.0%)

Ledger; There is everlap between life-saving interventions (LS} 7324 [ = 1006) of
Pl patbenrs required ome LSE 21.8% {(n = 299) required nwo LS, and 5.0 (7 = 69)
required 3 or mare LS],

Table 3
Summary of patient and injury characteristics.

Variable

Gender, 1 (%) Male 447 (B8.5%)
Female 1515 [30.5%)
Missing data o)

Injury Severity Score, median a(9,17)

L]

Missing data a

Age [years) Median (O8] 11-9{8-0, 142}
=16 years. n (%) 4062 [100:0%]
0o <4 467 (9-4%)
Ao <8 T68(15-58)
Bio =012 1281 [25.B0%]
1240 =16 2446 [49-3%)
Mizsing data 00 0%)

Outcome at discharge. n (%) Alive 00 [58-5%)
Dead 53(1-1%)
Missing data Qi)

Nmjery Lype. i [%) Bhunt 4733 [95.4%)
Fenetrating 229 (4-65)
Missing data 000

Injury mechanksm, w (%) Vehicle incident/collision 2458 (49-55)
Fall les than 2m &7 [23.05)
Fall more than 2m 645 (1340
Bhawys] 327 (6.6%)
Stabbing 130 (2-65)
Crush 42 (0.9%)
Shooting 16 [0-3%]
Blast S(01%)
Burn 400 1%)
Other 147 (3.0%)
Missing data 0000

to calculate the fluid bolus volume, weight was estimated using age
as recorded by TARN and World Health Organisation male and fermale
charts for infants up to 12 months [27], or the formula (age+2)x4 for
children aged =12 months [28].

TARN records the timing of hospital armival and each intervention,
allowing incorparation of this into the time -critical definitions consti-
tuting P1 starus, To assess the validity of Lerner's classification,
patients within each category were compared by mortality, 1CU
admission, hospital LOS and 155,

Secondary outcome measures included prediction of mortalicy
and 155=15 (see Supplementary data Table 2 and 3), and distribution
of 155 amongst tool-assigned F1 patients (Fig. 2), which may provide
further discriminative value and appreciation of tool characteristics.

2.5 Data processing and amalyses

TARM data were received in SPSS Version 24.0 (Armonk NY: IBM
Corp 2015) and processed using Python {Version 3.7.4) and R soft-
ware (Verslon 3.6, R Core Team, New Zealand, 2000). Non-parametric
data are presented as median and interquartile range; categorical
data as frequency and percent. D°Agosting and Pearson's test was
used to confirm the non-parametric nature of data distribution |29/,
Differences between P1 and P2 patients as designated by Lerner’s cri-
teria [9] were compared using the Chi-squared test (mortality and
10U admission) and Mood's median test [155). Performance character-
Istics included sensitivity, specificity, under-triage [ 1-sensitivity) and
over-triage (1-positive predictive value). Area Under the receiver
operating Curve {(ALC) was calculated using the trapezoidal rule [30],
95% confidence intervals were calculared using the Wilson Score
with continuity correction for binomial proportions, and Delongs
Algorithm for comparing AUC curves [31]. Included patients were
compared to those excluded with respect to clinical and demographic
characteristics. Fisher's exact test was used to compare categorical
variables (gender, mortality and mode of injury [blunt and penetrat-
ing)). Continuous variables were compared using a Two-sample
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Fig. 2. Distribution of 155 amangst tool P1 patients [patients agsd =16 years) Ledger: [S5=Injury Severity Score. Dotted horizontal line denotes 155 15 The upper whisker extends
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Tahle 4

Comparison of the characteristics of induded versus exchided patients.
Wariable Incluled patients  Excluded patients
Male gender, m (%] 3447 (68-5%)° G847 (67-33)
155, median (IQR] Ge 17" 9(9, 16)
Age (years), median (IQR) 119 (50,1427 3901-6.10-1)
Marrtality, i (%) 53(1.1%) 3163 1"
Injury type
Blunt 4713 (95.4%) 9935 [97. TX)"
Penetrating 220 [46%) 236 (2-38)
Injury mechanism
Wehicle incident/callision 2459" {49-G%} 2262 (X2-2%)
Fall le<s than 2m 1187" (2395} 4827 [47.5%)
Blowys) 327 [66%) 943 (935}
Crugh 42 (0.60E) LRETRIE ]
Fall more than 2m B45* (13-0%) 860 (8 5%)
Other 147 [3-0%) 471" {86%)
Burn 4[001%] A (04E)
Stabbing 130 (265} o8 (1-0%)
Shooting 16 (0:3%) 26(0-3%)]
Plast 5i01%) 16(0-2%)

Ledger: Patients were excluded on the basis of insufficient pre-hospital
physiological data required to apply the tocls (see Methods), OR=0dds
raths. Percentages represent the propomtion of patients within the
included (ar excluded) group with the characteristic described (e, 6955
aof all included patlents were of male gender]. * indicates the group that
has higher mumber of incidents than expected. and is statistically signifi-
cant (p = 005}

Kolmogorov-Smimov Test. Differences in injury mechanism were
estimated using the Chi-square test, where results were significant,
post-hoc tests were performed to generate a p value. P values were
adjusted wsing the Bonferroni correction. A value of p < 0-05 was
considered statistically significant.

Ethical approval: The UK Health Research Authority Patient Infor-
mation Advisory Group (Section 20) has granted ethical approval and
waived the requirement for individual patient consent for research
using anonymised TARN data,

Role of Funding: The funding source played no role in study design;
in data collection, analysis or interpretation; in the writing of the
report; or decision to submit the paper for publication.

3. Results
3.1, Characteristics of the study population

Of the 15.133 TARN patients identified, 10,171 [67-2%) patients
were excluded due to incomplere pre-hospital physiological data
(see Supplementary Data: Analysis of missing data), therefore, 4962
patients were included.

Patient and injury characteristics are presented in Table 3, Two
thirds (69.5%) of patients were male, half [49.3%) were aged 12 o
16 years, whilst less than 10% (n = 467) were aged under four years,
Mortality was 1-1% (53/4962), median 1SS was 9 (IQR 9-17) 94.4%
(1t = 4733 ) of patients suffered blunt injuries, mainly comprising vehi-
cle collisions (n = 2459, 49-6%) and falls under two metres (n = 1187,

ICU adimisséon, n (%) LOS{days)l median (IQR] 155, median (IOR)

Table 5
‘Camparison of owtcome characteristics between patbents in each triage category.
Triage calegory Tatal, n (%} Martality, n ()
Dead 2(0-04%] 2(100.0%)
Expemant 20 0-58%) 9 {100:0%)
Priericy | (Immediate] 1343 (279%)  19{1.4%)
Priority 2 (Urgent) 3588 (7T2.3%)  3(008%)

1(50.0%) 11[6, 15] 232,34
27 (93.1%) 11,3 41[29,50]
808 (B0-2X) T3 151 17[9. 26]
304 (B-5%) 5(3,9] a9,12|

Ledgar: 155=Injury Severity Seare, IQR=interquartile range, LOS=Length of stay, 10U=Intensive Care Uinit,
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Table Ga
Triage tocd performance in predicting Priority 1 status in children =16 years (the need for time-critical major operative or resuscitative
measures].
HAgge groaip Taol Sensitivicy Spedificiny Under-riage  Owver-triage ALC
Al BCD Triage Sicve 75.7(71.3,7840)  420(403,435) 243 674 0588 {0-571, 0-606)
[<TGyears) CareFlight 404 (378,431}  S4B(940,955) 596 257 D676 [D-661, 0-692)
JurnpSTART 35.5(33.0,382) 935(926,943) 645 331 0645 [(-629, 0.661]
MIMMS Triage Sleve  37.5(34.9,402)  87B(B6:7.889) 625 467 0627 (0610, 0-643)
MPTT 59.2(56-5,618)  34.8(333,364) 408 748 0470 {0452, 0-488)
MITT-24 56.7 (540,593}  392(IT6408) 433 743 D479 D461, 0-457)
METART 50.9(48.2, 536}  BR0(869,89.0) 4949 LS L6535 (1679, 0-709)
MARL Triage Sieve 453 (456,510} TBE(7T4, 801} 517 54-2 D636 [0-619, 0-652)
FT* 448 (40-9,48-7  A7-2(856,887) 552 455 CHBE0 {0637, 0-683)
RAMP 9T (3T, 424F  S4D(94.2,956) 603 256 0673 (0657, 0589
START 492 (465,519 BRG(76.807) 508 383 (U659 (674, 0-705)

Ledger: BCD Triage Sieve =Battlefield Casualty Drills Triage Sleve, MIMMS Triage Sleve=Major Inckdent Medical Management System Triage
Siewe, MPTT=Modified Physological Triags Teol, METART=Modified START, NARL Triage Sieve=Mational Ambulance Resili=nce Unit Triage
Sieve, RAMP=Rapld Assessment of Mentation and Pulse, START=5imple Triage and Rapid Treatment, FTT=Paediatric Triage Tape; “The PIT

is anly applicable to those under 12 years (n = 2516, 50-7%)-,

Tabde 6b
Triage tool performance in predicting Priority 1 status in children <12 years (the need for time-critical major operative or resuscitative
easines|.
Age group Tool Sensitivity Specificity Underriage  Over-triage  AUC
Al BCD Triage Sieve 85.6(82.6,883) 283(262,304] 144 1 D570 {0545, 0.585)
[=M2years) CareFlight 437 (308,476}  955(944,963) 563 233 D696 (0674, 0-710)
JumpSTART 15.6(31.9,394) 956(046,965) 644 265 0656 [0-633, 0.679)
MIMMS Triage Seve  45.7(41.8,45.7) 824 (506,841} 543 53 D641 (0617, 0-664)
MPTT 66.5(62.6,70.1)  21.5(197,215 135 715 0440 {0413, 0.465)
PFTT-24 641 (603,678}  262(24.2,283) 359 771 D452 (0425, 0-478)
MSTART 59-8(35-8,63-6) 851834867} 402 421 0724 (070, 0-745)
MARU Triage Seve 0.2 (56-3,640p 704 (GB.3, 724} 398 59 D653 [0-630, 3-676)
FIT A4.8(40-9, 487}  B72(85.6,887) 552 455 [HGG0 0637, 0-683)
RAMP 43.7 (308,476 955(54-4,963) 563 233 D606 [0-674,0-718)
START 59.G(55.7,634) A5 (834,867} 404 4212 0724 (0-7003, 0-744)

Ledger: BCD Triage Sieve =Battlefield Casualty Drills Triage Sleve, MIMMSE Triage Sieve=Major Inchdent Medical Managemsent System Triage
Siewe, MPTT=Modified Physiological Triage Tool, MSTART=Muadified START, NARL Triage Sieve=Mational Ambulance Resilience Unit Triage
Sheve, RAMP=Rapid Assessment of Mentation and Pulse, START=Simple Triage and Rapid Treatment, FTT=Paediatric Triage Tape:.

23.9%). Penetrating trauma constituted only 4.6% [n = 229), mainly
stabbing (2-6%, n = 1300,

A comparison between included and excluded patients is shown
in Table 4. Excluded patients had a comparable injury 155 (median 9
[QRI-16] vs. median 155 9 [IQR9-17], p = 0-01, respectively) and a
higher mortality (3-1% vs. 1.1% p < 0.01) relative to included
patients. Excluded patients were more likely to have suffered burns
and falls below two metres.,

3.2, Intervention-based designation of triage categories (using Lerner's
criteria)

Fewer than 1% of patients (n = 31) met criteria for the “Dead” and
"Expectant” category, with universal mortality across both groups
[Table 5). 1343 patients fulfilled the criteria for P1 status: three quar-
ters (i = 808) required advanced airway intervention, 28 9% (n = 310)
arrived in ED with uncontrolled haemorrhage and 15-7% (n = 169)
required time-critical major surgical intervention {Table 2} The
remaining patients [n = 3588, 72-3%) were designated P2, represent-
ing the largest triage category. By virtue of TARN's inclusion criteria,
no patients met criteria for the P3 (minor) category (Supplementary
data Tahle 1)

Patients assigned P1 based on Lerner's criteria suffered higher in-
hospital mortalicy (1-41% vs. 0-08%, p < 0-01), had longer LOS (median
7 ws. 5 days, p = 0:01), suffered more severe injuries {median 155 17
[IQR 9-26] vs. 9IOR9-12], p = 0-01), and were seven times more

likely to require ICU admission (60.2% vs. 8.5%, p < 0.01) than
patients designated P2,

3.3. Triage tool performance

Tool prediction of P1 status in all childrem =16 is shown in
Table Ga, Owerall, the BCD Triage Sieve demonstrated the highest sen-
sitivity (75.8%), with an over-triage rate of 67.4%, The FTT had a
much lower sensitivity at 44.8%, with over-triage of 45.5%, CareFlight
and RAMP had very similar performance characteristics in <16 s,
achieving the highest specificity (over 94%) and lowest over-triage
rates (25-7% and 25-6%, respectively] of all the tools. MPTT and MPTT-
24 exhibited the second highest sensitivity (59-2% and 56.7%, respec-
tively], however these tools also exhibited the highest over-triage
rates (74-B% and 74.3%), For comparison, tool performance in chil-
dren <12 15 shown in Table Gh.

Tool prediction of P1 status in children within each four yearly age
subgroups is demonstrated in Table 7. The BCD Triage Sieve exhibited
the highest sensitivity (66-7-20.2%) in all subgroups of children,
demonstrating a 38.-4-49-8% higher sensitivity in detecting P1 status
in all subgroups of children - 12 years as compared with the PTT, The
BCD Triage Sieve exceeded the sensitivity of the NARU Triage Sieve in
1216 year olds by 29-2% (sensitivity of 66.7% v 37.5%). Amongst
12-16 years olds, CareFlight demonstrated identical sensitivity to
the NARU Triage Sieve (37.5%) but with markedly lower over-triage
(28-2% vs, 44.8%, respectively).
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Tahile 7
Tood performance by age subgroup.
Age group Tool Sensitivity Specificity Under-triage  Owersriage  AUC
12-16Gyears’  BCD Triage Sieve BE-TEI0, 701} 5ETI543 5040) 333 [AE:] (616 (0583, 0-540)
CareFlight I7.5(33.9,41.2) 941 (92.9,951) 625 .1 0658 (0635, 0.580)
JumipSTART I55(320,392)  91.2(807,924) 645 B2 0633 (0610, 0-656)
MIMMS Triage Sieve  30.1(267,336) 93.6(92.4,947) G899 4.5 0-619(0:585, 0.642)
MPTT S52.G(48-8, 56-3)  49.1 (467, 51-5) 474 TO-6 0508 (0-483, 0-534)
MPTT-24 49.0(46-1,53-6)  53.2(50-8,555) S0 00 05150490, 0.540)
MSTART 42:9(392,466) 91,1 (896, 923 571 1 0670 (0647, 0-592)
MNARL Triage Sieve 37.5(339,41-2)  A7B(86-1,883) 625 448 0-G26 (0603, 0-B50)
RAMP IG0(325,387F 944 (932, 954) G40 Fr0-] 0652 (0629, 0-675)
START 39.7(36-1,43.5)  92-4(91.1,936) 603 21 0661 (0638, 0-583)
B-12 years BCD Triage Sheve B2.B(7745,867y 38.E(358 420} 174 T2.0 0607 (0572, 0.642)
CarcFlight 4460388, 50-6)  9G64(95-0,974) 554 et 0705 (0674, 0-736)
JumpSTART 39.4(33.7,453) 955(93.9,966) G0vVG 5 -674(0-642, 0-T07)
MIMMS Triage Sieve  44.2(38-5,50-2)  80.04(87-5.91-7) 554 441 0671 (0638, 0-T04)
MPTT 61:0(551,666) 292 (264, 3%1) 300 Bk 1 050 (0412, 0-489)
MPTT-24 57-B(519,636)  3I50(32.9,3040) 422 93 (-468 (0-431.0-507)
MSTART 58:3(52.49, 646y 90.1(B8-1,9149) 411 357 074500716, 0:774)
NARU Triage Sieve 5190459, 5780 B1.5(78-9,838) 481 553 0667 (0634, 0-700)
T 46.7(408,52.6) 004 (88.4,922) 533 45 0685 (0654, 0.T1E)
RAMP 44.6(38-8, 5060 064 (95.0,974) 554 ra 0705 (0674, 0-736)
START 58.0(529,64.6) 90.1(88.1,919) 411 167 0.745(0:716,0.774)
4 —B years BCD Triage Sieve B0-2(850,93-7 14800211810 a8 T24 0525 (0479, 0-571)
CareFlight 44.3(37.4,51.5) 97.2(95.3,98.3) 557 i51 0.708 (0669, 0.746)
Jumip5TART 35.5(28-9,42-5) 075 (96-2,989) 645 143 0667 (0626, 0-T0T)
MIMMS Triage Sieve  46.3(39.3,534)  81.6(78-1,846) 537 52.5 06400587, 0.GAZ)
MIFTT T29(66-2, 788} 104(81,13.3) T T4 04170370, 0-464)
MPTT-24 T08(641,7700 12801031600 2849 T4 041900373, 0-46E)
MSTART 61.1(54-0,67-8)  B7.1(54-0,85.7) 389 i 0741 (0705, 0:-777)
MNARL Triage Sieve G3-G(566,70-1)  B55(61-4,684)  3ES 502 0645 (0603, 0-G8T)
FIT A40-4(33-7,47.3¢ 910 (88-2, 932} 596 4 0657 (616, 0-598)
RAMP 44.3(37.4,51.5)  97.2(95-3,98.3) 557 151 0-708 (0-669, 0.746)
START B0.6(53.5,673F B7.1(B4.0,807) 304 372 073800702, 0.775)
04 years BCDrTriage Sieve B5.4(78-6,90.50  19.0(14-9,23-8) 146 665 0522 (0-466. 0-578)
CareFlight 41.1(33.2, 404}  BO.E(B5-5, 926} SB9 347 0653 (0602, 0.-T04)
JumpSTART 526,365 d21(88-4947) TS 58 (G0 (0550, 0-656)
BAIMMS Triage Sieve 47.7 (396,559} 601545 653.5) 523 B3.6 0539 (0484, 0.594)
MPTT GR-Z(G0:, 7540 174003-5221) N8 -7 0-428 (0372 0-484)
MPTT-24 65:2 (587, 74.2) 19.3(15:2, 24 2) 331 716 0431 (0375, 0-487)
MSTART 59.5(51.3, 6740 GSB(B03, 0] 404 54.6 0627 (0575, 0-679)
MARL Triage Sieve 71.5(63.5,784)  44.3(38.8,500) 285 620 0.570(0:525, 0.633)
T 47.0(389,553)  T0.3(64-8,752) 530 570 0586 (0533, 0-540)
RAMP 410(332,404)  BOG(E55,926)  SED 4.7 0653 (0602, 0.704)
START 59.6(51-3,6740 G560 7140) 404 546 (627 (0575 0-679)
Ledger: BCD Trizge Sieve =Batilelield Casualty Drills Triage Sisve, MIMMS Triage Sieveshisjor Medical System Trisge

Sieve, MPTT-Modified Physiological Triage Tool, MSTART-Modificd START, NARU Triage Sieve-National Ambulance Resilience Unit Triage
Sheve, RAMPsRapid Assessment of Mentation and Pulse, START=Simple Triage amd Rapicd Treatment, FTTsPaediatric Triage Tape. "The PTT is

ondy applicable to those under 12 years (n= 2516, 50751

CareFlight and RAMP exhibited very similar performance charac-
teristics to each other as well as the most consistent performance
across all age subgroups, with sensitivities in the region of 36.0 to
44-6% and specificity consistently =90%,

JumpSTART demonstrated low sensidvity in predicting P1 status
in 4 to 8 year olds (35-5%) and 0 to 4 yvear olds (28-5%). accompanied
by high specificity {over 90%) and therefore low over-triage rates
(14.3% and 36.8%, respectively). Howewver, START demonstrated
nearly double the sensitivity (60,6% and 59.6%) in both these sub-

ups,

1617 of all patients <16 years had 155=15; of these, only 52.5%
(n = B49) met criteria for intervention-based P1 status. One third
[n = 494) of intervention-based P1 patients had an 155=15. Amongst
the tools, the BCD Triage Sieve exhibited the highest sensitivity in
predicting mortality (94-3%) and 155=15 (73.6%) (Supplementary
data Tables 2 and 3}

4. Discussion

Care of children during MIs is challenging and emotive, and spe-
cialist paediatric trauma resources are less available than adult

services, As such, the objective and accurate triage of children in Mls
is wvital to ensure that healthcare resources are appropriately allo-
cated. This study has assessed the performance of 11 primary MI tri-
age tools using data from 4962 injured children from the UK national
TARN registry. The PTT, currently employed by UK ambulance serv-
ices for use In children <12 years, correctly identified only 45% of
children requiring time-critical major resuscitative and surgical inter-
ventions [Pl patients); whilst the highest sensitivity (75-7%) was
demonstrated by the UK military adult tool, the BCD Triage Sieve, The
Us-based JumpSTART demonstrated low sensitivity in predicting P1
status in children <8 years (35.5% in 4 to 8 year olds and 28.5% in 0
to 4 year olds) and was outperformed by its adult counterpart START
(60% sensitivity in children =8 years). Lerner’s criteria with paediat-
ric-specific fluid resuscitation measures have been used to define tri-
age categories in a paediatric population, yielding clinically
meaningful differences between patient groups.

Despite utilising age-specific paediatric respiratory and heart rate
thresholds, the FTT is outperformed by the adult BCD Triage Sieve.
This may be attributable to the BCD Triage Sieve’s early application of
the mental status assessment “Responds to voice?" (approximately
equivalent to a GCS of 12} [26], as mental status correlates strongly
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with outcomes following trauma [11,12]. A US registry-based study
examining triage tool performance, in which 36618 out of 530,695
patients were aged <16 years, demonstrated that GCS was a strong
predictor of mortality at hospital discharge in patients of all ages
[AUC 0-825), particularly in children aged 0 to 8 years (AUC 0-964),
where GCS outperformed CareFlight and START [11]. In our study,
the BCD Triage Sieve has demonstrated twice the sensitivity (75-7%
s, 35.5%] in predicting the need for time-critical major resuscitative
andfor surgical intervention [Priority 1 status) in injured children
when compared with the currently utilised FTT, as well as enhanced
sensitivity in predicting mortality (94-3%) and 155-15 (73.6%) We
recommend that the BCD Triage Sieve replace the PTT [and the NARU
Triage Sieve used in children =12 years) as the primary Ml triage tool
fior patients aged <16 years in the UK. The BCD Triage Sieve has a
higher rate of over-triage compared to FTT (67-4% vs. 45.5%, respec-
tively). This is comparable to the BCD Triage Sieve's 70.9% over-triage
rate demonstrated in an adult study [18], which demonstrated the
BCD Triage Sieve offers optimal performance in predicting P1 status
in adults [18]. Having one primary MI triage tool for use across all
ages would simplify EMS training and improve the censistency of tri-
age. Human factors affect performance during Mis |8], and in inci-
dents invalving an ongoing threat, first responders trained in triage
methods that employ arithmetic often resort to more simplistic
means, as noted following the %an Bernadino shootings [3]. Aveiding
tools that involve the application of more complex, age-specific phys-
ivlogical parameters (e.g PTT) in the triage of children is likely to be
associated with mare reliable triage in practice. Care providers may
also choose to employ the BCD Triage Sieve in casualty clearing sta-
tions and at hospital reception in the absence of an effective second-
ary paediatric Ml triage tool.

Our study demonstrated that CareFlight and PTT had similar sen-
sitivity in predicting P1 status (40-4% and 44- Tk, respectively), consis-
tent with a prospective South African study of 3461 children [<13
years) presenting to ED, which demonstrated that CareFlight and PTT
had comparable sensitivity (46% and 41.5%, respectively) in predict-
ing the need for urgent non-orthopaedic surgery or other resusci-
tative intervention [19]. This study, similar to owrs, also
highlighted that JumpSTART had the lowest sensitivity (0-8%) of
all tools tested: JumpSTART is intended to replace START in chil-
dren =8 years; however, in our study it is outperformed by
START in all age subgroups, Based on this and prior evidence,
regions employing JumpSTART may wish to consider alternative
methods to triage children in Mis,

A key strength of this study is use of Lerner’s criteria (expanded to
include paediatric-specific fluid resuscitation measures) to define tri-
age categories, which has several advantages over wsing 15515 or
intervention-based criteria described previously [12,22), 15515 is
widely used in quality assurance as the threshold to justify the high-
est tier of trauma care in the UK and US; however IS5 correlates
poorly with the need for medical intervention, as our study confirms
[23]. In 2001, Garner described criteria for defining Priority 1 status,
including non-orthopaedic surgery within 6 h and other resuscitative
measures | 12]. Garmer included in their definition of P1 patients who
received over 1000 ml of fluid to maintain a blood pressure above
89 mmHg {which is less common in current practice, with preferen-
tial use of blood and blood products), and those undergoing invasive
intracranial pressure monitoring, which has since been shown to lack
correlation with neurclogical outcome. In 2006, Wallis described tri-
age categories (P1, P2 and P3 equivalents) derived using a Delphi
consensus of experts, however, these were only applicable to chil-
dren and outlined aggressive time cut-offs more akin to combat casu-
alty care (eg. Pl casualdes are those requiring laparotomy or
thoracotomy within one hour) | 22]. By comparison, our study has uti-
lised Lerner's criteria {derived by expert consensus and literature
review ). rather than author-defined criteria alone [9]. Lerner's system
has multiple advantages: it defines all possible triage categories, it

considers a broad range of injury mechanisms including burns, its
use has been validated in adults [18) and it is applicable to patients of
all ages {allowing children and adults to be considered simulta-
neously), which may facilitate more equitable resource allocation [9].
Furthermore, we have demonstrated clinically meaningful differen-
ces in mortality, 1SS and ICU requirement in patient groups constitut-
ing each triage category. In a previous Utstein-style consensus on the
reporting of the acute medical response to disasters, experts
highlighted the need to define a universally accepted measure of tri-
age accuracy, particularly to establish whether criteria used to sort
Injured survivors into categories are clinically meaningful and are
adequately predictive of survivability [32]. We recommend use of
Lerner's definitions of triage categories (with paediatric-specific fluid
resuscitation measures, where applicable) as an objective, evidence-
based means by which to model novel tools and to define triage cate-
gories when conducting post-event evaluations of UK and interna-
tional MI triage. Uniformity in reporting of Ml trdage will allow
meaningful comparison between studies and thereby facilitate
refinement in MI policy |4].

Other study strengths include use of trauma registry data, allow-
ing tool performance to be assessed on a large, nationally representa-
tive sample of injured children, incorporating multiple injury
mechanisms. This overcomes the practical limitations of conducting
studies during actual Mis. Computed application of triage tools has
allowed the inherent discriminatory capability of triage tools to be
assessed independently of human error,

Study limitations include under-representation of burns and blast
injury mechanisms. The low proportion of patients with gunshot
wounds is representative of the UK, where mass shootings are rare
following the introduction of strict gun laws after the 1996 Dunblane
Massacre [4,6]. Our study findings may be less generalisable to other
nations and during conflict |4]. The term “catastrophic haemorrhage”
utilised by four teols could not be applied using registry information;
howewver, there is abundant evidence that haemorrhage is the leading
preventable cause of death following trauma and that control of
bleeding improves survival [33]. This seudy focusses on the ability of
triage tools to predict P1 status only. Future studies should evaluate
the ability of tools to predict other triage categories (e.g. over-triage
of P3 patients as P2 may impact hospital resources) and further
reduce over-triage rates, Over-triage has the advantage of rapidly
removing children from the sceme; however, there is a direct correla-
tion between over-triage and mortality [7]. Further work should
focus on developing tools that do not involve arithmetic calculation:
CareFlight and BAMP employ qualitative assessments alone, how-
ever, both have demonstrated sensitivity =50% in predicting P1 sta-
tus in this and other studies. Our study findings may be biased by
patients excluded due to missing pre-hospital physiological data:
excluded patients had a higher mortality and younger age when
compared with included patients. [n particular, our study's estima-
tion of tools' ability to predict mortality as an outcome measure is
likely further biased by TARN's exclusion of pre-hospital deaths. It is
unclear why such a large proportion of childrem {67-2%) within the
trauma registry are missing pre-hospital data as compared with 9.2%
of adults in a similar study [1%]. Possible explanations include
challenges in collecting prehospital observations in young chil-
dren, expedited rransfer of paediatric caswalties to hospital or
shortfalls in submitting data to TARN. We strongly recommend
that care providers explore and address why the quality of paedi-
atric prehospital data is remarkably different from that of adules
within the same trauma registry. Several post-event evaluations
have cited the availability of pre-hospital data as a barrier to
determining MI triage tool performance [3,4,32]. We considered
data imputation and use of first recorded hospital physiology
{which may be influenced by treatments administered prior to
hospital arrival), however these may further bias results,
Although not without limitation, use of national trauma registry
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data may represent the largest UK population of injured children
in whom triage tool performance can be assessed.

In conclusion, based on performance assessed using this trauma
registry population, we recommend that the BCD Triage Sieve should
be applied to both children and adults injured in UK Mls, which
wiould simplify both training and application of the triage process
while improving in parallel the accuracy in identifying patients in
need of time-critical major resuscitative and surgical intervention,
The methodology used in this study (Lerner's criteria, incorporating
pacdiatric-specific fMluid resuscitation measures) uses outcome data
o kdentify appropriatensss of original triage category. This methoed
provides an objective standard for developing novel triage tools as
well as conducting post-event evaluations of future UK Mis.
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Supplementary Data Table 1: Designation of Triage Categories based on EMS and Hospital

Interventions received:

DEAD

TARN equivalent

A lack of palpable pulse and/or respiratory effoet (i-e- cardiac or
respiratory arrest) at initinl EMS assessment thot is ned responsive to
airway positioning or needle decompression

Any cardiorespiraiory resuscitation at scene AND Inpatient death

2+ | Lack of pulse or respiratory effort within 15 minutes of EMS arrival Any cardiorespirmtory resuscitation at seene AND Inpatient death
at scenc
+ allm
EXPECTANT TARN equivalent
1+ | In patients aged 0 to 49 years old, third degree (full thickness) buma | 9% Total Body Surface Bums
o =005 of the body
2| In patients over 30 vears obd, third degree (full thickness) bums w Age=50 venrs AND 40-89% Total Body Surface Bums
=>Bif% of the body
3+ | Penetrating or blunt trauma to the head which crosses the midline Any head mjury AND Todal GCS=3 or Motor GUS23 at scene AN Inpotient death
with agonal respirations and‘or no motor response decorficate
posturing or decerebrate posturing (i-e- a molor GCS of 3 or bess)
A4+ | Unconirolbed haemerrhage thar resulied in cardiac arest prior o Ner TARN eqpuriverfens
EMS transport
4 All no
PRIORITY 1 (IMMEDIATE) TARN equivalent
- | Meurologie, vascular, or haemorrhage-controlling surgery to the At seene: Pericardial decompression, pericardiocentesis, thoracotomy, heart surgery
head, teck or torso performed within 4 hours of arrival to hospital
In hospital fingluding EDL:
Evacuation of EDH/SDH, Evacuation ICH, Elevation depressed cramium, Repair Cranium
fracture, Open Craniotomy, Burrhelz of Cranium, Lobectomy of brain, Repair of Dura,
Craniectomy
Laparotomy, Splenectomy, Nephrectomy, Resection Liver, Repair Spleen, Repair Kidney
lmeeration, Abdominal Packimg, Coesanan Delivery for trouma, Colostomy,
Hemicolectomy/'Colectomy, Heectomy, Repair Liver [aceration, Repair Colon laceration,
Repair Rupture fo Bladder, Repair mesentery of small bowel, Repair mesentery of colon,
Excision of Pancreas, Repair of Duodenum, Bepair of Jejunum, Repair of lleum, Repair of
Stomach, Rectal operotion, Bowe] operations {speified),
Surgery involving the Iliac artery, Surgery invelving the Subclavian artery, Acrtic Repair,
Pericardiocentesis, Thomeotomy, Aortic Repair, Presmonectomy, Heart Surgery, Repair
of lung, Repair Oesophapgus, Diaphragm repair
External Fisation of Pelvis, Fixation of Pelvie Ring. Fixation of Acetabulum
2- | Limb~conserving surgery performed within 4 hours of arrival at Fasciedonyy, Surgery 1o the brachial or femaoral antery, Amputation of upperTower limb-
hospital on a limb that was found to be pulseless distal to the injury
prior o surgery Any injury to the brachial or femoral artery (not time dependent)
3+ | Escharotomy performed om a patient with bums within 2 hours of Eschanstomy
arrival at a hospital
4- | Chest tube placed within 2 hours of arrival at hospital Insertion of cheat fube at scene or in-hospital
5+ | Anadvanced airway intervention (e-g- intubation, LM A, surgical Airway obstruction at scene or in-hospital,
airway) performed in the pre-hospital setting or within 4 hours of Adrway support required at scene or in-hospital,
wrrival ot hospital Intubation and mechanical ventilation at scene or in-hospital,
CPAP administration in ED or Critical Care,
Cricothyroidotomy o tracheostomy required at scene of in-hospital
B | IV vasopressors adminigtered within 2 houss of areival at hospital Administration of f s/ inotnopes
T- | Arrived in the ED with uncontrolled hazmorrhage Administration of 4 or more units of bleod products within 24 hours of admission,
Any use of Resuscitative Endovascular Balloon Occlusion of the Aorta (REBOA),
Imterventional radiology/embolisation within 4 hours of hospital arrival
* Administration of blood and'or blood products within 1 howr of hospital arrival
*Administration of >20ml kg of intravenous Nuids within 1 hour of hospital arrival
@ | Patient who required EMS initiafion of CPR (i-e- had a cardiac Any cardiopulmonary resuscitation in hospital (in the absence of cardiopulmonary

wrrest) during transport, in the ED, or within 4 hours of arrival at a
hospital

resuscitation af scene)

Al na

PRIORITY 3 (MINIMALY)

TARN equivalent

Diischarged from the ED with no X-rays or an extremity X-ray that
was negative or showed an uncemplicated fracture {i-e- a closed
extremity fracture withowt significant displacement or neurovascular
compromise); no laboratory testing; received only simple wound
repair {single layer suturing only); and received no medications
intravenously (does not include Muidsy, or inhaled (does not include
oxygen) from EMS or in the hospital

Not Included fn TARN database (these patients wonld not meet TARY Inclusion criteria)

4Am‘m

| PRIORITY 2 (DELAYED)

TARN equivalent

| All remaining patients

All remaining TARN patients who do not fulfil any criteria for previous triage calegories




Ledger: *These parameters are specific to children (aged <16years). Cardiac arrest is defined as a lack of palpable pulse and
EMS initiation of CPR. CPR= cardiopulmonary resuscitation. Chemical, biological, radiclogical and neurological (CBEN)
entitigs were excluded from triage category definitions as no CBRN patients exist within the TARN database. There is
international variation in the names of triage categories with approximate equivalence as follows: Priority | (Immediate,
Red, T1); Priority 2 (Delayed, T2, Urgent); Priority 3 (Minimal, Minor, T3); Expectant {Unsalvageable, T1 hold, P4); Dead
(Black).

Supplementary Table 2: Tool prediction of in-hospital mortality (patients under 16 vears)

Tool Sensitivity Specificity Under-triage :::::ET; AUC
BCD Tringe Sieve | 943 (834, BE-5) 37+5 (361, 359} 37 BE-4 0659 (0-554, 0-724)
CarcFlight | 83-0(69-7,91-5) R6-0 (RS-0, RT-0) 17-0 o4-0 0-845 (0-B09, D-BR1)
JumpSTART | 868 (74-0,94-1) B-d (RS54, RT-d) 132 93-5 (-866 (0-834, 0-K98)
MIMMS Tringe Sieve | 887 (76-3,95-3) H1-7 (806, B2-8) -2 450 (852 (0-B17, 0-BET)
MPTT 185 (9-9, 32-4) 36-0(34-6,37-3) Bl-1 98-7 0-274(0-196, 0-352)
MPTT-24 1740 (8-5, 30-3) 39-8 (38-5,41-7) 83-0 99-7 0-284 (0-205, 0-363)
MSTART | 92-5(80-9,97-6) TH2 (7740, 74-3) TF 495-h (853 (0-519, 0-BER)
MARLU Triape Sieve | 34-3(71-9,92-8) 721 (708, 73-3) 151 96-8 0-T85 {0-738, 0-832)
PTT* | 69-8(53-5,81-3) 86-2 (B5-2, BT-1) 30-2 04-8 0-TH0{0-712, 0-B2E)
RAMP | 906 (756, 96-5) T9-1 (TE-0, BO-3) 94 95-5 (-840 (0-813, 0-B84)
START | 91-7(71-5,98-5) 79-7(78-1,81-3) 83 95-8 0-801 {0-807, 0-907)

Ledger: BCD Tringe Sieve =Battlefield Casualty Drills Trimge Sieve, MIMMS Tringe Sieve=Major Incident Medical Manngement System
Triage Sieve, MPTT=Maodified Physiological Triage Tool, METART=Maodified START, NARU Trizge Sieve=Mational Ambulance
Resilience Unit Triage Sieve, RAMP=Rapid Assessment of Mentation and Pulse, START=Simple Triage and Ragid Treatment,
PTT=Paedisiric Tringe Tape, *The PTT is only applicable to those under 12 years (n=2516, 50-7%),

Supplementary Table 3: Tool prediction of ISS>15

Tool Sensitivity Specificity Under-triage :::iv:gr; AUC
BCD Tringe Sieve | 736714, 757) 424 {407, 44 1) 264 B8 (380 (0-563, 0-596)
CarcFlight | 35-3(33-0,37-7) 95-2 (944, 95-5) 64-7 21-9 0-653 (0-637, D-66E)
JumpSTART | 29-9(27-6,32-1) 93-1 (92-2, -0y To-1 311 0-615 (0-399, 0-631)
MIMMS Tringe Sieve | 32-8(30-5,35-1) 876 (BA-4, BE-T) 67-2 439 (602 (0-586, 0-61R)
MPTT | 61-7(39-3.64-1) 35-6(33-9, 37-2) 38-3 GE-4 0486 (0-4689, 0-504)
MPTT-24 | 59-4(57-0,61-8) 40-2 (38-5,41-8) 40-6 E7-A 0-498 (0-481, D-515)
MSTART | 43-5i41-1,46-0) &7-6 (864, BE-T) 565 371 (656 (0-640, -671)
NARL Triape Sieve | 431 (407, 45-6) TES (770, T95) 56-9 50-8 0608 (0-5592, 0-624)
PTT* | 34-5(32-2,36-0) G5-3 (04-5, 06-0) 635-3 22-1 0649 (0-633, D-663)
RAMP | 42-4 (40-0, 44-8) B84 (RT-3, R9-5) 576 36-1 (-654 (0-638, 0-670)
START | 36-4(33-0.40-0) #5-6 (B3-8, BT-2) 63-6 48-2 0-610(0-587, 0-633)

Ledger: BCD Triage Sieve =Battleficld Casualty Drills Triage Sieve, MIMMS Triage Sicve=Major Incident Medical Management System
Triage Sieve, MPTT=Modified Physiological Triage Tool, M3TART=Modified START, NARLU Triage Sieve=Mational Ambulance
Resilience Unit Triage Sieve, RAMP=Rapid Assessment of Mentwion and Pulse, START=Simple Triage and Rapid Trewtment,
PTT=Paedistric Tringe Tope. *The PTT is only applicable to those under 12 years (n=2516, 50-7%).



Supplementary data: Analysis of missing data (relationship with patient characteristics/outeome and age)

Number of patients with missing data:

Respiratory rate {ASSESS_RESP_RATE_VAL) 177
Heart rate {ASSESS_PULSE_VAL) 7194
Total GCS Score {ASSESS_GCS_TOTAL) 6887
Systolic Blood Pressure (ASSESS_SYSBP_VAL) 9534
GCS Mator Seore (ASSESS_GCS_MOTOR) 7275

MRS GCF MOTDS

MESESS SYSEP WAL

BSSESS_GCS TOTAL

ASEESS, PULSE WAL

ASHLSS ALSF RATE WAL

) It P ) @ @ :
B misung

We examined whether missing physiology hos any association with patients” characteristics i.e. gender, injury type, injury mechanism,
outcome, and age.

There is an asscciation between missing sysiolic blood pressure and patient gender (p = 0.0129). Females were more likely to
have missing BP,

There are associations between missing physiology and injury type (P < 0.0001 ). Patients with blunt injury were more likely to
have missing HR, GCS TOTAL, GCS MOTOR, and BP. Patients with penetrating injury were more likely to have missing RR.
There is an association between missing physiological dita snd owteoms (p < 0,01 ). Patients with missing RR, HR, GCS
TOTAL, GCS MOTOR were less likely to die. Patients with missing BP were more likely to die.

There is an association between missing physiological data and INJURY MECHANISM ({p < 0L01), Patients with missing RR,
HE. GCS TOTAL and MOTOR were more liku:l:rw have the following injury: blow, fall less than 20, and other. Patients with
missing BP were also more likely to have bum injury.

Patients with missing physiological data tend io be younger (median age 3.6 vs. 9.9 years old). The following graph demonstrates
the relationship between age and missing physiolegical data.
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Ledger: GCS=Glasgow Coma Score, BP=systolic blood pressure, HR=heart rate, RR=respiratory rate



Chapter 2 Conclusions

Evidence-based triage category definitions have been validated amongst adults and children from
the UK national trauma registry. This system developed by Lerner et al defined P1 patients as those
requiring any one of eight time-critical life-saving surgical and major resuscitative interventions,
directly reflecting patient resource requirements, and is shown to correlate well with casualty
distribution within UK regionalised systems of trauma care. Hence, it is recommended that Lerner’s
criteria should become the gold standard in reporting triage tool performance in future UK major

incidents.

In an effort to examine the performance of existing tools amongst adults and children, these
intervention-based triage category definitions were compared with the triage category assignments
of ten existing international triage tools. A key limitation of this approach is the use of singly-injured
TARN patients as surrogates for those injured in Mls, in whom injury characteristics and severity as
well as outcome may differ. However, use of this large and highly complete dataset of a nationally
representative patient population has yielded valuable evidence which may inform national policy
development. This comparative analysis demonstrated that the current UK national triage tool, the
NARU Triage Sieve, is poorly sensitive in identifying P1 patients who require time-critical, life-saving
interventions, and was surpassed in sensitivity by several tools, the best of which was the UK
military’s BCD Triage Sieve (Chapter 2, publication number 1). Similarly, in children from the
national trauma registry, the current UK tools, the Paediatric Triage Sieve and JumpSTART,
demonstrated suboptimal performance and were substantially outperformed by several tools, with

the BCD Triage Sieve again demonstrating the greatest sensitivity (Chapter 2, publication number 2).



CHAPTER 3: MACHINE LEARNING
DEVELOPMENT AND VALIDATION OF
NOVEL PRIMARY AND SECONDARY TRIAGE
TOOLS
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Introduction to Chapter 3

In Chapter 2, an objective and evidence-based system to define triage categories has been validated
amongst adults and children from the UK national trauma registry (TARN). This system developed by
Lerner et al defined P1 patients as those requiring any one of eight time-critical life-saving surgical
and major resuscitative interventions, directly reflecting patient resource requirements in the Ml
setting. Existing international adult and paediatric Ml triage tools have been evaluating using this
proposed gold standard. This comparative analysis identified the BCD Triage Sieve as the tool with
the greatest sensitivity in predicting P1 status amongst both adults and children, surpassing the
current UK adult (NARU Triage Sieve) and Paediatric (Paediatric Triage Tape) Ml triage tools. The
BCD Triage Sieve can thus act as a useful comparator for the modelling of novel tools, however it is
noted that this expert-derived tool has a considerably high over-triage rate of 68-72%, suggesting
that there is room for improvement, where the sensitivity of BCD Triage Sieve is preserved or
increased but with a more acceptable over-triage rate. Additionally, many of the existing tools
outlined in Chapter 2, including the BCD Triage Sieve, utilise arithmetic calculations as part of patient
assessment. This is in spite of several post-event evaluations of real-life major incidents reporting
that counting is difficult to perform accurately in practice, and leads to the abandonment of the use

of tools in situations where there is an ongoing threat to care providers.

Machine learning (ML) explores the construction and study of algorithms that can “learn” or make
predictions on data, without following strictly static computer programming instructions. ML has
several advantages over traditional statistics, for example by using algorithms to identify previously
unrecognised input variables that predict outcome, unlike the requirement for human-determined
variables in traditional statistics. Additionally, non-linear relationships between variables and

outcomes can be harnessed, making ML particularly useful in identifying complex or unclear data

13



inter-relationships. In healthcare, ML has the potential to impact and progress patient triage,
diagnosis of disease, prediction of patient outcomes and estimation of prognosis. Tree-based
machine learning models have demonstrated utility in clinical risk stratification and the development
of decision support tools, with the ability to capture non-linear interactions between input variables.
Although there is a paucity of databases encompassing data from major incident victims, large
trauma registry databases exist, encompassing a broad range of patient demographics and injury
mechanisms. There is potential for machine learning applied to these large databases to result in
models which outperform existing tools in predicting the need for life-saving interventions in injured
patients, particularly as previous triage tools are largely based on expert opinion. Hence, there is
scope to develop machine-learning models that can be adapted into primary and secondary Ml
triage tools. Crucially, any such models must be externally validated using an independent
population of injured patients prior to recommending these for practical use in Mls. The aim of
Chapter 3 is to use machine learning to develop novel primary and secondary triage tools for the UK
civilian setting and to validate these externally using a geographically distinct population of injured

patients.
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and secondary triage tools
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Damian Keene, *® Mark Foster,*** Janet Lord,”* Antonio Belli** Timothy Hodgetts,

Douglas Bowley, *® George Gkoutos

ABSTRACT

Background Major incidents (MIs) are an important cause
of death and disabdity. Triage tools are crudial to identifying
priority 1 (P1) patients—those needing time-critical, life-
saving interventions. Existing expert opinion-derived tools
have Emited evidence supporting their use. This study empioys
machine learning (ML) to develop and validate models for
novel primary and secondary triage tools.

Methods Adults (16+ years) from the UK Trauma Audit
and Research Network (TARN) registry (January 2008—
December 2017) served as surragates for Ml victims,
with P1 patients identified using predefined criteria. The
TARN database was split chronalogically into model
training and testing (70:30) datasets. Input variables
included physiological parameters, age, mechanism and
anatomical location of injury. Random forest, extreme
gradient boosted tree, logistic regression and decision
tree models were trained to predict P1 status, and
compared with existing tools (Battlefield Casualty Drills
(BCD) Triage Sieve, CareFlight, Modified Physiological
Triage Too| MPTT-24, MSTART, National Ambulance
Resilience Unit Triage Sieve and RAMP). Primary and
secondary candidate models were selected; the latter
was externally validated on patients from the UK
military’s Joint Theatre Trauma Registry (ITTR).

Results Madels were internally tested in 57 979 TARN
patients. The best existing tool was the BCD Triage Sieve
(sensitivity 68.2%, area under the receiver operating
curve (AUC) 0.688). Inability to breathe spontaneously,
presence of chest injury and mental status were

most predictive of P1 status. A decision tree model
including these three variables exhibited the best test
characteristics (sensitivity 73.0%, AUC 0.782), forming
the candidate primary tool The proposed secondary tool
(sensitivity 77.9%, AUC 0.817), applicable via a portable
device, indudes a fourth variable (injury mechanism). This
performed favourably on external validation (sensitivity
of 97.6%, AUC 0.778) in 5956 JTTR patients.
Conclusion Novel triage tools developed using ML
outperform existing tools in a nationally representative
trauma population. The proposed primary tool requires
external validation prior to consideration for practical
use. The secondary tool demonstrates good external
validity and may be used to support decision-making by
healthcare workers responding to Mis.

INTRODUCTION
In the immediate aftermath of a major incident (MI),
patient needs exceed the resources available to treat

1,2,3,10,11

WHAT IS ALREADY KNOWN ON THIS TOPIC

= During major incidents (Mis) (eg, terrorist
attacks), triage tools have a crudal role in
maximising overall survival by identifying
priority 1 (P1) patients.

= Existing tools, derived using expert opinion,
have limited evidence to support their use.

WHAT THIS STUDY ADDS

= In this study, novel machine learning-based
primary and secondary triage tools surpassed
the current UK National Ambulance Resilience
Unit Triage Sieve and other existing tools in
identifying P1 patients within a nationally
representative trauma population.

= The secondary tool demonstrated favourable
external validity. However, the primary tool
could not be externally validated due to missing
GCS component data.

HOW THIS STUDY MIGHT AFFECT RESEARCH,

PRACTICE OR POLICY

= The proposed secondary tool, applicable using
a portable device, may be used to support
decision-making among healthcare workers
responding to Mls.

them'™: triage tools seek to categorise patients, to
guide the order of treatment, transport from the
scene and the choice of medical facility for definitive
care.* ® A vital function of triage tools is to identify
patients requiring time-ctitical, life-saving interven-
tions (priority 1 or P1 patents). Failure to identify
these patients (undertriage) is associated with abso-
lute harm arising from delays in care or selection of
an inappropriate medical facility.®” However, over-
triage may risk overwhelming healthcare facilities
with patients not requiring time-critical treatment.”

Primary triage, conducted at the scene of an
MI, uses paper-based flow diagrams that are quick
and simple to apply under challenging condi-
tions.* Existing primary triage tools have largely
been developed using expert opinion, often with
limited evidence to support their use.® These
include the National Ambulance Resilience Unit
(NARU) Triage Sieve (current UK rool for adults),
the Australian CareFlight and the US Simple Triage
And Rapid Treatment (START).® * ' These tools

BM)
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use ambulatory status to designate priority 3 (minor) category,
followed by physiological assessments 1o distinguish P1 from P2
{less critical) patients. A recent study demonstrated thar the UK
military’s Battlefield Casualty Drills (BCD) Triage Sieve attained
greatest sensitivity among 10 international primary triage tools
in detecting P1 status among adults; however, this was associated
with an overtriage rate of 7200."

Primary triage is often, but not always, followed by a further
targeted prehospital clinical assessment of patients known as
secondary triage. This is usnally undertaken in a place of rela-
tive safety (eg, Casualty Clearing Station or hospital reception
area)' *; thus, the additional use of medical equipment and/
or portable devices is more plausible. Two existing secondary
MI triage tools are the UK's Major Incident Medical Manage-
ment and Support Triage Sort which has suboptimal sensitivity
{15.7%) in predicting the need for life-saving intervention, ! and
the US pomnts-based Sacco Triage Method (developed to predice
mortality) which is time-consuming and complex to apply.”

Anatomical assessment of injuries has yet to feature in any
MI rriage tool, yet this is commonly used in the field triage of
singly injured patients.' Advanced age is associated with worse
outcomes following injury; however, existing tools do not incor-
potate this in patient assessment.'” There is scope to develop
evidence-based primary and secondary MI triage tools which
offer greater sensitivity while decreasing overtriage compared
with the BCD Triage Sieve, yet preserve applicability. Tree-based
machine learning models have demonstrated unlity m clinical
risk stratification, with the ability to capture non-linear interac-
tions between input variables." ™ This study aimed to develop
machine learning models that can be adapred into primary and
secondary MI triage tools and to externally validate these models
using an independent population of injured patients.

METHODS

Database for model training and internal testing

Model development and validation were conducted according
to Transparent Reporting of a multuvariable prediction model
for Individual Prognosis or Diagnosis guidelines.'® Adult {16+
years) patients from the Trauma Aundir and Research Network

(TARN) registry presenting between 1 January 2008 and 31
December 2017 were included.” The TARN registry prospec-
tively captures prehospital and hospiral data from 169 hospitals
i England and Wales for patients who meet the following inclu-
sion criteria: length of stay =72 hours or admission to intensive
care and/or death in hospital.” TARN does not include prehos-
pital deaths. Patients for whom any input variables required for
modelling were missing were excluded. Using hospital arrival
dates recorded by TARN, the database was split temporally
(70:30) to generate model training and internal testing datasers,
respectively.

Primary outcome of interest

The primary outcome of interest was P1 status, defined as the
need for ime-critical life or limb-saving surgery and/or advanced
resuscitative measures.”® Each patient was retrospectively desig-
nated a triage category {priority 1, priority 2, priority 4/expectant
o dead) (see flow diagram in online supplemental figure 1)
using validated, consensus-derived definitions (table 1)."" " Prior
to the modelling phase, patients were designated either P1 or
non-P1. The small numbers of P4 and dead patients (who share
physiological similarities to P1 patients) were excluded from the
modelling as these may impede model performance.

Input variables selected for modelling

Input variables differ in their complexity and tme raken for
measurement. Variables thar can be readily assessed by first
responders in the MI setting were included in the modelling
process (summarised in online supplemental table 1). This
mncluded all physiological parameters used by existing MI triage
tools (first-recorded prehospital HR, RR and systolic BP) with
the exception of capillary refill time, which has been found to be
a poor reflection of circulatory status and s difficult vo measure
reliably in challenging settings and in non-white patients.® " ¥
In addition to the ability to follow commands (GCS Motor) used
by the CareFlight triage tool, all subcomponents of the GCS
were included.” However, total GCS score, although known
to be an important predictor of outcomes m injured patients,

Table 1 Triage category definitions
Dead P Cardiac andior respiratory armest at initial prehospital evaluation that is not responsive io needle decompression or ainway positioning (or the
delivery of two rescue breaths in children less than 12 years old)
# Lack of palpable pulse and need for (PR {ie, cardiac amrest) within the first 15min of EMS amival on scene
Priarity 4 (expectant) ¥ In patients aged 048 years: third-degree (full thickness) bums to =90% of the body
¥ In patients aged 540 years and over: third-degree {full thickness) burns to >80% of the body
P Penetrating frauma to the head that crosses the midline with agonal respirations andior no mofor response, decorticate postuning or decerebrate
pasturing fie, GC5 Motor =3)
¥ Blunt trauma ta the head with agonal respirations and/or no motor respanse, decorticate posturing or decerebrate pasturing (ie, GCS Motor =3)
» Uncontrolled haemarrhage that resulted in cardiac arrest (defined as a lack of palpable pulse and EMS initiation of CPR) prior to EMS transport
Pricirity 1 ¥ Newological, vasoular or hasmomhiage-controlling surgany to the head, neck or torso performed within 4 howrs of armival to hospital
B Limb-conserving surgery performed within & hours of arrival at hospital on a limb that was found to be pulseless distal to the injury prior to surgeny
» Escharotomy performed on a patient with burns within 2 hours of amival at a hospital
» Chest tube placed within 2 houwrs of amival at hospital
» An advanced airway intervention (eq, intubation, LM, surgical aireay) performed in the prehaspital setting or within 4 hours of arival at haspital
» ¥ vasopressors administered within 2 hours of arrival at hospital
» Amived in the ED with uncontrallad b
B Patient wha required EMS initiation of CPR {ie, had a cardiac arrest) during transport, in the ED or within 4 howrs of arival at a hospital
Pricrity 2 » Al patients who do not meet the riteria for the other categories are considered priority 2
Priarity 3 ¥ Discharged from ED with no X-rays or an extremity X-ray that was negative or showed an uncomplicatad fracture (ie, a closed extramity fracture

without significant displacement or neurovasoular compromise); no laboratory testing; received only simple wound repair (single-layer suturing

anlyl: and received no medications intravenously (does not indude fluids), or inhaled (does not indude axygen) fram EMS or in the haspital
These definitions were derived by expert consensus and have been validated in a UK trauma population. Priotity 4 (expectant) denotes injuries which are incompatible with life
CPR, cardiopulmanary resusdtation; EMS, emengency medical services; IV, intravenous; LMA, larynigeal mask ainway.
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was not included.” ™ Total GCS is time-consuming to calculate,
with evidence suggesting that scores by paramedics frequently
differ from those assigned by emergency physicians; hence,
measurement under MI conditions may lack accuracy.’ ™ The
ability to breathe spontaneously is an important determinane
of outcome and is assessed early within several existing triage
tools.” " TARN does not explicitly record whether patients are
spontaneously breathing ar the scene of injury, nor does it record
the indication for airway interventions.” We assumed that all
patients who recerved an advanced airway intervention at the
scene (defined as intubation and ventilanion and/or surgical
airway and/or the need for airway support) were unable to
breathe spontaneously. " 4!

The presence of injury in anatomical regions including the
head, face, chest and limb(s) was included as input variables for
modelling using retrospectively calculated Abbreviated Injury
Severity (AlS) scores (TARN records AIS based on hospital
rather than prehospital dara). A binary input (AlS=0, AIS =0)
was used rather than a graded assessment of severity. Due to the
known difficulties in identifying intra-abdominal injuries based
on clinical assessment alone, and the requirement o undertake
detailed clinical assessment in order to reliably idenufy spinal
injuries, the presence of spinal and abdominal injuries was not
included as input variables.™ ¥ Patient age was dichotomised
into age =635 years (ves or no), which may be reliably identified
by first responders.’™ Broad injury mechanism (blunt or pene-
trating) was included.

Input variables described thus far were deemed appropriate for
inclusion in both primary and secondary triage tools. Although
not conducive to primary triage due to the need for caleula-
tion, shock index (HR/systolic BP), which may correlate better
with outcome than HR or systolic BP alone, was included in
the modelling process as a potential component of a secondary
triage tool.

Madel training and internal testing

Four machine learning methods were applied ro the model
training dataset to distinguish P1 from non-P1 patents. Decision
tree (RPART) methodology was included because models can be
visualised as bifurcating trees, closely resembling the formar of
existing primary triage tools. Two other tree-based models with
demonstrated value in clinical risk stratfication, random forest
(RF) and eXtreme Gradient Boosting (XGB), were trained ™ **
Further methodological details are presented as online supple-
mental material. Finally, we included an L1-regularised logistic
regression model. We anticipated that non-P1 patients would
substantially outnumber P1 patients; hence, we adopted an
undersampling strategy to balance the dara by leaving out
random samples of non-P1 patients.™ For each of these models,
fivefold cross-validation was applied.l"

To generate models that were no more complex to apply than
existing primary triage tools, modelling included all possible
combinations of 3=7 of the available 13 input variables. Model
building and selection strategy are summarised in online supple-
mental figure 2. Models trained using all 13 input variables,
although too complex for pracucal application as triage tools,
were also considered as comparators (online supplemental rable
2). Additionally, we compared the triage assignments (namely,
P1 status) of 10 existing international pn’mar{ triage tools to the
testing dataset (online supplemental table 3)."

Previous studies demonstrate that elders (aged 65+ years) are
over-represented in the TARN population while constituting
18.3% of the UK population'’; hence, during resting, we split

the TARN testing set by age (ages 16-64 years and 65+ years) to
further evaluate model performance.

Determining feature importance

We assessed the relative importance of individual fearures (input
variables) in model predictions using the TreeSHAP method,
a model-agnostic, individualised fearure artribution method
for explaining predictions.” The resulting Shapley value for
a particular feature measures the expected change in model
prediction when that feature is present relative to the average
model prediction. Additionally, feature importance was esti-
mated by the contribution of each feature o the overall XGB
model-predictive performance.’

Selection of models as candidates for primary and secondary
triage tools

We sought to identify models thar achieved the best possible
performance (maximal sensitivity in identifying P1 patients,
but also favourable overtriage rate and area under the receiver
aperating curve (AUC)) across all ages as well as age subgroups,
using the minimal number of input variables, to maintain prac-
tical applicability. We predetermined that selected models must
outperform the best performing existing triage tool, as identified
by our study.

In keeping with existing practice, the primary tool candidate
was intended to be a paper-based, simple algorithm. The model
selected as a secondary tool was adapted into a web-based proto-
type using the R shiny applicaton.

External validation of models using the Joint Theatre Trauma
Registry database

The UK military’s Joint Theatre Trauma Registry (JTTR)
(February 2002-December 2016) was used to externally vali-
date the selected models. JTTR ncludes consecutive patients
who triggered trauma team activation at a deployed medical
treatment facility, largely comprising combat casualties during
military operations in Iraq and Afghanistan.

Children (<16 years), patients with erroneous data (eg, age
over 110 years) and those with injuries recorded as both blunt
and penetrating were excluded from the validation (see online
supplemental figure 1). As we expected a paveity of prehospital
data in this population,®® patients” first recorded hospital physi-
ology was used. Patients with missing data for the input variables
were not excluded. Subcomponents of GCS are not routinely
recorded within [TTR; these were derived for patients with GCS
15 and unavailable for those with GCS <15, Furthermore, we
evaluated candidate models on a subset of [TTR patients with
sufficient data te apply the best performing existing tool (subse-
quently found to be the BCD Triage Sieve), thereby facilitating
direct comparison. Triage category definitions were applied as
described earlier (table 1): since [TTR does not record the time
of interventions, those performed at deployed medical treatment
facilities were presumed to have occurred within 4 hours. ™

Statistical analyses

Patient characteristics across the model training, internal test
and external validanion datasers were compared using the X
test (Injury Severity Score (1S8) and age compared using Mann-
Whitney U test); p<0.05 was considered stanstically signifi-
cant. Model performance is reported as sensitivity, specificity,
undertriage (1-sensitivity) and overtriage (1-positive predictive
value). The 95% Cls for the AUC were calculated using deLong’s
method (pROC R package, V1.17.0.1).% The 95% Cls for
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Table 2 Patient and injury characteristics for the model training, testing and extemnal validation cohorts

Madel training dataset (70% TARM: 1 Jan Mode| testing dataset (10% TARM: 15 Jul Excternal validation dataset (ITTR: 1 Feb
2008-14 Jul 2016) 2016-31 Dee 2017) 2002-31 Dec 2016)
Gender
Male 72017 GLE%R} 20532 [50.9%) 5H30 (37.9%]
Female 2465 [46.2%) ZBA47 [49.1%) 106 [1.8%)
Massing data 0 [0.0%] 0(00%) 20(0.3%])
Iejry Severity Seore
Median (IR} 2 [3-16) 3-17) 7
Missing data 0 [0.0%] 0 (0%} 13 (0.2%)
e
Median (10R) £4.3 (45.6-82.3) 70.9 51.5-845) 24.(21-28)
16-Bdyears 69237 (51.29%) 24769 [42 %) 5256 (B8.2%)
&5+ years 66045 [4B.B%) 33210 [57.3%) 25 (0.4%)
Mizsing data 0 [0.0%) 0(0.0%) 675 [11.3%)
Dichange status
Alive 127624 (94.3%) 54303 (93.8%) 5681 (35.4%)
Dead 7657 (5.7%) 3506 [5.2%) 275 [4.6%)
Missing deta 1005 0 (0%} 0 [0.0%)
Injury mode
Blunt 131 208 [97.0%) 56473 (97.4%) 1092 (1B.3%)
Pertrating 2074 (3.0%) 1506 [2.6%) 2864 (B1.7%)
Missing dsla 0 [0.0%] 0 0%} 0 [0.0%)
Injury methariim
Fall less than 2m 76160 [56.3%) 36 380 (62T} 78 (1.3%)
Viebiche incident 30195 [22.3%) 10744 (185%) 389 (6.5%)
Fall mare than 2m 17838 (13.2%) 6725 (11.6%) 37 (0.6%)
Blowiy) 2671 (1.6%) 1868 (3.2%) 0 [0.0%)
Stabking 2671 (2.1%) 1102 (21%) 20 (0.5%)
Cush 1065 (LE%) 268 (0.5%) 76 (1.3%)
Shaating 128 (0.2%) 91 (02%) 2316 (38.9%)
Eun o1 (.07%) 27 (LIE%) 3[DA%)
Elast B8 (0.07%) 50 (0L05%) 2026 (49.1%)
Othes 1766 (1.3%) 634 (1.1%) 86 (1.4%)
Mising sl 0 [0.0%) 0 (00%) 16 (0.3%)

ITTR, Joint Theatre Tawma Regitry; TARN, Tauma Swedit and Research Ketwork

models’ sensitivity at given specificity Eﬂinrs were calculated
using 500-stratified bootstrap replicates.”

Patient and public involvement
Patients or the public were not involved in the design, or conduct,
or reporting, or dissemination plans of our research.

RESULTS
Training dataset and primary outcome of interest
A rotal of 200 728 patients were captured by TARN over the
10-year period. After exclusions, the sample consisted of 193 261
patients, of which 21878 patents (11.3%) fulfilled P1 criteria.
The model training dataset comprised 135282 patients,
with a median age of 64.3 years, in-hospital mortality of 5.7%
and predominantly blune injuries (97%), most commonly low
falls (56.3%) (table 2). Patients within the mnternal test dataset
(n=57979) were older (median age 70.9 years vs 64.3 years,
respectively, p=<0.001) and more often injured by a low-level fall
(62.7% vs 56.3%, p=<0.001) compared with patients within the
model training dataser.

Model training and internal testing

In the test set, the BCD Triage Sieve demonstrated the greatest
sensitivity at 68% with overtriage at B0.8% (table 3). Existing
tools performed less well in the elders” subgroup compared with

vounger (16-64 years) adults, with sensitivity 5.8-14.6% lower
and overtriage rates 11.5-33.2%higher among elders (online
supplemental table 3).

Four hundred fifty-six models were developed, which, when
applied to the internal test dataset, demonstrared greater sensi-
tvity and AUC than all existing tools. Model selection was
initially narrowed down to five decision tree models as candi-
dates for primary triage tools and 29 XGB models as candidares
for secondary triage vools (see online supplemental figure 2).
A comprehensive list, including performance by age subgroups
within the internal (TARN) testing and external validarion
{JTTR) datasets (described later), is detailed in online supple-
mental table 4A-C. Receiver operating curves demonstrating the
performance of the novel primary and secondary tool candidate
models when applied to the internal testing dataset are shown
in figure 1.

Feature importance

The top 10 features (figure 2A), and their relative contribution
in predicting P1 status (figure 2B) are presented. By far, the most
important variable was breathing status (mean Shapley value
1.2), followed by presence of a chest injury and GCS Verbal
score. Age =635 years was negatively predicuve of P1 stamus. Any
abnormal GCS Verbal or GCS Motor score contributed substan-
tially in predicting P1 seatus (see figure 2B). The XGB method of
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Table 3 Performance characteristics of existing triage tools and novel machine learning models among adult patients (16+ years) in the testing

(TARN) dataset
Semsitivity Specificity iage riria AU
Existing toaks
BCD Trisge Siewe 8.2 [66.9, 69.4) 69.5 (691, 69.9) 3.8 306, 33.1) B0.8 (B2, B1.3) 0.68% {0,682, 0.695)
CareFlight 3909 (38,6, 41.2) 945 [94.3, 04.7) 601 {58.8, 61.4) 56.4 [55.0, 57.8) 0.672 {0,666, 0.67%)
MFTT-24 4840470, 480 1564 [166.0, 66.8) 51.6{50.3, 5290 B6.7 [B6.2, B7.2) 0.574 40.567, 0.381)
MSTART 549 (53.6, 56.2) ‘B4 [BE.1, BA.T) 45.1 {438, 46 4) 66.5 [65.5, 67.5) 0717 40.710, 0.723)
NARLU Triage Saeve 4300417, 44.3) ‘B8.3 [BE.1, BA.E) 57.0455.7,383) T1.8 M9, 2.8 DUEST {0,650, 0U663)
RAMP 37.1(35.9, 38.4) 04,6 [94.5, 94.8) 629 461.6,64.1) 57.5 (561, 58.9) 0,653 {0653, 0.6E5)
Models selected o candidates for novel primary and secondary triage 1oals
Primary friage tool candidate (decion tree) T30[M.E 74.2) 738735 743) 2704258180 770 (6.4, 77.7) 0782 {0.775, OLTE
Secandary triage tool candidste (XGH] 719 [76.E, 7T9.00 731727, 735) 210,133 76.4 [75.8, 77.0) Q817 {0,810, 0.824)
Walues shown are for ALIC), accompanied by 95% Cls

*Tha best performing model using each method i

shown. Both machine |eaming models and the trisge tocls were evaluated using the same TARN popal ation (internall testing detaset)

ALIC, ares under the recereer cperating curve; BCD, Battiefeld Cassalty Drils (UK Miktary): METT-24, Modified Physiolegical Triage Tocd 24 {31 T); MARL, Mational Améulance Resikience Ui fourent UK civilian triage
Eocating,

ool TARN, Trauma Audit and Reszarch Network: XGE, eXtreme Gradiont

determining feature importance yielded similar rankings {online
supplemental figure 3).

Primary and secondary triage tool candidate models

The decision tree model selected for clinical adaptation into
a primary triage tool (figure 3) used three qualitative binary
(yes/no) assessments (breathing status at scene, ability to obey

TARN tost data

& BO
E — gt ab,_rs
Eom T ——
E & HARL i smrordury_cerdduie
]
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o_ngh il wars

— i_sevisiarg_tasabaate

(30 1%

aim [0

]
1 - speciticity

Figure 1 Performance of tool candidate models in the internal and
extemnal validation datasets compared with the Battlefield Casualty
Drills (BCDY Triage Sieve (best performing existing tool) and the current
UK tool, the National Ambulance Resilience Unit (NARU) Triage Sieve.
Additionally, the performance of an XGE model using all 13 input
variables is shown for comparison (see online supplemental material for
more details). JTTR, Joint Theatre Trauma Registry; TARM, Trauma Audit
and Research Network; XGB, eXtreme Gradient Boosting.

commands, that s, GCS Motor score=6, and presence of
a chest injury) to categorise patients as P1 or non-P1. This
achieved 73.0% sensitivity, overtriage rate of 77.0% and AUC
of 0.782 when applied to the internal testing dataser (see
table 3).

The XGB model selected as a secondary triage ool (figure 4)
combines four input variables: GCS Motor score, breathing
status at scene, presence of chest injury and classification of
injury as blunt or penetrating. This model achieved 77.9% sensi-
tvity, overtriage of 76.4% and AUC of 0.817 when applied
to the internal testing dataser (figure 1 and rable 3). This has
been adapted into an online interactive tool (accessible via link:
https:/fywxtriageap p.shinyapps.io/mltriage/).

External validation of the secondary triage model (JTTR)

A rotal of 5956 JTTR patients met inclusion criteria (online
supplemental figure 1). Median age was 24 years (IQR 21-28)
and most were male (97.996). Compared with patients in the
TARN model training set, [TTR patients had lower mortality
(4.6% vs 5.7%, p<0.001) and lower injury severity (median
1S5 8 (IQR 2-17) vs median IS5 9 (IQR 9-16), p=0<0.001). A
greater proportion of [TTR patients suffered penetrating trauma
(81.7% ws 3.09, p=0<0.001), with high prevalence of blast
injury (49.1% vs 0.07%, p=0<0.001) and shooting (38.9% vs
0.2%, p=0<0.001) (see table 2). A total of 2046 (34.3%) JTTR
patients had mussing GCS Motor scores.

Given the high proportion of JTTR patients missing GCS
Motor scores, as well as inability for decision trees 1o perform
predictions when data are missing (unlike XGB and RF), appli-
cation of the primary tool candidate model to JTTR patients
would not reliably measure the model’s external validity. Hence,
this was not performed.

Performance of the models shortlisted as candidates for a
secondary riage tool for JTTR patients is shown in online supple-
mental table 4B and model calibration is presented as online
supplemental figure 4. The model selected as a secondary ool
(XGB model, ID 37) achieved sensitivity of 97.6%0, overtriage
of 57.5% and AUC of 0.778 (figure 1). Secondary candidate
models were evaluated on a subset of JTTR patients containing
sufficient data ro apply the BCD Triage Sieve (n=5455), thereby
facilitating direct comparison (online supplemental table 3): the
secondary tool candidate attained comparatively higher sensi-
tvity (97.3% vs 80.2%), but had a lugher overtriage rate (58.5%
vs 47.404).

Xu'Y, et al. Emerg Med J 2023,0:1-8. doi: 10.1136/emarmed-2022-212440

‘wBukdos £g papejold 1sanb Aq €202 ‘9 Jequianon uo Auod g fwajfdyy woly pepeojumoq “£Z0Z Jequeidasg 9z uo OFYZ 1Z-Z220Z-PeWieWeael L 0l se paysignd jsiy f pejy Biewg



Original research

A Feature importance as determined by the Shapley method
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Chest injury present-
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Figure 2  (A) Mean absolute Shapley value for the top 10 predictors. This is followed by the (B) Shapley values for the top six most important
features (Shapley values are shown on the x axis, feature values are shown on the y axis). Large, positive Shapley values represent a greater
contribution to the likelihood of P1 status. Negative Shapley values represent contributions to non-P1 status. Age over 65 years was found to be
negatively predictive of P1 status. GCS Motor, motor subcomponent of the GCS; P, priority 1.

DISCUSSION

We have developed MI rriage tools based on machine learning
models that outperform 10 existing international triage tools
in predicting the need for ume-critical interventions (P1 status)
among adults. The best existing primary triage tool, the BCD
Triage Sieve, demonstrated sensitivity of 68.2% and overtriage
of 80.8% (AUC 0.688), while the selected machine learning
primary triage tool achieved a sensitivity of 73% and over-
triage of 77% (AUC 0.782). The model selected as a secondary

Mo Yes
Breathing spontaneously
Na Obeys commands? fes
(505 Mator=b]

Chest injury present?
(A5 Chested)

Figure 3  AIS, Abbreviated Injury Severity; P1, priority 1.

MI triage rool achieved sensitivity of 77.9% and an overtriage
rate of 76.4% (AUC 0.817). When externally validated, the
secondary tool demonstrated excellent performance with sensi-
tivity of 97.6% and overtriage of 57.5% (AUC 0.778). External
validaton of the primary tool was precluded by a lack of GCS
subcomponent data within the UK combat casualty registry. A
novel aspect of this exercise was including anatomical assessment
of injuries as part of an MI triage ool and presence of a chest
injury was found to be one of the most important variables. Our
models serve as evidence-based alternatives to existing tools.
The models proposed are based entirely on qualitative assess-
ments. Elimmating arithmeue caleulanons (RR and HR) from
triage under challenging circumstances has been advocated by
expert consensus.” The proposed four-variable secondary tool
may alse reduce triage time relative to the seven-step NARU
and BCD Triage Sieve tools. In addition, decision support using
portable device applications has established utility in the MI
setting, exemplified by CitizenAID, which enables murual aid by
members of the general public.*" Triage using a portable device
could help to minimise interuser variability and human error.
Breathing status was the most important predictor of P1 status;
this constitutes the opening step in several existing tools.® Our
study concurs with the findings of Wallis and Carley, who deter-
mined that the GCS Motor component was strongly predictive
of P1 status.*" The finding thar age >65 years is negatively asso-
ciated with 1 status may be confounded by the predominantly

6
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Figure 4 An interactive online application is demonstrated at https:/fywxtriageapp.shinyapps.io/mitriage/. AlS, Abbreviated Injury Severity; GCS

Matar, motor subcomponent of the GCS; ML, machine learning; P1, priority 1.

low-risk imury mechanism (low-level falls) i elders in our
training dataset: hence, these patients are a poor surrogate for
elders injured in an ML Further work is required to develop
effective trauma triage tools for elders, who differ in their phys-
iology, and in whom presence of comorbidities and/or frailty is
an important determinant of outcome."” Penetrating mechanism
was also an important predictor of P1 status: Mls involving
penetrating trauma have historically yvielded larger proportions
of P1 patients.”

A key strength of this study is use of a large sample of injured
patients using prospective data collected by trained TARN
coordinators."” The primary outcome measure chosen for this
study is the only validated outcome measure for MI triage tool
performance.' A further strength is that the proposed secondary
triage tool has undergone blinded, external validation using
the UK military’s JTTR database. This provides estmates of
the model’s predicuve capability overall, but importantly, also
among patients with blast and penetrating mechanisms (under-
represented in the TARN dataser) rypical of terrorist areacks,
the prevalent type of UK MI in recent years." Selection of an
XGB model as a secondary tool, which can make predictions in
the context of some missing data, has avoided the possible bias
which can result from muluple imputation. Importantly, based
on the TARN patients included in our study, both novel tools
would generate proportions of P1 casualties that fall within UK
national mass casualty planning assumptions.** Notably, no UK
or international guidance exists to define acceprable rates of
undertriage and overtriage in the major incident setting.

Limitations of this study include use of retrospectively caleu-
lated AIS scores (incorporating CT and operatve findings) during
modelling in place of documented prehospital clinical assess-
ment. While paramedics routinely conduct anatomical assess-
ments during triage in singly injured patients using existing field
triage tools and clinical assessment has proven effective in ruling
out clinically sigmficant chest injuries, some overtriage can be
expected." ** Clinicians have performed improvised anatomical-
based secondary miage following two mass shooting inadents,
with a subsequent low rate of undertriage.” Another limitation is

the use of singly injured patients within a civilian tranma registry
as surrogates for those injured in an MI; outcomes in the MI
setting may be worse. Our models focus on predicting P1 status
only: however, these patients are at greatest risk of preventable
death. In current UK practice, a small proportion of P1 patients
may be subsequently assigned P4/expectant status by a semor
clinician at scene; this contrasts with practice elsewhere, where
triage tools fulfil this role (eg, Australian CareFlight and US
START tools).” ** Exclusion of P4 parients (< 1% of the sample
size) from the modelling process is unlikely to have impacted
significantly on study findings. Application of models to the first
recorded hospital physiology in JTTR may be biased by prehos-
pital interventions; however, collection of prehospital physiolog-
ical data during combat is particularly challenging.™® The results
of external validation in a military trauma population may have
limited generalisability to the cvilian setting. Further valida-
ton of our models in a true MI dataser or a prospective UK
civilian database, including blast/penetrating trauma and burns,
would provide further assurance of the models’ performance. A
further limitation is that we were unable to externally validate
our proposed primary tool due to the paucity of prehospiral vieal
signs (GCS) documented in the JTTR dataser.

In conclusion, using machine learning, we developed primary
and secondary triage tools which differ from prior tools by incor-
porating anatomical assessment and have superior sensitivity
and more favourable overtriage rates. Although the primary
tool requires external validation among patients with injuries
similar to those sustained in ML, the proposed secondary triage
tool, which was externally validated, may be suitable for use in
civilian hospital reception areas and in the military evacuation
chain during Mls prior to or in conjunction with senior clinician
triage using a portable device.
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Triage in major incidents: development and external validation of novel machine-
learning derived primary and secondary triage tools

Supplementary material

An overview m"study methodology and data processing is presented in Supplementary Figure 1, with a more
detailed model development and selection strategy outlined in Supplementary Figure 2.

For the decision tree (also known as Recursive Partitioning And Regression Tree, RPART) method, a limit of a
maximum tree depth of 3 was imposed for ease of interpretation. To guard against overfitting, we chose to ne
the cost complexity and the ree depth parameter of the decision tree model. Effectively, the tree depth (distance
from the root to a terminal node) represents the number of measurables needed in order to determine a tringe
category. However, we note that unlike triage tools conceived by human experts, it is possible to have the same
variable used more than once to split the nodes, if the reuse of varisbles reduces classification error. A deep tree
with many splits tends to overfit the data, and makes it difficult to adapt the model o a ol that can be
implemented in practice.

Both random forest (RF) and gradient boosted tree (XGB) are popular machine learning algorithms with strong
predictive power. RF is based on averaging an ensemble of trees and the idea of bagging, which lowers the
prediction variance. Furthermore, instead ufgov.'i::g each tree using all variables, it randomly chooses a subset
of variables at each split of the node in the tree, thereby forcing it to learn through all subsets of available
variables. For XGB, the prediction target is estimated by sum-of-trees, and the model is built by successively
fitting each tree to the residue of previously fitted irees with no single tree dominating the prediction, while
regulanizing the fit through multiplication by a scaling factor known as learning rate. In short, XGB estimates
the target function by a sum of trees each of which explains a small and different portion of the target and no
single ree dominates the prediction.

Faor the L1-regularized logistic regression model, the penalty parameter, specifying the amount of regularization,
was tuned. We add a regularization term in logistic regression so that the solution is well-defined even if the
data are perfectly lincarly separable.

Initially, models were trained using all 13 input vanables (summarised in Supplementary Table 1): the resulting
models would be too complex for practical application as tools, but nonetheless act as a useful comparator for
model performance (see Supplementary Figure 2 detailing the model building and selection strategy). The
optimal hyperparameters that yield the best AUC were selected. For decision tree and logistic regression, a grid
search was used; whereas for RF and XGB, random sampling of points in the parameter space was used o try o
cover the space as uniformly as possible. For each model, having selected the hyperparameters. a final model
was trained on the whole training set (70% of TARN data) and then evaluated on the remaining 30% hold-out
data. Models developed using all 13 input variables yiclded similar AUC values (range (0.862-0.868, sec
Supplementary Table 2), except for the decision tree model (AUC 0.782), which also exhibited lower specificity
and higher over-triage than the other ML models. All models employing 13 variables attained sensitivity above
T2%, exceeding that of the BCD Triage Sieve. Performance characteristics of models employing all 13 input
variables were further evaluated by age subgroup (16-64 years and 654 years (Supplementary Table 2). We note
that for ML models evaluated on the 65+ group. while there is slight decrease in AUC compared to the 16-64
group, sensitivity is much worse, except for the decision tree model which has the best sensitivity (B6.35)
among all models and triage tools. However, the price of this relatively high sensitivity of decision tree is a high
over-triage rate (87.2%).

Existing triage tools were applied to the internal validation dataset to act as comparators to the models proposed
as novel triage tools. To overcome the over-representation of elders {65+ vears ) within the TARN database (see
Manuscript, Table 1), who also differ in their physiology to younger adults, tool performance was additionally
tested in subgroups by age (16-64 years and 654 years), as shown in Supplementary Table 3. Existing tools
demonstrated lower sensitivity and higher over-tringe rates amongst elders compared to younger adults (16-64
Years).

We sought to combine the individual models in a weighted fashion by training a super model 1], in which
weights are assigned to models based on their predictive power and the final predictions are driven by models
with high weights. For the super model, a binomial likelihood maximization using the BEGS quasi-Newton
optimization method was used, the model was fitted using the “SuperLeamer” R package [2]. The weights are

Xu'Y, ef al. Emerg Med J 2023;0:1-8. doi: 10.1136/emermed-2022-212440
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normalized and sum to one. The super model assigned coefficients (weights) to cach individual model, along
with the minimized risks. We note that the decision tree model was in fact excluded from the super model, since
it has a weight of zero (risk (.525). The XGB model has highest weight of 0.717 (risk 0.442). Random forest
had the second highest weight (0.241, risk 0.454) whilst logistic regression had a low coniribution to the overall
super model (coefficient (L041, risk (.451). The AUC for the super model is (0868,

The importance of individual features (input parameters) was also estimated using the XGB method (see
Supplementary Figure 3). This method yielded similar rankings to those generated by the TREEShap method:
hreathing status contributed 36% of the total gain, followed by presence of chest injury (13%) and GCS verbal
soore (11%).

Secondary candidate models were subsequently evaluated on a smaller subset of ITTR patients (n=5455) for
which there is complete data available to test the performance of the BCD Trage Sieve, thereby facilitating
direct comparison {Supplementary Table 6). The secondary tool candidate (XGB 37) attained comparatively
high sensitivity (97.3% vs 80.2%). although this was associated with an 11.1% increase in over-triage (58.5% vs
47.4%).

XuY, ef al. Emerg Med J 2023;0:1-8. doi: 1001136/cmermed-2022-212440
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Fi 1: Overview of study methodol

TARN eligibie patients
(N = 200728}

Assign triage categories

category
P1
P2

P4
Dead

23254
175261
1916
297

Remave patients
classilied as P4 and
Dead

TARN patients
(N = 198515)

Remove patients
under 16

r

TARN patients 16+
(N = 193584}

Remove patients with
SBP = 0 and other
missing data

Final sample sue
N - 193261

P1
non-P1 = 171383

ML split

- 21878

and data processi

JTTR sligivle patients
(N = 9358)

Remove patients
under 16

Remove patients with SBP = 0
or negative RESPR

v

v

Train (70%)
2008-01-01 - 2016-07-14)

] [ 2016-07-15 - 2017-12.31

Test [30%) ]

Subsampling to
balance P1 and
non-P1 R

Cross-valikdation

.

Predict

models
LR

RF

oT

xae

Predict

Ledger: Abbreviations: TARN= Trauma Audit and Research Network: JTTR= Joint Theatre Trauma Registry:
SBP=Systolic Blood Pressure; XOR=Exclusive/or; LR=Logistic Regression; RF=Random Forest: DT=Decision
Tree: XGB= Extreme Gradient Boost: RESPR=Respiratory rate
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re 2: Model building and selection strate

Muodels developed utilising all 13 input variables Super madel developed
{ “Fuell models” wsing each of XGB, RPART, LR and RF
I : .
merhads) i See Supplemeniary Matenial)

* 5

Muodelling process repeated using all combinations of 2 to 7

impui variables
ini line with existing lri:gs apols (456 " Rediced models )
Existing tools applied as
compamicrs
{hest performer identifiea s
Muodels applied 1o TARN internal test dataset o the BCD Triage Sieve)

Shorilist of iwols with maximal sensitivity in identifying PI
patientx, favourable over-trizge rate amd AUC across adults of
all ages as well as age subgroups. using the mimimal number
of imput variahles

=

e -"""H-._‘

PRIMARY TRIAGE SECONDARY TRIAGE
T CANDIDATES T CANDIDATES

5 RPART sharilisted 29 XOBE models shonlisted

I selected I selected
PRIMARY E SECONDARY TRIAGE
TOOL CANDIDATE TOOL CANDIDATE
I External validation of selected models wsing JTTR I

Ledger: XGB=cXireme Gradient Boosting., RPART=Recursive Partitioning And Regression Trees {i.e. Decision
Tree), LR=Logistic regression and RF=random forest, TARN=Trauma Audit and Research Network Registry,
JTTR=loint Theatre Trauma Registry, BCD Triage Sieve=Battlefield Casualty Drlls Triage Sieve.

Breathing al scene = _
Chest injury present = _
GCS Verbal - [N
Injury type penetrating - [ R
Gos mator - [
Shock indax =
Reapiratory rate - -
Age over 65 - -
Head injury presant = .
Syslalic blood pressure = l
Djl:l \']-1 l:lj.'-‘_ EIjS
Importance

Ledger: Importance of top 10 predictors for the XGB mode] as measured by the fractional contribution of cach
feature to the model based on the total gain of each feature's splits. High values represent more predictive
features. Respiratory rate is measured in breaths per minute. Systolic blood pressure is measured in mmHg.
Presence of chest and head injurics are denoted by a positive Abbreviated Injury Severity score.
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Supplementary Figure 4: Calibration plot for models selected as candidate primary and secondary triage
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Ledger: calibration plot for the candidate primary (left) and secondary (right) ML models, evaluated using
JTTE data.

The calibration curve was estimated by natural splines using the R package gbm [3]. 95% confidence intervals
covering 2 standard errors are demonstrated (blue).

For perfect calibration, the calibration curve would align with the 45-degree line (red). It can be seen that the
secondary tool (XGB model) over-predicted nisk, since the predicted P1 probabilities were greater than the
ohserved probabilities across all patients. This is expected as the secondary tool candidate (X GB model) had
high sensitivity but low specificity. In contrast, the calibration curve of the primary tool candidate {(decision tree
or rpart model) was smoother and the over-prediction was less extreme than XGB, reflecting the fact that the
decision tree model had lower sensitivity and higher specificity than XGB.

Supplementary Table 1: Clinical parameters included as input variables for modelling

Input variables
Physiological Heart rate (beats per mimutbe),
parameders* Respiraiory rade (hreaths per minsie)

Sysindic blood pressure (mmHg)
Ability 1o breathe sponizneously**
GCS Yerbal companent
GCS Muotor component
GCS Eves companent
Shock index**#
Anatomical paremeters Presence ( AIS™{} ar absence (AlS=0) of injury in the
Following anatomical regions:
Head
Face
Tharax
Limh
Ape Age 65 and over (Bimary - Yes or No)
Imjury Mechanism* Blunt or peneiraling injury
Ledger: GCS=Glasgow Coma Score, AlS=Abbreviated Injury Score. *First recorded pre-hospital physiological
parameters and injury mechanism were utilised. **All patients who underwent an advanced airway intervention
in the pre-hospital environment were assumed to be unable to breathe. ***Shock index=heart rate/systolic blood
pressure.
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Mlethad Sensitivity Specilicty Undler-triuge {ver-iriage ALC

7] 0.782 [0.775. 0.789]

All ndubis mil_rpan TIO[TLE, 74.2] 739735, 743] 2700 [25.8, 28.2] 710764, T
{16+ years) | ml_of TX6[T14, T1E] B6O[E5.7,86.3] 274262, 28.6] 645 [63.6, 65.4) 0847 [0.B6]. LET3]

ml_xgh 717715, 739] B39 [B5.6. 86.2] 273261, 28.5] 64.6 [61.7, 65.5) (.868 [0.BA2. (L.BT4]
ml_Ir 712710, 73.4] B32[B49. 855] 278 [26.6, 20.0] 65,8 [64.9, 66.6] 0842 [0.B57. 0.BES]
1664 years | ml_rpan TEO [T4.6, TT3] TIE[T1LL724) 24.0[22.7. 25.4] 64,8 [65.8, 67.E] 0.794 [0.784. 0.803]
subgroup ml_rf BL9[E0.7, BLI) 761 [75.5. T6.T] 1.1 [16.9, 19.3] 61.2 6.2, 62.3] 0877 [0.BTI. 0.BE4]
mil_xgh B13 [ELD, B35 757 [75.2.T63] 177165, 19.0] 61.5 64, 626 0.E79 [0.BT2. 0L.BES]
ml_Ir 825[812 BLT] 747 [74.1. 75.5] 17.5[16.3. 18.8] 625 [l 4. 635] 0873 [0.B64. 0.879]
65+ years mil_rpart 663 [64.0, 6EA] 753 [T4.8.75.8) 337 [30.4. 36.0] E7.2 [B6.5, E7.9) 0.746 [0.733. 0.759]

subgroup ml_nif 517493, 54.1] 925522 915] 483 [45.9 50.7] . T42] 0806 [0.793. 0.R18]
ml_xgh 513 [489, 536] 9246 [52.3.929] 4B.7[464.51.1] T1.5 M9, T40) 0807 [0.795. (.BNH
ml_Ir 45.2 [46.8, 51.5] 922 [91.9.925] SILE [48.5. 53.2] 74.3 [T18, T5.E] {1.BH) [0.7E7. (LB 12]

Ledger: Results shown are percentages {except for AUC). The best performing model amongst all adults for
each method is shown, including performance by age subgroup. Abbreviations: ml=machine learning, rpari=
decision troe, rf=random forest, xgh= extreme gradient boosting, Ir=logistic regression.
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Toal Semsilivily Specilicity Under-triage Ohversiriage ADC

ARl aduits {16+

years)

BCD Triage Sieve 6.2 [66.9, 65.4) 695 [E9.1, 659.9] 31LB 306, 35.1] BILE [B02, §1.3) UGHE [DLGRT, (L.695)
CareFlight 309 [354, 41.2] 945 [54.3,94.7] .1 |5R.8, 61.4] 564 [55.0, 57.E] MAT2 [DuG6E, 0.679)
JumpSTART 415412 43E] 921 [91.8,923] 575)56.2, 588) 63.7 [625.64.9] AT D666, 0.679)
MBAMS Triage

Sieve 405 [392 41 E) 920 [91.8, 92 3] 59.5|58.2, 60.8) 64.9 [63.7. 66.1) D663 [L656, 1.665)
MFTT 505 [49.2, 51.E) 624 [62.0, 61E] 49.5 |48.2, 50.8] E7.5 [R7.1.87.9] D565 [L55E8, 0.571)
MFTT-24 48.4 [47.1,49.7) 664 [66.0, 66.8] 516503, 52.9] B6.T [86.2, §7.2) 574 [0L56T, 0581
METART 54.9 [53.4, 56.2) HE4 [BR.1, BET] 45.1 438, 46.4] 665 [65.5, 67.5] DTIT [0T10, 0.723)
NARL Triage Sieve 430 [41.7.44.3] BE3 [ER.1, BE4] 57T055.7,583] TLE 7049, T1E] WAST [650, 0.663)
RAMP 3701|359, 38.4) 46 [54.5, 048] 628 [61.6, 64.1] 575 |56.1, 58.9] DG5S [L653, .665)
START 51.E [505. 53.2] 900 [59.7, 90.2] 481 |46.8, 49.5] 64.5 [63.5. 65.6) 0705 [0.T02, 0.716]
T=tid years

sulgroup

BCD Triage Sieve TLT[712.740] 648 [64.2, 655] 2173259, 258) T14[715.733] DAET [DGBD, .695)
CareFlight 427 [41.1.44.3) 943 [54.0, B6] 57.3|55.7, 589 420 [402, 43.E] UGBS [ETT, 1.693)
JumpSTART 455 [439. 470 912 [50.9, 91 4] 545530, 56.1) 511 [49.4, 517) D684 [D6TS, 0.692)
MBAMS Triage

Sigve 43.0 [414, 446 914 [52.2,93.0] 5T 554, 58.6] 48.2 [46.5, 50.0] DATE [LGTD0, L6RE)
MFTT 513|507, 53.9) 57.1[564, 575] 47.746.1, 49.3] EL6 [B09, 814) 547 [0L53E, 1.555)
MFTT-24 05 [489, 5210 G146 [60.9, 622] 49.5 479, 51.1) BOLS [79.7.81.3) D560 [0.552, 0.568)
MSTART 576 [56.1.59.2) BEQ[ER.5, B9.3] 424|408, 43.9] 51.0[4946, 51.5) 0733 [0T25, 0.7410)
MARL Triage Sieve 471 [455, 48.7) 75 [87.0, B79] 52951.3,545) 0.0 [57.6. G605 AT [D66S, 0.681)
RAMP 306|381, 41.2 944540, 94.7] fil4 |5R.E, 61.9) 434 [415.453) MATO [E6E, 1L6TE]
START 544|518, 55.9] 0.7 [50.3, 91.1] 456 144.1, 47.2] 48.1 [465, 206 0725 [0LT17, 0.733)
65+ years snbgroup

BCD Triage Sieve 5.1 [55.7. 604) TIA[72.1,731] 419396, 443] BO6 [R9U0, 9.2 U653 642, (L665)
CareFlight 337 [314, 360 A4 [544, 94.9] 6.3 [64.0, 656 T45 [124, T3] 0642 (630, 1.653)
JumpSTART 358 [335,38.1) 916 [92.3,929] 682 [61.9, 66.5] T [T7.6. 80.6) 642 (U630, 0L653)
MBAMS Triage

Sieve 349316, 372 917 [51.3,920] 65.1 628, 674] E1.4 [BOU0, 81 E) 633 [D621, 0.644)
MFTT 465 [44.1, 48.9] 659 [654, 66.5] 53.5)51.1, 559 93.1 [924, 93.5] D562 0550, 0.574)
MPTT-24 437 [41.3.46.1) 696 [69.1, T01] 56.3 |53.9, 58.7] 927 [922,93.2) S6T [0L555, 0.579)
METART 48.9 [465, 51.3] HBEN[E7.7, BEA] S1.148.7, 55.5] ELE [BOG, 81.9] GRS [ET3, 0.69T7)
NARL Triage Sieve 33.7 [315. 360 BEY [ER.6, B93] 66,3 [64.0, 68.5] B5E [B4.7. 86,8 WAL3 [D602, 0.625)
RAMP 316|294, 33E) 948 [54.6,95.1] 684 [66.2, T0.6] T5.1 [732, 769 D632 [621, 0.643)
START 46.2 4318 J8.6) 9.5 [59.1. O8] 538514 562 BT [79.5 51.9] 0678 [ 0666, 0.650]

Ledger: BCD Triage Sieve=Battlefield Casualty Drills Triage Sieve (UK Military), CareFlight (Australia),
JumpSTART (US pacdiatric tnage tool), MIMMS Triage Sieve=Major Incident Medical Management and
Support Triage Sieve, MPTT=Modified Physiological Triage Tool (tool modelled in UK military casualties),
MPTT-24 {modification of MPTT, 2017). START=Simple Triage and Rapid Treatment (US adult tool),
MSETART=modified START, NARU Triage Sieve=National Ambulance Resilience Unit Triage Sieve (Current

UK civilian tool), RAMP=Rapid Assessment of Mentation and Pulse (New York Fire Department).
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Supplementary Table 5: External validation of shortlisted models and the Battlefield Casualty Drills

peatre 1o

RErisiry (p=2an

Specificity

AUC

[R02 [01.784, BLE19]

0578 0561, 0.585]

0198 [0181, 0.216]

BA74 [0456, b492]

0690 0678, 0.703]

Comparator {best existing
toaliz
BCD Triage Sieve
Primuary tool candidate
mileks
rpari_|
rpart_3
rpart_37
rpart_51
rpari_124

0330 [0.314, B.351]
0330 [0.314, 0.351]
0330 [0.314, B.351]
1LETO [0.45T, D501 ]
.£37 [0.415, 0.459]

0892 [0.8R1, 0.907]
.R92 [D.ER1, 0.902]
0,892 [D.ERI, 0.907]
0752 [0.737, 0.766]
0879 [0.868, 0.890]

0670 (01549, 0.690]
L6TO (0649, 0.690]
0670 (01549, 0.690]
0521 [0.499, 0.543]
0.563 01541, 0.585]

0360 [01.331, 00390
0360 [0.33 1, D390
0360 [01.331, 00390
LETO [0L447, D494]
0.322 [0.297, 048]

0618 0606, 0.629]
U618 0607, 0.630]
0618 [0.607, 0.630]
DAL 0598, 0.624]
668 [0.656, 0.680]

Secondary teol candidale
muodels

xgh_l
xgh 1
xgh 37
xpbh 38
xgb_41
xgh_42
xgh_43
xgh_44
xgh_53
xpgb_54
xgh_121
xgh_ 124
xgh_ 125
xgh_130
xgh_131
xgh_141
xgh_154
xgh 165
xgh_166
xgh 250
xgh_251
xgh 270
xgh_271
xgh 289
xgh_311
xgh_3B0
xgh_ 307
xgh_ 402
xgh 417

66T [0.686, D62H]
66T [0.646, (L68H]
0972 [0.964, 0579)
66T [0.646, (L68H]
66T 0686, (LESH]
66T 0686, (LESH]
TS [0.654, (L695]
0972 [0.964, 0.579)
66T [0.686, D62H]
675 [0.654, 0.695)
0972 [0.964, 0.579)
0975 [0.966, 0.981]
973 [0.964, 0979
66T 0686, (LESH]
674 [0.653, (L695)
676 [0.655, LE96]
965 [0.955, 0572
68 [0.663, 0.704)
6T [0.655, 0L696]
0972 [0.964, 0.579)
0972 [0.964, .57%)
0722 [0.702, 0.742)
TL6TO 0689, D691
0971 [0.962, 0.577)
0721 [0.701, 0741
0971 [0.962, 0.577)
0976 [0.968, 0587]
.70 [0.688, 0.729]
{976 [0.968, (.982]

0,788 [0.774, 0802
0,788 [0.774, 0.802)
0.199 [0.186, 0.213]
0,788 [0.774, 0.802)
UTHE [0.774, 0.802]
UTHE [0.774, 0.802]
0.791 [0.777, 0805
0.199 [0.186, 0.213]
0,788 [0.774, 0802
0.791 [0.777, 0.805]
0.199 [0.186, 0.213]
0,174 [0.162, 0.187]
0,199 0,186, 0:213]
UTHE [0.774, 0.802]
0,793 [0.772, 0.807)
0792 [0.77E, 0.805]
D171 [0.159, 00184)
0.792 [0.77E, 0.805]
0,791 [0.777, 0805
0.199 [0.186, 0.213]
0.203 [0.190, 0.217)
0701 [.6RS, DT16]
B00 [0.7RE, D.813]
0195 0182, 0.209]
0704 [0.689, 0.719]
0,196 [0.183, 0.210]
0,174 [0.162, 0187
0.732 [0.717, 0.747]
0,181 [0.168, 0.184]

0,333 [0.312, 0,354
0,332 [0.312, 0354
0.027 [0.021, 0.036]
0,332 [0.312, 0354
0,332 [0.312, 0.354)
0,332 [0.312, 0.354)
0,325 [0.305, 0.246]
0.027 [0.021, 0.036]
0,333 [0.312, 0,354
0,325 [0.305, 0.146]
0.027 [0.021, 0.036]
0.025 [0.019, 0.034]
0.027 [0.021, 0.036]
0,332 [0.312, 0.354)
0,326 [0.305, 0.347)
0,324 0304, 0.345]
0,035 [0.028, 0.045]
0.316 [0.296, 0.337)
0,324 [0.304, 0,345
0.027 [0.021, 0.036]
0028 [0.021, 0.036]
.278 [0.258, 0.298)
0,330 [0.309, 0.351]
0,029 [0.023, 0.038)
0,275 [0.259, .299)
.029 [0.023, (.038]
0.024 [0.018, 0.032)
0.200 [0.271,0.312)
(1,024 [0.018, 0.032]

D353 [0332, 00374]
0353 [0.332, 0.174)
01585 [0.571, 0.590)
0353 [0.332, 0.174)
0353 [0.332, 0.374]
0353 [0.332, 0.374]
0347 [0.326, 0.367]
01585 [0.571, 0.590)
D353 [0332, 00374]
0347 [0.326, 0.167)
01585 [0.571, 0.590)
.502 [0.578, 0.606]
58S [0.571, 0599
0353 [0.332, 0.374]
344 [0.324, 11.365)
1346 [0.325, 0.367]
01506 [0.582, D610]
0343 [0.323, 0.164)
0346 [0.326, 0.167)
585 [0.571, 0.599)
584 [0.570, 1.599)
1416 [0.396, 1435)
338 [0.318, 0.359)
5BT [0.573, 0601 ]
0413 [0.393, 0,433
58T [0.573, 0601
0502 (0,578, 0.606]
304 [0.374, 0.414)
{500 [0.576, (604]

0,755 [0.747%, 0,768
0,755 [0.743, 0.768]
0,780 [0.768, 0.792)
0,755 [0.743, 0.768]
0,782 [0.762, 0.795)
U748 [0.734, 0.761]
0UTT6 [0.762, 0.794]
0,780 [0.768, 0.792)
0,748 [0.734, 0761
0,777 [0.762, 0.790]
0,780 [0.768, 0.792)
0,777 [0.764, 0.790]
UTTE [0.766, 0.794]
U748 [0.734, 0.761]
U774 [0.760, 0.788]
U768 [0.754, 0.783]
D695 [0.680, 0.709)
0,788 [0.774, 0801
0,770 [0.757, 0.784)
D.781 [0.768, 0.794]
0,792 [0.772, 0.804]
UTBS [0.772, 0.798]
0770 [0.756, 0.784]
UTTE [0.765, 0.791]
0,781 [0.768, 0.795)
0,795 [0.782, 0807
0,500 [0.788, 0.812)
0,783 [0.768, 0.796]
0,799 [0.787, 0.812]

Ledger: *this

direct comparison, the models shortlisted as candidates for triage tools are applied to the reduced dataset.
rpari=decision tree (Recursive Partitioning And Regression Trees), xgb= extreme gradient boosting.

s a reduced JTTR dataset for which a complete set of physiological data exists for application of
the BCD Triage Sieve (the best p:rformin_g existing tool. selected as a comparator) can be applied. To allow
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v Table 4A: Models shortlisted as candidates for primary and secondary tools: Deseription of model variables
Task
1D Model variables Variables
Candidate primary tools (Decision Tree (RPART) models)
1| Breathing status at scenefChest injury present|GCS Motor Score 3
3 | Breathing status at scene|Chest injury presentiGCS Verbal Score 3
37 | Breathing status at scenefChest injury present Maotor Seorelinjury type 4
52 | Breathing status at scene|Chest injury present|GCS Verbal Score|Respiratory rate 4
124 | Breathing status at scene|Chest injury presentlGCS Motor S rate 5
Candidate secondary tools (Extreme Gradient Boosting (XGB) models)
1| Breathing statws at scenefChest injury presentGCS Motor Score 3
3 | Breathing status at scene|Chest injury presentiGCS Verbal Score 3
37 | Breathing status at scene|Chest injury present|GCS Motor Score[Injury type 4
38 | Breathing status at scene|Chest injury present Mator Score|GCS Verbal Score 4
41 | Breathing status at scene|Chest injury present|GCS Motor Score|Respiratory rate 4
42 | Breathing status at scene|Chest injury present Motor Score[Head injury present 4
43 | Breathing status at scene|Chest injury present}GCS Motor S blood pressure 4
44 | Breathing status at scenefChest injury presentllnjury type|GCS Verbal Score 4
53 | Breathing status at scene|Chest injury present Verbal Score|Head injury present 4
54 | Breathing status at scene|Chest injury present Verbal Score|Systolic blood pressure 4
121 | Breathing status at scene|Chest injury present Mator Score|lnjury type|GCS Verbal Score 5
124 | Breathing status at scene|Chest injury present Mator Score|Injury type|Respiratory rate 5
125 | Breathing status at scene|Chest injury presentlGCS Motor Score|Injury type|Head injury present 5
130 | Breathing status at scene|Chest injury present 5
131 | Breathing status at scene|Chest injury present 5
141 | Breathing status at scene|Chest injury presentiGi 5
154 | Breathing status at scene|Chest injury presentjinjury type|Respiratory rate]Head injury present 5
165 | Breathing status at scene|Chest injury presentiGCS Verbal Score|Respiratory rate|Syst 5
166 | Breathing status at scene|Chest injury present 5
250 | Breathing status at scene[Chest injury present|GCS Motor Score|Injury typeGCS Verbal Score|Head injury present I3
251 | Breathing status at sceneChest injury present 3 jury type|GCS Verbal Score[Systolic blood pressure 6
270 | Breathing status at scene|Chest injury present|GCS Motor ScoreGCS Verbal Score|Respiratory rate|Systolic blood pressure 6
271 | Breathing status at scene|Chest injury presentGCS Motor Score|GCS Verbal Score|Head injury present|Systalic blood pressure 6
289 | Breathing status at scene|Chest injury presentjinjury typefGCS Verbal ScorelRespiratory rate|Head injury present 6
311 | Breathing status at scenelChest injury present Verbal S rate|Head injury ¥ blood pressure 6
380 | Breathing status at scene|Chest injury present|GCS Mator Score|Injury type|GCS Verbal Scare|Respiratory rate|Head injury present 7
302 | Breathing status at sceneiChest injury present{GCS Motor S ratelHead injury blood pressure 7
402 | Breathing status at scene[Chest injury present{GCS Motor Score|GCS Verbal v rate|Head injury blood pressure 7
417 | Breahing status at scene|Chest injury type|GCS Verbal rate[Head injury blood pressure 7

XuY, er al. Emerg Med J 2023:0:1-8. doi: 10.1136/emermed-2022-212440
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Supplementary Table 4B: Performance characteristics of models shortlisted as primary and secondary tool candidates

Internal validation using TARN testing dataset (all adult patients) External validation in JTTR (n=5956)
Task ID Sensitivity Specificity Under-triage Over-triage AUC Sensitivity Specificity Under-riage Over-triage AUC
RPART:
1 730 (718.742] | 739 [735.74.3] | 270 770 (764777 | 0772 [0-765.0-779] | 3401321,3601 | $90[87.9.900] | 660 (64-0.67-9] | 344[31-7.37:2] | 0.622[0-611.0.633]
3 723 (TLLT3S) [ 745 [741.748] | 277 769 [762.775] | 0775 [0-768,0-782] | 3400321,360] | $90[87.9.900] | 660 (64-0.67-9] | 344[31-7,37:2] | 0.623[0-612.0.634]
37 730 (718.742] [ 739 [735.74.3] | 270 770 [T64.777) | 0782 [0-775,0-789] | 498 [47-7.509] | T45[73.0.759] | 502 [481,523] | 454[43-3,47.6] | 0.616[0-604.0.629]
52 723 (T11,735] | 745 (741.748] | 277 769 (162.775] | 0780 [0:773,0.787) | 340(321,36.0] | $9.0[87.9,90:0] | 66.0(64.0.67.9] | 34.4[31.7,37:2] | 0.623[0:612.0.634]
124|730 (T18,742] | 739 [735.743] | 270 770 (764,797 | 0777 [0-770,0-783] | 461 144-0.482] | 863[85.2.874] | 53.9(518.560] | 325[30-2,34.9] | 0.671[0-659.0-683]
XGB:
1 730 (718,742) | 739 [73.5.74.3] | 270 (76:4,77.7) (0-776,0:790) | 705 [68:6,72:4] | T37[722.751] | 29.5(27:6.31.4] | 37.7[35:9,39.6] | 0.754(0:742,0.766]
3 723 (TL1,735] | 745 [741.74.8] | 277 [76-2,77-5] [0-789,0-803] | 70.5[68-6,72:4] | 737[72.2,75-1] | 29.5[27:6.31-4] | 37.7[35:9,39.6] | 0.754[0-742,0.766]
3 779 (768,79:0] [ 731 [727.735] | 221 [75:8.77:01 [0-810,0-824] | 97.6[96:8.98.2] | 186[17:4,19-9] 24[1-8.3:2] 57:5156:2,58:9] | 0778 (0766, 0-790]
38 738 (726.750) [ 736 (73 262 (76:5,77.7) (0:792,0-805) | 705 [68:6.72:4] | T37[722,751] | 29.5(27:6,31.4] | 37.7[35:9,39.6] | 0.754(0:742,0.766]
41 730 (718,742) [ 739 (735, 27.0 (76:4,77.7) (0-801,0-815) | 705 [68:6,72:4] | T37[722.751) | 29.5(27:6.31.4] | 37.7[35:9,39.6] | 0.779(0-767,0.792]
a2 730 [71.8,742] 739 (735, 27.0 [76:4,77:7] [0-791,0-805] | 705[68:6.72:4] | 737[72.2.751] | 29-5[27:6.31-4] | 37.7135:9,39.6] | 0.749 (0736, 0-762]
43 700 (687,712 [ 785 (782, 300 [73-6,75:0] [0-802,0-816] | 71:2[69-3.73.1] | 740[72:5.754] | 288[269.30.7) | 37:235-4,39.1] | 0.775[0-762,0-788]
44 [76:2.78:4] | 736 [73:3.740] | 227 [75-6.76-8] [0-824,0-837] | 97.6[96:8.982] | 186[17.4,19-9] 24(18.3.2] 57.5156-2.58.91 | 0-778 (0766, 0-790]
53 (71:1,73:5] | 745 [741.748] | 27.7 (76:2,77.5] (0:795,0-809) | 705 [68:6,72:4] | T3T[722.751] | 29.5(27:6.31.4] | 37.7[35:9,39.6] | 0749 (0:736,0.762]
54 [69-5,71:9] | 777 [77:4, 293 [74-0,75:4] [0-810,0-823] | 71:2069:3,73.1] | 740[72:5.754] | 288[269.30.7) | 37:2[35-4,39.1] | 0.776(0-763,0.789]
121 [77:6,79:8] | 727 [72:4,73 213 [75:9,77:1] [0-827.0-839] | 97.6(96:8.982] | 186[17:4,19-9] 24[1-8.3:2] 57:5156:2,58:9] | 0778 (0766, 0-790]
124 [70:6.73-0] | 819 [81-6, 282 [69-5,71-1] [0-827.0-841] | 978[97-0.983] | 163[15.1,17-5] 22(17.3-0] 58.2156-8,59-5] | 0775 [0-763,0-787]
125 (765,787 | 736 [73.2, 224 [75-5,76-8] [0-829.0-842] | 97.6[96:8.982] | 186[17.4,19-9] 24[1-8,3.2] 57.5056-2,58.9] | 0-778 (0766, 0-790]
130 [72:6,749] | 736 [73:2, 262 [76:5,.77-7 (0-797.0:811] | 70-5[68:6.724] | 737[72.2.75-1] | 29-5[27:6.31:4] | 37.7135:9,39.6] | 0.749 (0736, 0-762]
131 [70-1,72:5] | 777 (774, 287 [73-9.75:3] [0-812,0-826] | 71:2069-3,73.0] | 742[727.75-6] | 288[27:0.30-7) | 37.135-2,39.01 | 0.771(0-758,0.783]
141 [69-8.72:2] | 779 [77:5, 20.0 [73-9.75.2] [0-813,0-826] | 713[69-4.73.2] | T40[72:6,754] | 287[268.30-6] | 372353391 | 0768 [0-755,0-781]
154 [70-1,72:5] | 780 [77-7. 287 [73-7.75-0] [0-823,0-835] | 967[95-9.974] | 17-1[15.9,18-4] 33(26,41] 58.2156-8,59-5] | 0702 [0-688,0-715]
165 (67:4,69-9] | 81.7  [81.3, 313 (70-7,72:3) (0-820,0-833) | 720(70-1,73.9] | 740[72:6,754] | 280(26:1.29.9] | 36:9[35-1,388] | 0.784(0:772,0.797]
166 (70:7,731] | 762 [75.9, 281 (750,763 (0-815,0-828) | 703[69-4,73.2] | 740[725,75.4] | 287 (268.30.6] | 37.2[35:3,39.1] | 0.772(0-758,0.785]
250 [77:5.79-7) | 730 [72:6.734] | 214 [75-7.77-0] [0-835.0-848] | 97.6[96:8.982] | 186[17.4,19-9] 24[1-8,3.2] 57.5156-2,58.9] | 0-779 (0767, 0-790]
251 [723.74.6] | 801 [79-8, 265 [71-0,72:5] [0-839,0-851) | 97.5[96:8.981] | 190[17.7,20-3] 25(1-9,3.2] 57.4156-1,58.8] | 0788 [0-776,0-801]
270 (68:1,70-6] | 81-6  [81.3, 306 [294, (70-6,72:1) (0-822,0-835) | 754(73:6,77:2] | 65.5[63.9.67-0] | 24.6[22:8.26.4] | 42.6[40-8,44.4] | 0.782(0:770,0.794]
m (69:3,71:7] | 783 [78.0, 295 (283, 743 [736,75.0] (0-817,0-830) | 708 [68:9,72.7) | T48[73.4,762] | 29.2[27:3.31.1] | 36:6[34.7,38:5] | 0.771(0-758,0.784]
289 [70:9.73-3] | 826 [82:2, 279 267,21 694 [686,70.2] [0-844,0-856] | 974[96-6.98.0] | 182[17.0,19-5] 26 2:0,3-4] 57.7156:3,59.0] | 0779 [0-767.0-791]
3 [67-8,70-3] | 81-5  [81-1, 309 297, 76 [70-8,724] [0-825,0-838] | 753[73-5.771] | 658[64.3,674] | 24.7(229.26.5] | 424 [40-6,44.2] | 0781 [0-769,0-794]
380 [70:1,72:5] | 839 [83:6, 287 275 68:0  [67-1,68.8] (0-845,0-857) | 97.4(96:6,98.0] | 184[17.1,19.7) 2.6 [2:0,3-4] 57.6156:3,59.0] | 0.793 [0-782, 0-805]
392 [70:2,72:6] | 845 [84.2, 286 [27:4, 671 [66:2,67.9] [0-848,0-860] | 97.9(97-2,98.4] | 163[15.1,17:5] 2.1(1:6,2:8] 58.1(56:8,59:5] | 0.798 [0-787, 0-810]
402 (684, 70-8] | 81-6  [81:3, 304 292, 713 [70:5,72:0] [0-827,0-840] | 74.2[72:4.76.0] | 684[66:9.69-9] | 258 [24:0.27-6] | 40-939-0.427] | 0.781 (0769, 0-794]
417|720 (708732 | 837 [834.840] [ 280 [268.297] | 680 [67-2688] [0-850.0-862) | 97.9197-2.984] | 169[15.7.182] 21[1-6.2.8] 58.0156-6,59-3] | 0799 [0-787. 0-811]

LCedger: Values shown are percentages (except AUC), accompanied by 95% confidence intervals- rpart=Decision tree, XGB=cXtreme Gradient Boosting

Xu¥, et al. Emerg Med .J2023;0:1-8. doi: 10.1136/emermed-2022-212440
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It v Table 4C: Performance characteristics by age subgroup of models shortlisted as tool candid: using the internal validation (TARN) dataset
sk 16-64 years 65+ years
m Sensitivity Under-triage Over-triage AUC Sensitivity Specificity Under-triage Over-triage AUC
RPART
1 760 (146,773 | 718 40 [227.254] | 668 (658678 | 0783 [0.775.0.791] | 663 [640.68-6] | 753 [T48.758] | 337 [314.360] | 872 [86:5.87.9] | 0.738  [0-726,0-751]
3 753 [73-9,766] | 724 247 [234.26.1) | 666 [655.67-5] | 0787 [0-778,0.795] | 657  [63-4,67-9] | 758 [754.76:3] | 343 [32.1.366] | 871 [864,878] | 0741  [0-728,0-754]
37 760  [14.6.773] | T1.8 240 [227,254] | 668 [658,67-8] | 0794  [0-786,0-803] | 66.3  [64.0,68.6] | 753 [74.8.75.8] | 337 [31.4.360] | 872 , 87.9] | 0746 [0-733,0.759]
52 753 [739.766] | 724 247 [23-4,26-1] | 666  [65:5,67-5] | 0-792 10-784, 0-800] 657 [63-4,67-9] | 758 [754.76:3] | 343 132:1,36:6] 871 , 87-8] | 0-745 [0-732,0-758]
124 760 [74-6,77-3] | 718 240 ,254] | 668 [65-8,67-8] | 0-788 10-780, 0-796] 663 [64-0,68-6] | 75-3  [74-8.75.8] | 337 131:4,36:0] 87-2 , 87:9] | 0-742 (0-729,0-754]
XGB
1 760 [74-6,77-3] | 718 ,254] | 668 [65-8,67-8] | 0-795 10-787, 0-804] 663 [64-0,68-6] | 75-3  [74-8.75.8] | 337 131:4,36:0] 87-2 , 87:9] | 0-747 [0-734,0-759]
3 753 [73.9.766] | 724 L 26-1] | 66-6 . 67-5] | 0-809 [0-801, 0-817] 657 [634.67-9] | 758 [754.763] | 343 132:1.36.6] 871 |, 87-8] | 0-763 [0-750, 0-776]
37 | %26 (814,838 | 01 L 18:6] | 663 L67-2] | 0839 [0-831,0.847] | 673 [65:0,69-5] | 751 [746.75.6] | 327 [30.5.350] | 871 L 87.8] | 0752 [0-739,0-765]
38 L 78-1] | 715 ), 24-6] | 668 . 67-7] | 0-811 10-803, 0-819] 67-2  [649,69-4] | 749 [744,75.4] | 328 130:6,351] 87.3 , 88:0] | 0-765 (0-752,0-778]
41 . 77-3] | 718 . 25-4] | 668 . 67-8] | 0-821 10-813, 0-829] 66-3  [64-0.68-6] | 75-3  [74-8.75.8] | 337 131-4.36.0] 87-2 ., 8791 | 0-766 [0-752,0-779]
1 773 | 718 .25.4] | 668 L67-8] | 0806 [0-798,0-815] | 663 [64-0,686] | 753 [748.75.8] | 337 [314.360] | 872 L 87.0] | 0778 [0-766,0-791]
43 ), 75-7] 740 , 27-0] 654 , 66-4] 0-815 [0-807, 0-824] 60-0 [57-7.62-4] 81-5  [81-1,81.9] | 40.0 137:6,42.3] 85.0 L 85.8] 0-760 [0-746,0-774]
a4 .8.83.2] | 70.6 . 19.2] | 660 ,67:0) | 0.852  [0-845,0.859] | 667 [64-4.68.9] | 757 [752.76.1] | 333 [31.1,356] | 870 +3,87.7] | 0769  [0-756,0-781]
53 , 76:6] | 724 ,26-1] | 666 . 67-5] | 0-813 10-805, 0-821] 657 [63-4,67-9] | 758 [754.76:3] | 343 132:1,36:6] 871 , 87-8] | 0-780 (0767, 0-792]
54 L 76:3] | 736 ,26.5] | 656 L66.7) | 0825 [0-817,0.833] | 612 [589,63.5] | 805 [80.1,80.9] | 388  [36.5.41.1] | 854 .86.2] | 0773 [0-760,0-786]
121 845 | 698 L 17.8) | 662 L67.2) | 0.855  [0-848,0.862] | 681  [65.9,70-3] | 747 [742,75.2] | 319 [29.7,34.1] | 872 0770 [0-758,0.783]
124 LT88] | 788 ,239] | 597 , 60-8] | 0-854 10-847, 0-862] 59-1 [56:7.61-4] | 84-0 [83.6,84:.4] | 409 138:6,43:3] 833 0772 [0-758, 0-785]
125 .83.5] | 705 177 , 18:9] | 660 ), 66-9] | 0-854 10-846, 0-861] 67-2  [649,69-4] | 757 [752.76-1] | 328 130:6,351] 86-9 0-784 [0-772,0-797]
130 L 779] | T16 234 L247] | 667 L67-7] | 0-814 [0-806, 0-822] 67-3  [65-0.69-5] | 749 [744.75.4] | 327 130-5.35.0] 872 0-783 [0-771., 0-795]
131 . 76-9] 737 24.4 L25-8) 654 , 66-4] 0-828 [0-820, 0-836] 617 [59-4.64-0] 80-4  [80.0,80.8] | 383 136:0,40-6] 85.3 0775 (0-761, 0-788]
141 L7601 | 737 252 ), 26-6] | 656 ., 66-6] | 0-824 [0-816, 0-833] 624 [60-0,64-7] | 80-6 [80-2.81-1] | 376 135-3,40:0] 851 0-788 [0-775, 0-800]
154 L769] [ 771 245 L259] | 622 L63-3] | 0-847 [0-839, 0-854] 61-8  [59-4.64-1] | 786 [78:2.79.1] | 382 [35-9.406] 86-4 0-780 [0-768, 0-793]
165 L 743] | 783 271 L 28:5] | 617 L 62-8] | 0838 [0-830,0-846] | 592 [56:8,61-3] | 830 [83.5,84.3] | 408 [38:5.432] | 833 0781 [0-768,0-794]
166 , T1-2] 2.2 241 . 25-5] 665 , 67-5] 0-828 [0-820, 0-836] 62:8 [60-5,65-1] 789  [78.5,79.4] | 372 [34.9,39.5] 86-0 0790 (0-778, 0-803]
250 . 84-3] | 701 168 -7, 18:0] | 66-1 -1,67-1] | 0-860 10-853, 0-868] 68-3  [66-0,70-4] | 749 [74:4,75:4] | 31.7 296,340 871 0-789 (0777, 0-801]
251 ., 81-2] | 752 201 . 21-4] | 627 L 63-8] | 0-863 [0-856, 0-871] 589 [56-6.61-3] | 83-4 [83.0.83.8] | 411 138.7.43.4] 838 0-783 [0-770, 0-796]
270 ), 75-1] 782 263 ), 27-7] 616 , 62:7] 0-840 [0-833, 0-848)] 59-6 [57-2,61-9] 3.9 [83.5,84.3] | 404 [38:1,42.8] 83.2 0-783 [0-770, 0-796]
271 L 75:9] 746 255 ,26:9] 649 , 65-9] 0-830 [0-822, 0-838] 616 [59-2,63-9] 80-8  [80:3,81.2] | 384 [36:1,40-8] 851 0791 [0-779, 0-804]
289 LT8-8] | 802 225 L, 239] | 581 ,59-2] | 0-869 10-862, 0-876] 60-2  [57-8,62-5] | 84-1 [83.7.84.5] | 398 137-5,42:2] 82:9 0797 [0-785,0-810]
3N L 745] | 781 269 L254] | 619 L63-0] | 0880 [0-832,0.847] | 601 [577.62.4] | 837 [833.841] | 309 [37.6.423] | 833 0797 [0-784, 0-809]
380 . 78:2] | 816 231 . 24-5] | 565 L, 57-7] | 0-870 [0-863, 0-877] 587 [56-3.61-0] | 854 [85-1.858] | 41.3 139-0.43.7] 820 0-798 [0-786, 0-810]
392 , 78-5] | 80-8 228 (21-5,24-1] | 57-4 . 58-6] | 0-869 10-862, 0-876] 583 87-0  [86:6,87-4] | 41.7 139-4,44-1] 803 0-801 [0-788, 0-813]
402 L 75-0] | 782 [77:6,78-7] 264 [25:0,27-8] | 616 -5, 62:8] | 0-842 10-834, 0-849] 606 1 | 83-9  [83.5.84.3] | 394 [37-1,41-8] 830 ), 0797 [0-785, 0-810]
417 .79-2) | 802 [79-7.80-8] | 221 [20.8.23-5] | 579 59-0) | 0-873 [0-866.0-8%0] | 588  [56-4.61-1] [ 860 [856.864] | 412 [38.9.436] | 814 _[80-3.82.4] | 0803 [0-790 0-815]

" Values shown are percentages (except AUC), accompanied by 95% confidence intervals- rpart=Decision tree,

XGB=cXireme Gradient Boosting

XuY, et al. Emerg Med J 2023;0:1-8. doi: 10.1136/emermed-2022-212440



Chapter 3 Conclusions

Using tree-based machine learning methodology, a novel primary triage tool as well as a secondary
triage tool that is applicable via a portable device, have been developed. Both tools outperform the
BCD Triage Sieve amongst TARN patients, with reduced associated over-triage rates. The app-based
secondary triage tool has withstood external validation amongst injured patients from the UK
military’s Joint Theatre Trauma Registry (JTTR); however, a paucity of pre-hospital data precluded

external validation of Quick Triage amongst JTTR patients, necessitating further work.



CHAPTER 4: PENETRATING TRAUMA AND
TERRORIST-RELATED MAJOR INCIDENTS
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Introduction to Chapter 4

A review of the existing literature has revealed that in the UK, man-made major incidents comprising
blast and penetrating trauma have occurred with increasing frequency in recent years and continue
to constitute the greatest threat to national security. In Chapter 2, an objective and evidence-based
system to define triage categories has been validated amongst adults and children from the UK
national trauma registry (TARN). Existing international adult and paediatric Ml triage tools have
been evaluating using this proposed gold standard. This comparative analysis identified the BCD
Triage Sieve (now adapted for civilian use at the NHS MITT) as the tool with the greatest sensitivity in
predicting P1 status amongst both adults and children, surpassing the current UK adult (NARU Triage
Sieve) and Paediatric (Paediatric Triage Tape) Ml triage tools. However, this work assessed tool
performance in the entire trauma registry population in which 97% of patients sustained blunt
injury. It is not known, therefore, how these existing tools, or indeed the novel ML-derived Quick
Triage, performs in patients with penetrating trauma. The aim of chapter 4 is to identify the best
performing triage tool for use in the most prevalent types of UK major incident, i.e. terrorist-related

major incidents, which are characterised by blast and penetrating trauma.
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Triage in terror-related major incidents and the introduction of Quick Triage, a novel tool
for UK major incidents

Abstract:

Introduction:

With an ongoing threat from terror-related and other major incidents (Ml), evidence-based selection
of triage tools for the UK setting is imperative. Triage tools must be highly sensitive in identifying
patients in need of time-critical, life-saving interventions (Priority 1, or P1 casualties), whilst seeking
to minimise over-triage. We introduce Quick Triage, a novel machine learning-derived tool, and
evaluate its performance in clinically important subgroups within the Trauma Audit and Research
Network (TARN) registry. NHS England has recommended use of Ten Second Triage (TST) by non-
NHS first responders and Major Incident Triage Tool (MITT) for NHS first responders from April 2024;

these and other prominent tools are used as comparators.

Methods:

TARN patients of all ages (January 2008-December 2017) were included and divided into subgroups
based on age (<16 years, 16-64 years and elders aged 65+ years) and injury mechanism (blunt or
penetrating). Quick Triage, TST, MITT, the UK’s current tool NARU Triage Sieve, Battlefield Casualty
Drills Triage Sieve, CareFlight, Modified Simple Triage and Rapid Treatment (START), and the
Modified Physiological Triage Tool (MPTT-24) were retrospectively applied to patients’ first recorded
pre-hospital physiology. True P1 patients were identified using pre-defined, intervention-based

criteria. Tool-assigned and intervention-based assignment of P1 status were compared.

Results:

195,709 adults (including 100,403 elders) were included with median injury severity score (ISS) of 9
(IQR 9-17) and in-hospital mortality of 7.0% (n=13,601). 11.3% fulfilled criteria for P1 status. 97.1%

(n=190,048) sustained blunt injuries, including all elders. Amongst 4,962 children, median ISS was 9
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(9-17) with mortality of 1.1% (n=53); blunt injuries predominated (95.4%). 27.1% (1,343) of children

fulfilled P1 criteria.

In blunt-injured adults, Quick Triage was most sensitive (78.8%; elders 77.0%), followed by MITT
(74.0%; elders 57.9%). TST attained sensitivity of just 50.5% (elders 37.9%). TST, validated in real-life
patients for the first time, demonstrated exceptionally high rates of under-triage in blunt-injured P1
adults (43.5%), children (46.7%) and elders (62.1%). MITT’s sensitivity for blunt-injured children was
17% greater than Quick Triage, however Quick Triage outperformed MITT by a similar margin in
children with penetrating injuries, with 30% reduction in over-triage. Across the subgroups, Quick
Triage had lower over-triage (0.5%-30.5%) relative to MITT, which demonstrated the highest over-

triage (46.7-88.3%) amongst the tools studied.

Conclusion:

Quick Triage offers the most balanced performance in predicting the need for life-saving
interventions across adults and children with any injury mechanism and is associated with
significantly lower over-triage rates than MITT: we recommend its use as a single tool for all first
responders in UK Mls in place of TST and MITT. Use of TST may be associated with significant harm
due to substantial under-triage of blunt-injured adults, children and elders, a weakness not

recognised prior to this study.
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INTRODUCTION:

In the wake of the 2017 Manchester Arena bombing, much consideration has been given to how the
best possible outcomes can be delivered to victims of UK major incidents (Mls)!. A key component
of pre-hospital care is casualty triage using appropriate pre-determined triage tools*3. The triage
process seeks to ensure that casualties with life-threatening injuries are treated at scene ahead of
the less critically injured, and that casualties are transferred to the appropriate medical facility
within regionalised trauma networks2%. A Priority 1 (P1) casualty is defined as one in need of time-
critical, life-saving intervention®”. It is vital that triage tools correctly identify P1 patients, since
failure to do so (under-triage) is associated with direct harm and increased mortality resulting from
delayed care or transfer to an inappropriate medical facility®1°. Some over-triage, or assighment of
P1 status to non-critical patients, is inevitable if tools are to remain simple, however this is
associated with the potential harm of overwhelming healthcare facilities, thus impairing the care of
individual patients'®. Whilst major incident tools must perform robustly across a range of injury
mechanisms, the greatest loss of life on UK soil since World War 2 resulted from terrorist attacks
during the London 7/7 bombings and 2017 Manchester Arena Bombing, making the validation of any
potential triage tools amongst patients with blast and penetrating injuries a high priority*13,
Indeed, the 2023 National Risk Register highlights that the likeliest threat continues to be terrorist
attacks, including those on public places and transport!®. Whilst blast and penetrating mechanisms
have dominated, recent terrorist attacks have included combinations of mechanisms, such as vehicle
drive-through (i.e. blunt trauma) followed by dismounted knife attacks, as seen during the
Westminster and London Bridge Attacks, or blast associated with building collapse!%1%15 Sadly, the
Manchester Arena bombing illustrated the vulnerability of children to major incidents (17% of the
UK population is aged <15 years) and planning must also take into account that 19.7% of UK adults
are aged over 651, With public expectations at their highest, coupled with a higher level of
scrutiny than ever before, there is a need for robust evidence to inform national policymakers in

their choice of triage tools?.
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UK major incident triage has traditionally involved a two-stage “Sieve and Sort” approach with a
primary triage “sieve” applied at the scene of injury followed by a more detailed assessment
(secondary triage) conducted within the relative safety of a Casualty Clearing Station, prior to
onward transfer of patients>>'’. This approach assumes that the secondary triage process offers
additional triage accuracy, justifying the added time and complexity this entails. However, evidence
suggests that the existing UK secondary triage tool, the Triage Sort, is poorly sensitive (15%) in
detecting the need for life-saving intervention®*8, This, coupled with its complexity, may explain why
it has fallen out of use. Until recently, it has been UK policy to use the NARU Triage Sieve as an adult
(12+ years) primary tool followed by the Triage Sort, with use of the Paediatric Triage Tape (PTT) at
scene in children under 12 years, followed by JumpSTART at hospital reception**’. Substantial
evidence has emerged that these four tools have suboptimal performance in identifying casualties
needing life-saving interventions, as well as other important clinical outcomes®>”*819, Additionally,
use of four tools during a single major incident is unnecessarily complex, adding to the cognitive
burden of first responders, who must maintain situational awareness to ensure their safety and that
of their patients*!2%21 Simplification of the triage process may minimise delays and improve triage
accuracy. As such, NHS England has proposed that by June 2024, non-NHS first responders should
use the ultra-simple, expert-derived Ten Second Triage (TST, Figure 1), alongside use of the NHS
Major Incident Triage Tool (MITT, Figure 2) by NHS first responders, in patients of all ages???3. This
empowers non-NHS first responders to begin the triage process and administer life-saving
interventions ahead of the arrival of NHS first responders, addressing the so-called “care gap”
highlighted in the Manchester Arena Inquiry®. However there is no published evidence describing
how effective TST is in discriminating P1 from non-P1 patients outside of a simulated setting??. MITT
represents the civilian adaptation of the UK Military’s BattleField Casualty Drills (BCD) Triage Sieve,
following evidence that this has a relatively high sensitivity (56.7-75.7%) in predicting the need for
life-saving interventions amongst adults, elders and children, as well as predicting in-patient

mortality and injury severity amongst casualties of all ages”!>%. Additionally, there is indirect
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evidence of its efficacy from the excellent trauma outcomes achieved when the BCD Triage Sieve has

been used by soldiers during military operations in Afghanistan?.

Quick Triage is a novel machine learning-derived major incident triage tool that was modelled to
predict Priority 1 status within a UK-specific population of injured adults (Figure 3)?°. Uniquely for
the major incident context, the modelling process incorporated assessment of injury mechanism as
well as anatomical assessment of injuries?®. The resulting decision tree model included assessment
of the ability to breathe spontaneously, followed by ability to obey commands (GCS Motor Score=6)
and presence of a chest injury. Additionally, presence of a torso, junctional or head and neck
penetrating injury was found to be strongly associated with P1 status®®. In adapting this model into
a practically applicable tool, assessment for and interventions to control catastrophic haemorrhage
have been included: haemorrhage is a leading cause of death following injury and control of
peripheral or junctional haemorrhage may be readily achieved using tourniquets and haemostatic
dressings?®?’. To prevent early deaths, two further simple interventions have been included:
opening of the airway and placement of patients with airway compromise or altered mental status in
the recovery position®. Additionally, in keeping with conventional tools, ability to walk has been
included as a marker of non-severe injury, i.e. Priority 3 status®*. Quick Triage has yet to be
employed in practice and its performance in clinically important subgroups of the population has yet
to be demonstrated. The aim of this study was to measure the performance of Quick Triage
amongst paediatric, adult and elderly patients with blunt and penetrating injury from the UK
national Trauma, Audit and Research Network (TARN) registry, in comparison with existing tools, to

inform national policymakers.
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Figure 1: Ten Second Triage (TST)
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Figure 2: NHS Major Incident Triage Tool (MITT)
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Figure 3: Quick Triage
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METHODS:

Overview of study design

This study measures the performance of eight major incident triage tools in predicting P1 status
using patients from the UK Trauma Audit and Research Network (TARN) registry as surrogates for
those injured in a major incident. Each triage tool was applied to patients’ pre-hospital physiology to
determine whether the patient would have been designated P1 status. Patient records were

reviewed to determine whether they required time-critical, life-saving interventions from a
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predefined list, allowing assignment of “actual” triage categories (P1, P2, P3, Expectant or Dead).

Tool performance was assessed by comparing tool-predicted and intervention-based P1 status.

Study population

Prospectively recorded, anonymised data for TARN registry patients of all ages presenting to
hospitals in England and Wales between 1 January 2008 and 31 December 2017 were included.
Patients with incomplete pre-hospital physiological data required to apply the triage tools
(respiratory rate, heart rate, capillary refill time, Glasgow Coma Score (GCS), and GCS Motor
Component) were excluded. TARN constitutes the largest trauma registry in Europe, receiving data
from all UK Major Trauma Centres and Trauma Units?®. The registry includes injured patients
fulfilling the following criteria: length of stay over 72 hours, intensive care (ICU) admission and/or in-
hospital death. TARN does not include prehospital deaths19. Trained TARN co-ordinators record
pre-hospital and in-hospital physiological, demographic, and outcome data contemporaneously into

a web-based proforma.

Application of triage tools

To test tool performance, patients were categorised by age into children (<16 years), adults (16-64
years) and elders (65+ years), consistent with National Health Service configuration, and further
divided into subgroups based on the presence of blunt and penetrating injuries. Quick Triage (Figure
1), TST (Figure 2), NHS MITT (Figure 3), its parent tool, the UK military’s BCD Triage Sieve’, and the
current UK tool, the NARU Triage Sieve2, were transcribed into computer code and applied to first
recorded pre-hospital physiology to determine whether patients were assigned P1 or non-P1. As
comparators, CareFlight, used widely in Australiad and MSTART4, used in several parts of North
America were applied, as well as the MPTT-24%, which was modelled in UK military casualties but
has yet to be used in practice. Several assumptions were made to facilitate retrospective tool
application, as described previously’. Since TARN does not record the pre-hospital suspected

anatomical distribution of injuries, in the application of Quick Triage “presence of a chest injury” was
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assumed if the patient had a retrospective assignment of Abbreviated Injury Score greater than 0
(AIS Chest>0)*?2. For QT and TST, presence of a central penetrating injury was coded as “Injury
type: penetrating” and “AIS>0" in any body region other than limbs. For TST, “Talking?” was

denoted as a GCS Verbal score greater than or equal to 3%.

Outcome measures:

The primary outcome measure was the ability of triage tools to predict P1 status, defined as the
need for time-critical lifesaving intervention(s). Each patient was assigned a triage category (Dead,
Expectant, P1, P2 or P3) based on a pre-defined system utilising Emergency Medical Services and
hospital-based interventions described by Lerner et al, using equivalent TARN terminology (see
Supplementary data table 1)®. This system was originally derived using literature review followed by
expert consensus, and has been validated amongst UK trauma registry patients, demonstrating
clinically meaningful and statistically significant differences in mortality, intensive care use, length of
stay and injury severity between the triage categories’. TARN records the timing of hospital arrival
and each intervention, allowing incorporation of this interval into the time-critical definitions

constituting P1 status.

To further evaluate tool strengths and weaknesses, secondary outcome measures included
prediction of in-hospital mortality and I1SS>15. Although it does not directly correlate with resource
requirements, which is of prime importance in the Ml setting, ISS>15 is commonly used to define
major trauma, to justify major trauma centre admission within UK regionalised inclusive trauma

systems, and to assess the validity of field triage tools outside of the major incident context®?430,

Data processing and analyses:

TARN data were received in SPSS Version 24.0 (Armonk NY: IBM Corp 2015) and processed using R
software (Version 3.6, R Core Team, New Zealand, 2000). Non-parametric data are presented as

median and interquartile range; categorical data as frequency and percent. Performance
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characteristics included sensitivity, specificity, under-triage (1-sensitivity), over-triage (1-positive
predictive value), and Area Under the Receiver Operating Curve (AUROC). 95% confidence intervals
were calculated using the Wilson Score with continuity correction for binomial proportions, and
Delongs Algorithm for comparing AUC curves. Paediatric patients excluded due to missing data
were compared to included patients (see Supplementary data table 3 for statistical tests and

results).

Ethical approval: The UK Health Research Authority Patient Information Advisory Group (Section 20)

has granted ethical approval for research using anonymised TARN data.

Role of funding source: The funding source had no role to play in study design, in the collection,
analysis, and interpretation of data, in the writing of the report, or in the decision to submit the

paper for publication.

RESULTS:

Characteristics of the study population and subgroups

TARN captured 215,632 adult patients. 19,923 (9.2%) patients were excluded due to incomplete
physiological data, hence, 195,709 patients were included. Adult patient and injury characteristics
are summarised in Table 1. Median injury severity was 9 (IQR 9-17) and in-hospital mortality was
7.0% (n=13,601). Approximately half of adults were aged 65+ years (n=100,403). The vast majority
(97.1%) of adults sustained blunt injuries, including all those aged 65+ years. Low-level falls
constituted the commonest mechanism (n=113,319, 57.9%) followed by vehicle collisions (n=41,590,

21.3%) and falls greater than 2m (n=25,194, 12.9%).
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Table 1: Patient and injury characteristics (Adults aged 16+ years, n=195,709)

Characteristic | n (%)
Gender
Male 104,019 (53.1%)
Female 91,690 (46.9%)
Missing data 0 (0.0%)
Injury Severity Score (ISS)
Median (IQR) 9 (9-17)
ISS>15 62,402 (31.9%)
Missing data 0 (0.0%)

Age

Median (IQR), years
Patients aged 16—64 years

Patients aged 65+ years

66.2 (47.3-83.0)
95,306 (48.7%)
100,403 (51.3%)

Missing data 0 (0.0%)
Discharge status
Alive 182,107 (93.0%)
Dead 13,601 (7.0%)
Missing data 1 (0.0%)
Mode of injury
Blunt 190,048 (97.1%)

Penetrating

Missing data

5660 (2.9%)
1 (0.0%)

Mechanism of injury

Fall less than 2m
Vehicle Incident/Collision

Fall more than 2m

113,319 (57.9%)
41,590 (21.3%)
25,194 (12.9%)

Blow(s) 6827 (3.5%)

Stabbing 4105 (2.1%)

Other 2609 (1.3%)

Crush 1355 (0.7%)

Shooting 440 (0.2%)

Blast 142 (0.1%)

Burn 128 (0.1%)

Missing data 0 (0.0%)
Triage category

Priority 1 22,144 (11.3%)
Priority 2 171,404 (87.6%)

Dead 282 (0.1%)

Expectant 1879 (1.0%)
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2.9% (n=5660) of adults sustained penetrating injuries with a median age of 32.6 years (IQR 23-48)
and a strong male preponderance (85.6%, n=4,845) (See Supplementary data table 2 for full results).
In-hospital mortality was relatively low (3.1%, n=171) and median ISS was 9 (IQR 9-16). Penetrating
injuries were most frequently attributable to stabbing (n=4105, 2.1%) or other penetrating injuries

(n=1,115). A minority sustaining gunshot wounds (n=440, 0.2%).
) Yy gg )

Over the 10 year period, 15,133 children were identified; 10,171 (67.2%) were excluded due to
incomplete pre-hospital physiological datal9. Hence 4,962 children were included in the study.
Included and excluded patients were compared (see Supplementary data table Table 4): excluded
patients had comparable injury severity (median ISS 9 [IQR9-16] vs. median ISS 9 [IQR9-17], p<0.01
respectively) but higher mortality (3.1% vs. 1.1%, p<0.01) compared to included patients. Excluded

patients were more likely to have sustained burns and falls below 2m.

Paediatric patient and injury characteristics are summarised in Table 2. Male patients constituted
two thirds of the cohort (n=3447). Nearly half of the paediatric cohort were aged 12+ years, one
quarter were aged 8 to 11 years (n=1281, 25.8%) and the remaining quarter were aged under 8
years. As seen in adults, median ISS was 9 (IQR 9-17). In-hospital mortality was low at 1.1% (n=53).
Blunt injuries predominated (95.4%), with nearly half of all children injured in vehicle collisions
(n=2459) and over a third from falls (n=1832). 4.6% (n=229) of children sustained penetrating
injuries, most commonly due to stabbings (n=130, 2.6%), other penetrating injuries (=83, 1.7%) and

a very small minority (n=16, 0.3%) sustained gunshot wounds.
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Table 2: Paediatric patient and injury characteristics (age <16 years, n=4,962)

Characteristic | n (%)
Gender
Male 3447 (69.5%)
Female 1515 (30.5%)
Missing data 0 (0.0%)
Injury Severity Score (ISS)
Median (IQR) 9(9,17)
ISS>15 1,617 (32.6%)
Missing data 0 (0.0%)

Age

Median (IQR), years
<16 years, n (%)
Of which, 12 to <16

11.9 (8.0, 14.2)
4962 (100.0%)
2446 (49.3%)

810 <12 1281 (25.8%)
4to <8 768 (15.5%)
Oto<4 467 (9.4%)
Missing data 0 (0.0%)
Discharge status
Alive 4909 (98.9%)
Dead 53 (1.1%)
Missing data 1 (0.0%)
Mode of injury
Blunt 4733 (95.4%)

Penetrating

Missing data

229 (4.6%)
1 (0.0%)

Mechanism of injury

Vehicle Incident/Collision
Fall less than 2m

Fall more than 2m

2459 (49.6%)
1187 (23.9%)
645 (13.0%)

Blow(s) 327 (6.6%)
Other 147 (3.0%)
Stabbing 130 (2.6%)
Crush 42 (0.9%)
Shooting 16 (0.3%)
Blast 5 (0.1%)
Burn 4 (0.1%)
Missing data 0 (0.0%)
Triage category
Priority 1 1,343 (27.1%)
Priority 2 3,588 (72.3%)
Dead 2 (0.04%)
Expectant 29 (0.58%)
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Designation of intervention-based triage categories

Amongst the adult (16+ years) population, 11.3% (n=22,144) of patients fulfilled criteria for P1
status. The majority of these required advanced airway intervention (n=18,890, 85.3%), and one
fifth needed a chest drain within 2 hours (n=4,301). 15.5% (n=3,427) were designated P1 status
based on requiring emergency lifesaving surgery. A list of the eight criteria constituting P1 status,
with a breakdown of patient designations is presented in Supplementary data table 1. A minority of
patients fulfilled criteria for the “Dead” category (n=282, 0.1%), with a further 1% (n=1,879) classed
as “Expectant” based on the presence of non-survivable burns or catastrophic head injuries6. The
vast majority (87%, n=171,402) of patients were designated P2 status, forming the largest triage
category. In this TARN-eligible study population, no patients met criteria for Priority 3 (minimally

injured) status28.

In the subgroup of adults with penetrating injuries, and in contrast to their blunt-injured
counterparts, nearly half of patients fulfilled criteria for P1 status (n=2,639), the largest portion of
whom needed life-saving surgery (44.3%, n=1,170) (See Supplementary data table 4 for a breakdown
of P1 designations). A third (n=864) of P1 patients required chest drain placement within 2 hours
and there was a relatively lower requirement for airway interventions (37.0%, n=976). A similar
proportion arrived in ED with uncontrolled haemorrhage (12.4% in penetrating subgroup compared
with 8.9% amongst all adults). In-hospital mortality amongst adults with penetrating trauma was

relatively low (3.1%, n=171).

In the paediatric study population, 1343 (27.1%) patients met criteria for P1 status: three quarters
(n=808) required advanced airway intervention, nearly a third (n=310) arrived in ED with
uncontrolled haemorrhage and 15.7% (n=169) required life-saving surgery within 4 hours (see
Supplementary data table 5 for further details). Less than 1% (n=31) of paediatric patients fulfilled
criteria for “Dead” and “Expectant” categories and the vast majority (n=3588, 72:3%) of patients

were designated P2. No patients met criteria for the P3 (minor) category.
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Triage tool performance

(i) Prediction of P1 status (need for life-saving interventions)

Amongst adults aged 16-64 years with blunt trauma (Table 3), Quick Triage had the highest
sensitivity (78.8% 95CI 78.1-79.5) and the greatest overall discriminatory capability reflected by AUC
of 0.758 (95CI 0.754-0.762). Quick Triage offered a 6.3% sensitivity advantage over the next best
performer, MITT, with an associated improvement in over-triage at 66.4% (95Cl 65.9-66.9)
compared with MITT’s 74.0% (95CI 73.5-74.4). Both Quick Triage and MITT offer an improvement in
sensitivity of 25% or greater compared with the currently utilised NARU Triage Sieve (Sensitivity
46.8% 95Cl 46.0-47.7), although at the expense of slightly higher (8.5 to 16.1%) over-triage rates.
TST attained sensitivity of 50.5%, under-triaging nearly half of all blunt injured adults needing life-
saving interventions. CareFlight, NARU Triage Sieve and TST all demonstrated very high specificity
(88.8-95.8%) but all three tools exhibited under-triage rates of over 50%. The highest over-triage
rate was demonstrated by MPTT-24 (82.1% 95Cl 81.7-82.5), which also had the lowest overall

discriminatory capability (AUC 0.546 95CI 0.541-0.550).

Table 3: Tool performance in predicting the need for life-saving intervention (Priority 1 status) in
adult patients (16-64 years) with blunt trauma (n=190,048)

Sensitivity Specificity Undertriage Overtriage AUC

Quick Triage | 78.8 [78.1,79.5] 72.8 [72.5,73.1] 21.2  [20.5,21.9] 66.4 [65.9, 66.9] 0.758 [0.754, 0.762]

Tools proposed by NHS England
TST | 50.5 [49.6,51.3] 95.8 [95.7,96.0] 49.5 [48.7,50.4] 32.0 [31.1,32.9] 0.732  [0.727,0.736]
NHSMITT | 72.5 [71.7,73.2] 64.0 [63.7,64.4] 27.5 [26.8,28.3] 74.0 [73.5,74.4] 0.683 [0.679, 0.687]

Other tools

BCD Triage Sieve | 71.2  [70.4,71.9] 66.3 [66.0, 66.6] 28.8 [28.1,29.6] 73.0 [72.6,73.5] 0.687 [0.683, 0.692]
CareFlight | 47.2 [46.4,48.1] 93.0 [92.8,93.1] 52.8 [51.9,53.6] 46.1 [45.2,47.0] 0.701  [0.696, 0.705]
MPTT-24 | 45.6 [44.7,46.4] 63.5 [63.2,63.9] 54.4 [53.6,55.3] 82.1 [81.7,82.5] 0.546  [0.541, 0.550]
MSTART | 61.3 [60.4, 62.1] 89.2 [89.0,89.4] 38.7 [37.9,39.6] 50.2 [49.4,50.9] 0.752  [0.748,0.757]
NARU Triage Sieve | 46.8 [46.0,47.7] 88.8 [88.5,89.0] 53.2 [52.3,54.0] 57.9 [57.1,58.7] 0.678 [0.673, 0.682]
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In adults aged 16-64 years with penetrating trauma (Table 4), very high sensitivities were exhibited

by Quick Triage (90.3% 95CI 89.1-91.4) and TST (88.5% 95CI 87.2-89.8). These were followed by

MITT, with a moderate sensitivity of 68.4% (95CI 66.5-70.2). All three aforementioned tools

substantially outperformed NARU Triage Sieve’s sensitivity of 34.5% (95Cl 32.7-36.4). CareFlight had

the lowest sensitivity (22.6% 95CI 21.0-24.3) but the highest specificity (89.8% 88.6-90.9). Over-

triage rates across all tools in this penetrating subgroup of adults consistently fell below 50%, unlike

those seen amongst blunt injured adults (range 32.0-82.1%).

Table 4: Tool performance in predicting the need for life-saving intervention (Priority 1 status) in
adult patients (16-64 years) with penetrating trauma (n=5,660)

Sensitivity Specificity Undertriage Overtriage AUC

Quick Triage | 90.3 [89.1, 91.4] 27.3 [25.6,29.0] 9.7 [8.6,10.9] 46.2 [44.7,47.8] 0.588 [0.578, 0.598]

Tools proposed by NHS England
TST | 88.5 [87.2,89.8] 32.4 [30.6,34.2] 11.5 [10.2,12.8] 44.9 [43.4,46.5] 0.605 [0.594, 0.616]
NHS MITT | 68.4 [66.5,70.2] 43.8 [42.0,45.8] 31.6 [29.8,33.5] 46.7 [45.0,48.5] 0.561 [0.548, 0.574]

Other tools

BCD Triage Sieve | 66.2 [64.3, 68.1] 46.8 [44.9,48.7] 33.8 [31.9,35.7] 46.2  [44.4,48.0] 0.565 [0.552,0.578]
CareFlight | 22.6 [21.0,24.3] 89.8 [88.6,90.9] 77.4 [75.7,79.0] 32.5 [29.3,35.8] 0.562 [0.552,0.572]
MPTT-24 | 60.5 [58.6, 62.4] 446 [42.7,46.5) 395 [37.6,41.4] 49.4 [47.6,51.2) | 0.526 [0.512,0.539]
MSTART | 35.6 [33.8,37.6] 83.7 [82.2,85.1] 64.4 [62.4,66.2] 32.8 [30.3,35.4] 0.597 [0.585, 0.608]
NARU Triage Sieve | 34.5 [32.7,36.4] 77.5 [75.9,79.1] 65.5 [63.6,67.3] 41.0 [38.5,43.6] 0.560 [0.548,0.572]

Note: all adults with penetrating injuries fell within the 16-64 year subgroup.

Amongst elders (65+ years, see Table 5), all of whom sustained blunt injuries, Quick Triage

demonstrated the greatest sensitivity of 77.0% (95C| 76.4-77.5), surpassing all other tools by a

margin of 20%, with a relatively modest over-triage rate of 73.1% (95CI 72.7-73.4) and best overall

AUC of 0.752 (95CI 0.749-0.755). This was followed with a 20% margin by MITT (sensitivity 57.9%

95CI 56.6-59.1), which had higher over-triage at 88.3% (95CI 87.9-88.6). High over-triage rates were

seen with all tools (62.8-91.3%) in the elders subgroup. CareFlight, MPTT-24, MSTART, NARU Triage

Sieve and TST all demonstrated sensitivity of less than 50%, with TST identifying little over one-third

(sensitivity 37.9% 95CI 36.9-39.1) of elders needing life-saving interventions.
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Table 5: Tool performance in predicting the need for life-saving intervention (Priority 1 status) in
elders (65+ years, n=100,403)

Sensitivity Specificity Undertriage Overtriage AUC

Quick Triage | 77.0 [76.4, 77.5] 73.4 [73.2,73.6] 23 [22.5,23.6] 73.1 [72.7,73.4] 0.752  [0.749, 0.755]

Tools proposed by NHS England

TST | 37.9 [36.7,39.1] 95.8 [95.6,95.9] 62.1 [60.9,63.3] 62.8 [61.6,64.0] 0.668 [0.662, 0.674]
NHS MITT | 57.9 [56.6, 59.1] 71.1 [70.8,71.4] 42.1 [40.9, 43.4] 88.3 [87.9, 88.6] 0.645 [0.639, 0.651]

Other tools

BCD Triage Sieve | 56.7 [55.5,57.9] | 72.7 [72.4,73.00 | 433 [42.1,445] | 879 [87.5883] | 0.647 [0.641,0.653]
CareFlight | 33.5 [32.3,34.7] | 93.4 [93.3,93.6] 66.5 [65.3,67.7] | 747 [73.7,75.6] | 0.635 [0.629, 0.641]
MPTT-24 | 43.1 [41.9,443] | 69.9 [69.6,70.2] 569 [55.7,58.1] | 91.3 [91.0,91.6] | 0.565 [0.559,0.571]
[
[

MSTART | 48.6 [47.4,49.9] 88.5 [88.3,88.7] 51.4 [50.1,52.6] 78.2 [77.5,78.8] 0.686 [0.679, 0.692]

NARU Triage Sieve | 33.2 [32.1, 34.4] 89.6 [89.4,89.8] 66.8 [65.6,67.9] 82.5 [81.8,83.1] 0.614 [0.609, 0.620]

Note: there were no elders with penetrating trauma within the TARN database.

In children with blunt injuries (Table 6), MITT had the greatest sensitivity at 84.7% (95CI 82.3-86.8),
however this was associated with a relatively high over-triage rate of 73.2% (95Cl 71.6-74.7) and
AUC of 0.612 (95CI 0.599-0.626). Quick Triage had the second highest sensitivity, identifying two
thirds of children needing life-saving intervention (sensitivity 67.1% 95CI 64.1-69.9), with a 30%
lower over-triage rate than MITT and the highest AUC of 0.768 (95Cl 0.753-0.784). As seen in blunt-
injured adults, TST identified approximately half of blunt-injured children requiring life-saving
intervention (sensitivity 53.3% 95Cl 48.7-55.0), with similar performance to CareFlight (sensitivity

51.9% 95Cl 48.7-55.0); both TST and CareFlight demonstrated high specificity above 94%.

Table 6: Tool performance in predicting the need for time-critical, life-saving intervention (Priority
1 status) in children (<16 years) with blunt trauma (n=4,733)

Sensitivity Specificity Undertriage Overtriage AUC

Quick Triage | 67.1 [64.1, 69.9] 86.6 [85.4, 87.6] 329 [30.1, 35.9] 42.7 [39.9, 45.6] 0.768 [0.753, 0.784]

Tools proposed by NHS England

TST | 53.3 [50.1, 56.4] 95.6 [94.9,96.2] 46.7  [43.6,49.9] 235 [20.5,26.9] 0.744  [0.729, 0.760]
NHS MITT | 84.7 [82.3, 86.8] 37.8 [36.2,39.3] 15.3  [13.2,17.7] 73.2  [71.6,74.7] 0.612  [0.599, 0.626]

Other tools

BCD Triage Sieve | 82.6 [80.1, 84.9] 41.9 [40.3,43.5] 17.4  [15.1,19.9] 72.3 [70.7,73.9] 0.623  [0.609, 0.637]
CarefFlight | 51.9 [48.7,55.0] 94.1 [93.2,94.8] 48.1 [45.0,51.3] 29.9 [26.6,33.3] 0.730 [0.714, 0.746]
MPTT-24 | 53.8 [50.7,56.9] 39.6 [38.0,41.2] 46.2 [43.1,49.3] 80.7 [79.1,82.1] 0.467 [0.450, 0.484]
[
[

MSTART | 62.6  [59.6, 65.6] 87.1 [86.0,88.1] 37.4 [34.4,40.4] 43.4 [40.5,46.4] 0.749 [0.733,0.764]

NARU Triage Sieve | 57.8  [54.7, 60.8] 78.3 [77.0,79.6] 42.2  [39.2,45.3] 58.2 [55.6, 60.8] 0.681 [0.664, 0.697]

70



Tool performance in children with penetrating trauma closely mirrored that seen in adults (Table 7),

with very high sensitivities demonstrated by Quick Triage (93.8%, 95CI 86.4-97.4) and TST (88.5%,

95ClI 80.0-93.3), followed with some distance by MITT at 75%, (95CI 64.9-83.0). As in adults, over-

triage rates were much lower amongst children in penetrating trauma (44.4-54.9%) compared with

blunt-injured children (23.3-80.7%), in which wider variation but generally higher over-triage rates

were noted.

Table 7: Tool performance in predicting the need for life-saving intervention (Priority 1 status) in
children (<16 years) with penetrating trauma (n=229)

Sensitivity Specificity Undertriage Overtriage AUC

Quick Triage | 93.8 [86.4,97.4] 35.0 [27.2,43.7] 6.2 [2.6,13.6] 49.7 [42.2,57.2] 0.644 [0.597,0.691]

Tools proposed by NHS England
TST | 88.5 [80.0,93.9] 46.0 [37.5,54.7] 115 [6.1,20.0] 46.5 [38.7,54.6] 0.673  [0.620, 0.725]
NHS MITT | 75.0 [64.9, 83.0] 409 [32.7,49.6] 25.0 [17.0,35.1] 529 [44.7,61.0] 0.579 [0.519, 0.639]

Other tools

BCD Triage Sieve | 72.9 [62.7,81.2] 445 [36.1,53.2] 27.1  [18.8,37.3] 52.1 [43.7,60.3] 0.587 [0.526, 0.648]
CareFlight | 16.7 [10.1, 26.0] 89.1 [82.3,93.5] 83.3 [74.0,89.9] 48.4  [30.6, 66.6] 0.529 [0.483,0.574]
MPTT-24 | 66.7 [56.2, 75.8] 43.1 [34.7,51.8) 333  [24.2,43.8] 549 [46.4,63.2) | 0.549 [0.486,0.612]
MSTART | 31.2 [22.4, 41.6] 82.5 [74.9,88.2] 68.8 [58.4,77.6] 444 [31.2,585]) | 0569 [0.512,0.625]
NARU Triage Sieve | 38.5 [28.9,49.1] 75.9 [67.7,82.6] 61.5 [50.9,71.1] 47.1 [35.2,59.4] 0.572 [0.512,0.633]

In all subgroups, the BCD Triage Sieve has near-identical performance to its derivative, MITT.
MSTART had moderate sensitivity for adults and children with blunt trauma (61.3 %and 62.6%,
respectively) and low sensitivity amongst adults and children with penetrating trauma (35.6% and
31.2%, respectively), although MSTART demonstrated high specificity of over 82% in all subgroups

and relatively low over-triage rates (32.8-50.2%, with the exception of elders).

(ii) Prediction of in-hospital mortality (see Supplementary data tables 7A-E)

Amongst blunt-injured adults aged 16 to 64 years, MITT was most sensitive (85% 95CI 83.5-86.4) for
in-patient mortality, followed closely by Quick Triage at 80.3% (95CI 78.7-81.9) and then MSTART at

76.6% (95CI 74.9-78.3). Amongst adults (16-64 years) with penetrating injuries, with the exception
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of MPTT-24 (sensitivity 29.3% 95Cl 21.9-37.9), all tools demonstrated sensitivity of 84% and above,

with Quick Triage, TST and MITT achieving sensitivities above 95%.

All tools demonstrated sensitivities of 85-100% for inpatient mortality amongst blunt-injured
children, and sensitivities of 80-100% in children with penetrating injuries. The exception to this was
MPTT-24, with poor sensitivity (7.3%-36.4%) for in-patient mortality within all subgroups except for
elders (sensitivity 45.9% 95CI 44.9-46.8). Amongst elders, MITT achieved the highest sensitivity in
predicting in-patient mortality at 50.8% (95CI 49.9-51.8), with all other tools performing worse: the
lowest sensitivity was demonstrated by TST (24.5% 95Cl 23.7-25.3) and CareFlight (26.9% 95Cl 26.1-

27.8).

(iii) Prediction of ISS greater than 15 (see Supplementary data tables 8A-E)

Amongst all adults, 62,402 (31.9%) had I1SS>15, of whom approximately a quarter (n=15,058) met
criteria for intervention-based P1 status. A third (n=7,086) of intervention-based P1 patients had an
ISS<15. In predicting ISS>15 amongst blunt injured adults (16-64 years), MITT demonstrated the
greatest sensitivity of 85.0% (95CI 83.5-86.4) followed by Quick Triage at 80.3% (95CI 78.7-81.9).
CareFlight, NARU Triage Sieve and START had similar sensitivity in the range of 69.1 to 76.6%. TST's
sensitivity for 1IS5>15 was 51.0% (95%Cl 49.0-53.1). Amongst adults (16-64 years) with penetrating
trauma Quick Triage, TST, MITT (as well as parent tool BCD) all exhibited sensitivities of over 95% for
ISS>15, closely followed by MSTART (88.7%), NARU Triage Sieve (84.2%) and CareFlight (78.2%).
MPTT-24 had the lowest sensitivity for ISS>15 amongst adults aged 16-64, in both blunt (33.7% 95ClI
31.8-35.6) and penetrating trauma (29.3% 95Cl 21.9-37.9) subgroups. Amongst elders, all tools
performed poorly at predicting ISS >15, ranging in sensitivity from 41.4% (Quick Triage) to the lowest

at 18.3% (CareFlight).

Amongst children, one third of patients (n=1617) had ISS>15, half (n=849) of whom met criteria for
intervention-based P1 status. One third (n=494) of intervention-based P1 patients had an ISS<15.

The tools performed very differently in predicting ISS>15 as compared with adults and demonstrated
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great variation between penetrating and blunt-injured paediatric subgroups. In the blunt injured
subgroup, MITT (similar to its parent tool, BCD) demonstrated the highest sensitivity of 77.2% (95Cl
75.1-79.3), followed at some distance by MPTT-24 (sensitivity 57.7% 95Cl 55.2-60.1) and Quick
Triage (sensitivity 57.4% 95CI 54.9-59.8). TST had the lowest sensitivity for severe injuries at 36.5%
(95%Cl 34.2-39.0). Amongst children with penetrating trauma, Quick Triage was very highly sensitive
at 95.5% (95CI 86.4-98.8), followed with a 25% margin by MITT (sensitivity 69.7% (95CI 57.0-80.1)

and then TST at 77.3% (95Cl 65.0-86.3).

DISCUSSION

This study introduces Quick Triage, a novel machine-learning derived major incident triage tool,
assessing its performance using national trauma registry data. Quick Triage outperforms existing
prominent tools in predicting the need for life-saving interventions across all clinically important
subgroups, with a reduction in over-triage of 0.5% to 30.5% relative to MITT. The exception to this is
in blunt-injured children, where MITT has a 17% sensitivity advantage over Quick Triage, however,
Quick Triage outperforms MITT by a similar margin in children with penetrating trauma. MITT,
proposed by NHS England for use by NHS first responders from April 2024, performs moderately well
(sensitivity 68.4%- 84.7%; elders 57.9%) in predicting the need for life-saving interventions, although
it is associated with the highest rates of over-triage (46.7-88.3%) amongst the tools studied. Quick
Triage and MITT have similarly strong performance in predicting in-patient mortality and 1S5>15
amongst adults; both offer drastic improvements in identifying P1 patients relative to the current UK
tool, the NARU Triage Sieve. TST, proposed by NHS England for use by non-NHS first responders
from April 2024, has undergone its first validation using real patients, including children. TST

demonstrated excellent performance in penetrating trauma but identifies only half of blunt-injured
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adults and children and approximately a third of elders requiring life-saving interventions:

considerable limitations not recognised prior to this study.

Although TST has been field-tested using simulated casualties, this is its first validation amongst real-
life casualties, permitting evaluation of its strengths and weaknesses??. There are several practical
implications of study findings. The high sensitivity of TST for P1 status in penetrating trauma (88.5%
in children, 88.1% in adults aged 16-65) suggests that TST-labelled P1 casualties can be transferred
from scene without ill consequence or need for re-triage. In blunt-injured patients assigned P1
status by TST, a high specificity (>95%) suggests that these patients too may be transferred and that
re-triage with an alternative tool is unlikely to change their tool-assigned triage category. The
danger lies with blunt-injured patients in whom TST assigns P2 status. A significant proportion of
these will be “true” P1s (TST under-triage rate of blunt-injured P1 adults is 43.5%, 46.7% in children
and 62.1% in elders): these casualties may experience delayed care at scene, and transfer to an
inappropriate hospital for definitive care if not re-triaged using a more sensitive tool. If NHS
England’s recommendation for non-medical first responders to use TST is implemented, it is
imperative that all blunt-injured TST-labelled P2 patients undergo re-triage with a more sensitive
tool prior to transfer; perhaps use of distinct tags highlighting the need for re-triage is warranted.
This vulnerability associated with TST is compounded by several real-life reports that secondary
triage is frequently omitted during Mls. Delays in establishing a CCS, bypass of an existing CCS and
immense pressure on first responders to clear the scene of casualties rapidly, sometimes at the

expense of triage accuracy, are commonplace in UK and international Mis%2%32,

By contrast, study findings suggest that Quick Triage offers more balanced performance across the
various subgroups (sensitivity of 77.0-92.1%, elders 67.1%) ensuring that over two thirds of P1s of
any age with any injury mechanism are correctly identified, negating the need for secondary triage.
Quick Triage’s lower over-triage rates relative to MITT may reduce the risk of overwhelming

hospitals with non-critical patients!®. Hence, we recommend Quick Triage as a single tool for all first
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responders at the scene of Mls. Allowing complete interchangeability between triage conducted by
NHS and non-NHS first responders, this simplification of the triage process will likely relieve the
existing cognitive burden on all first responders, facilitate collaboration at scene to save lives, and
allow the rapid onward transfer of casualties without compromising triage accuracy®?!. Promotion
of a shared mental model and minimising the duplication of efforts at scene by first responders
across various organisations wholly embraces the principles outlined by the Joint Emergency Service
Interoperability Programme (JESIP), addressing shortfalls identified repeatedly following the London
7/7 bombings and 2017 Manchester Area reports**3, Quick Triage may be re-applied as required,
for example during prolonged field care, at a CCS if desired or after the administration of a life-saving

intervention (e.g. tourniquet application).

Triage of children in Mls is particularly emotive and challenging®!'. Often, uninjured children
experience over-triage to paediatric trauma centres following Mls, which are more vulnerable to
being overwhelmed than their more numerous adult counterparts®: removing the need to measure
and calculate respiratory and heart rates (as demanded by PTT, JumpSTART and MITT) may reduce
inter-user variability and promote objective triage. In this computed, retrospective application of
tools, it is unclear whether MITT’s advantage over Quick Triage in blunt-injured children (sensitivity
84.7% vs 67.1%) would be sustained in practice, given that MITT is a more complex tool to apply.
Quick Triage’s lower over-triage rates in both paediatric subgroups (3-30% reduction relative to
MITT) has obvious practical advantages. Although not measured in this study, PTT and JumpSTART’s
performance has been evaluated in using the same trauma registry data and definition of P1,
demonstrating inferior sensitivity to Quick Triage and MITT (PTT 44.8% and JumpSTART 35.6%)%°. At
the other extreme of age, Quick Triage demonstrates strength in predicting the need for life-saving
interventions amongst elders, perhaps reflecting that Quick Triage was modelled using a TARN
population, in which elders are well represented. Future work should determine how over-triage in
elders can be reduced, and how other determinants of outcome including frailty and presence of co-

morbidities can be practically incorporated into the triage process.
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Consistent with reports following real-life MIs®?, we note a higher proportion of P1s overall amongst
patients with penetrating compared with blunt trauma (46.6% vs 11.3% in adults), but additionally,
there is a 2.5-fold higher requirement for life and limb-saving surgical interventions: this is
particularly relevant for the hospital phase of planning for MIs%1233, Our study findings confer with
Cicero and Cross, who demonstrated only a moderate sensitivity of START (very similar to MSTART)
and CareFlight for in-patient mortality amongst 500,000 patients from the US National Trauma Data
Bank, mortality, as well as confirming that all tools have lesser discriminatory capability amongst
elders relative to younger adults®*. In their retrospective application of tools to data collected on
victims of the London 7/7 bombings, Challen et al also reported sensitivity of only 50% for both
START and CareFlight in predicting P1 status, although their study was limited by a paucity of
prehospital physiological data, as is often the case following Mis®®. CareFlight has widely been
shown to have high specificity, but suboptimal sensitivity of approximately 50%, in several studies®>
37 More recently, Jerome et al retrospectively evaluated multiple tools using over 8000 patients of
all ages from the Alberta Trauma Registry, demonstrating similarly strong performance of MITT and
BCD Triage Sieve (sensitivity of 70%), whilst START demonstrated sensitivity of below 50% in this
study population®. Jerome et al highlighted the limitations of using mortality as an outcome
measure of Ml tool performance, stating that resources must be directed to patients who are
critically ill but highlighting that a proportion of patients may have unsurvivable injuries; this is
particularly relevant amongst elders®. In contrast to our findings, Jerome et al found that MPTT,
from which MPTT-24 was derived, outperformed MITT®. This may relate to the authors’
interpretation of MPTT’s treatment of the non-breathing patient (e.g. assuming that an airway
manoeuvre was implicitly permitted; 61% of P1 patients required advanced airway intervention and
MPTT was reported as having a sensitivity of 76%, despite the MPTT tool stipulating that non-
breathing patients should be assigned “Dead”). Another possible explanation is that MPTT involves
calculation of a full GCS score (MPTT-24 does not); this may convey triage accuracy on retrospective

evaluation of MPTT, but is felt to be too complex and time consuming to apply accurately in the Ml
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setting®3®. In our study, MPTT-24 has demonstrated modest sensitivity for the need for life-saving
interventions yet poor sensitivity for predicting in-hospital mortality and 1S5>15, despite an author-
led investigation demonstrating that patients under-triaged by MPTT had the lowest mortality when
compared to the NARU and MIMMS Triage Sieve tools*. A possible explanation for this is that the
MPTT-24’s high over-triage rate of P1 casualties, not reported in that study, may have included
those who died by chance, rather than due to diagnostic accuracy; another possible explanation is
that a different, author-derived definition of P1 was utilised, limiting direct comparison of the
results. Based on the findings of this and a previous study, MPTT-24 cannot be recommended for
use in UK Mls. TST and CareFlight tools have a high specificity (93.7% and 92.8%, respectively) for
predicting the need for life-saving intervention amongst blunt-injured adults aged 16-64 years.
Coupled with the knowledge that both tools are highly simple to apply, these data suggest that they
might be useful as primary triage tools, however their relatively high under-triage rates (43.5% and
56.7%, respectively) make them less desirable as standalone tools, mandating the need for

secondary triage prior to patient transfer.

A key strength of this study is the evaluation of triage tool performance using a large number of
injured UK casualties, including important injury mechanism and age subgroups, allowing a thorough

1712 Yse of singly-injured trauma registry patients to

evaluation not afforded by previous studies
measure triage tool performance affords a completeness of physiological data that cannot ordinarily
be obtained in real Mis5%3+3>4  Obvious limitations of this approach are that singly-injured patients
are not wholly representative of Ml casualties with regards to injury type, severity and outcome®>31,
For example, in a London-based study, Olding et al illustrated that knife-injured Ml patients tend to

be older, more evenly spread across genders and may suffer more severe injuries than those injured
singly outside of the Ml setting, potentially reflecting the lethal intent of perpetrators during Mis?®.

Sadly, paediatric patients within the TARN registry appear to suffer from less complete data

collection compared to adults, an important deficiency which must be addressed?.
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Quick Triage fulfils the majority of the Model Uniform Core Criteria for Mass Casualty Triage (agreed
by several US professional prehospital societies and the American College of Surgeons), making it an
eligible candidate for use in the United States***. To be fully compliant with MUCC criteria, it may
preceded by “global sorting” (walking/waving/still) assessment® prior to individual patient
assessment and should include chest decompression as a life-saving intervention®'. Consideration of
Quick Triage for use in the US is particularly relevant since MSTART appears to have suboptimal
sensitivity, particularly in penetrating trauma, as seen in this and other studies®*. However prior
validation of Quick Triage using mass-shooting or US civilian gunshot wound databases would be
prudent since TARN contains only small proportions of low velocity GSW victims, limiting
generalisability of study findings”?°. More studies are required to assess validity of the ability to
walk as a marker of the absence of significant injuries, with one air-crash evaluation suggesting that

17% of ambulatory patients harboured significant P2 (but importantly, not P1) defining injuries®.

A significant weakness of this study is that retrospective, computed application of triage tools does
not take into account human factors: some tools are more difficult to apply in practice then others,
affecting triage accuracy3*. Reports from previous international Mls (e.g. 9/11 terrorist attacks)
highlight that tools involving arithmetic calculations (e.g. heart rate, respiratory rate) are rapidly
abandoned by users in high-threat situations, with experts advising a move away from such
tools?>3138 The practical applicability of tools can only be evaluated following real-life events or
simulation studies involving humans®!. We propose that Quick Triage utilises qualitative input
variables that can be reliably measured by any first responder under challenging circumstances?.
However, the need to assess for presence of chest injuries, which forms a major component of pre-
hospital triage tools regularly applied by paramedics (e.g. ACS COT Field Triage Tool)*°, may
necessitate additional training amongst non-medical first responders. Blast-injured patients are
under-represented in the study population: use of available military trauma registries may prove
useful for this purpose, but not without limited generalisability to the civilian setting?’. Patients with

burns, who form a significant proportion of casualties following explosions*?, and CBRN-related
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injury are similarly underrepresented in TARN, warranting further academic inquiry, although the

authors could not identify any CBRN-related databases in which tool performance may be assessed.

In conclusion, this study describes a novel machine-learning derived Ml triage tool, Quick Triage, and
describes its superior performance to existing tools across a range of clinically significant age and
mechanism subgroups, using a nationally representative patient population. Strengths and
weaknesses of TST and MITT have been evaluated, including relatively high over-triage rates
associated with MITT, enabling care providers and policymakers to anticipate and therefore mitigate
any potential harm associated with their use. Whilst equipping non-medical responders to
administer life-saving interventions, NHS England’s recommended use of TST is associated with a
significant risk of under-triage in blunt injured adults, children and elders??. Using Quick Triage as a
single tool for all first responders may drastically simplify the triage process, promote better
collaboration amongst first responders at scene and eliminate the aforementioned risk to blunt-
injured P1 patients, whilst reducing over-triage rates®. This addresses several deficiencies raised
during previous UK Mls, including the “care gap” highlighted in the Manchester Arena Inquiry and
several human factors considerations raised following UK and international Mis*?. We therefore
recommend that Quick Triage replaces NHS MITT immediately as the tool of choice for NHS first
responders and recommend that field-testing amongst police and fire services is undertaken with a

view to universal roll-out for all emergency services involved in UK major incidents.
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SUPPLEMENTARY DATA

Supplementary data table 1: Criteria defining Priority 1 status with a breakdown of adult Priority 1

patients fulfilling each criterion

Subcomponents of the Priority 1 triage category

n (% of P1 patients)

An advanced airway intervention (e.g. intubation, LMA, surgical airway) performed in the pre-hospital
setting or within 4 hours of arrival at hospital

18,890 (85.3%)

Chest tube placed within 2 hours of arrival at hospital

4,301 (19.4%)

Neurologic, vascular, or haemorrhage-controlling surgery to the head, neck or torso performed within
4 hours of arrival to hospital

3,427 (15.5%)

Arrived in the ED with uncontrolled haemorrhage

1,979 (8.9%)

Limb-conserving surgery performed within 4 hours of arrival at hospital on a limb that was found to be
pulseless distal to the injury prior to surgery

606 (2.7%)

IV vasopressors administered within 2 hours of arrival at hospital

361 (1.6%)

Patient who required EMS initiation of CPR (i.e. had a cardiac arrest) during transport, in the ED, or
within 4 hours of arrival at a hospital

182 (0.8%)

Escharotomy performed on a patient with burns within 2 hours of arrival at a hospital

3(0.0%)

Total number of P1 patients

22,144 (100.0%)

Note: There is overlap between life-saving interventions (LSI): 78.0% (n=17,272) of P1 patients
required one LSI, 15.9% (n=3,520) required two LSI, and 6.0% (n=1,328) required 3 or more LSI.
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Supplementary data table 2: Patient and injury characteristics of subgroup of adults with

penetrating injuries (n=5,660)

Supplementary data table 3: Comparison of the characteristics of included versus excluded

patients

Characteristic | n (%)
Gender
Male 4,845 (85.6%)
Female 815 (14.3%)
Missing data 0
Injury Severity Score (ISS)
Median (IQR) 919, 16]
Missing data 0
Age
Median (IQR), years 32.6 [23, 48]
Missing data 0

Discharge status

Alive 5,305 (93.7%)
Dead 171 (3.1%)
Missing data 184 (3.2%)

Mechanism of Injury

Penetrating | 5,660
Of which:
Stabbing 4,066 (71.8%)
Other* 1,159 (20.5%)
Shooting 410 (7.2%)
Blast 25 (0.44%)
Missing data 0
Triage Category
Priority 1 2639 (46.6%)
Priority 2 2971 (52.5%)
Dead 21 (0.37%)
Expectant 29 (0.51%)

Variable

Included patients

Excluded patients

Male gender, n (%)

3447 (69.5%)*

6847 (67.3%)

ISS, median (IQR) 9(9,17)* 9 (9, 16)
Age (years), median (IQR) 11.9 (8.0, 14.2)* 3.9(1.6,10.1)
Mortality, n (%) 53 (1.1%) 316 (3.1%)*

Injury type

Blunt

4733 (95.4%)

9935 (97.7%)*

Penetrating

229 (4.6%)*

236 (2.3%)

Injury mechanism

Vehicle incident/collision

2459* (49.6%)

2262 (22.2%)

Fall less than 2m

1187* (23.9%)

4827 (47.5%)

Blow(s)

327 (6.6%)

943 (9.3%)

Crush

42 (0.9%)

118 (1.1%)

Fall more than 2m

645* (13.0%)

869 (8.5%)

Other 147 (3.0%) 971* (9.6%)
Burn 4 (0.1%) 40* (0.4%)
Stabbing 130* (2.6%) 99 (1.0%)
Shooting 16 (0.3%) 26 (0.3%)
Blast 5(0.1%) 16 (0.2%)




Note: Included patients were compared to those excluded with respect to clinical and demographic
characteristics. Fisher’s exact test was used to compare categorical variables (gender, mortality and
mode of injury (blunt and penetrating)). Continuous variables were compared using a Two-sample
Kolmogorov-Smirnov Test. Differences in injury mechanism were estimated using the Chi-square
test, where results were significant, post-hoc tests were performed to generate a p value. P values
were adjusted using the Bonferroni correction. A value of p<0-05 was considered statistically
significant.

Patients were excluded on the basis of insufficient pre-hospital physiological data required to apply
the tools (see Methods). OR=0dds ratio. Percentages represent the proportion of patients within the
included (or excluded) group with the characteristic described (e.g. 69.5 % of all included patients
were of male gender). * indicates the group that has higher number of incidents than expected, and
is statistically significant (p<0.05).

Supplementary data Table 4: Breakdown of Priority 1 assignments amongst adults with
penetrating trauma

Subcomponents of the Priority 1 triage category n (% of P1 patients)

Neurologic, vascular, or haemorrhage-controlling surgery to the head, neck or torso performed within
4 hours of arrival to hospital 1,170 (44.3%)

Limb-conserving surgery performed within 4 hours of arrival at hospital on a limb that was found to be

pulseless distal to the injury prior to surgery 209 (7.9%)
Escharotomy performed on a patient with burns within 2 hours of arrival at a hospital 2 (0.076%)
Chest tube placed within 2 hours of arrival at hospital 864 (32.7%)

An advanced airway intervention (e.g. intubation, LMA, surgical airway) performed in the pre-hospital

setting or within 4 hours of arrival at hospital 976 (37.0%)
IV vasopressors administered within 2 hours of arrival at hospital 9 (0.34%)
Arrived in the ED with uncontrolled haemorrhage 326 (12.4%)

Patient who required EMS initiation of CPR (i.e. had a cardiac arrest) during transport, in the ED, or
within 4 hours of arrival at a hospital 10 (0.38%)

Total number of P1 patients 2,639 (100%)

Note: All adults with penetrating trauma fell within the 16-64 years age group
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Supplementary data Table 5: Breakdown of paediatric Priority 1 patients according to Priority 1-
defining criteria

Subcomponents of the Priority 1 triage category

n (%)

An advanced airway intervention (e.g. intubation, LMA, surgical airway) performed in the pre-hospital
setting or within 4 hours of arrival at hospital

808 (75.2%)

Arrived in the ED with uncontrolled haemorrhage

310 (28.9%)

Neurologic, vascular, or haemorrhage-controlling surgery to the head, neck or torso performed within
4 hours of arrival to hospital

169 (15.7%)

Chest tube placed within 2 hours of arrival at hospital 70 (6.5%)
Limb-conserving surgery performed within 4 hours of arrival at hospital on a limb that was found to be

pulseless distal to the injury prior to surgery 23 (2.1%)
IV vasopressors administered within 2 hours of arrival at hospital 6 (0.6%)
Patient who required EMS initiation of CPR (i.e. had a cardiac arrest) during transport, in the ED, or

within 4 hours of arrival at a hospital 1(0.1%)
Escharotomy performed on a patient with burns within 2 hours of arrival at a hospital 1(0.1%)

Total number of P1 patients

1343 (100.0%)

Note: There is overlap between life-saving interventions (LSI): 73.2% (n=1006) of P1 patients
required one LSI, 21.8% (n=299) required two LSI, and 5.0% (n=69) required 3 or more LSI.

Supplementary Data Table 7: Tool performance in predicting in-patient mortality

7A: Adults (16-64 years) with blunt trauma

Sensitivity Specificity Undertriage Overtriage AUC

Quick Triage | 80.3 [78.7,81.9] 66.4 [66.0, 66.7] 19.7 [18.1,21.3] 93.9 [93.6,94.1] | 0.733 [0.725, 0.742]

Tools proposed by NHS England
TST | 69.7 [67.8,71.5] 90.6 [90.4,90.8] 30.3 [28.5,32.2] 83.2 [82.5,83.9] | 0.801 [0.792,0.810]
NHS MITT | 85.0 [83.5, 86.4] 59.8 [59.5, 60.1] 15.0 [13.6, 16.5] 94.5 [94.3,94.8] | 0.724 [0.717,0.732]

Other tools

BCD Triage Sieve | 84.6 [83.1, 86.0] 62.0 [61.7,62.3] 154 [14.0,16.9] 943 [94.0,94.5] | 0.733 [0.726, 0.740]
CareFlight | 69.1 [67.2,71.0] 88.5 [88.3,88.7] 309 [29.0,32.8] 859 [85.2,86.5] | 0.788 [0.779,0.797]
MPTT-24 | 33.7 [31.8,35.6] 62.1 [61.8,62.4] 66.3 [64.4,68.2] 97.6 [97.5,97.8] | 0.479 [0.469, 0.488]
MSTART | 76.6 [74.9, 78.3] 83.3 [83.1, 83.6] 234 [21.7,25.1] 88.8 [88.3,89.3] | 0.800 [0.791,0.808]
NARU Triage Sieve | 72.0 [70.2, 73.8] 85.0 [84.7,85.2] 28.0 [26.2,29.8] 88.4 [87.9,88.9] | 0.785 [0.776,0.794]
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7B: Adults (16-64 years) with penetrating trauma

Sensitivity Specificity Undertriage Overtriage AUC
Quick Triage | 97.7 [93.0, 99.4] 19.2 [18.1,20.3] 2.3 [0.6,7.0] 96.9 [96.3,97.4] | 0.585 [0.571,0.599]
Tools proposed by NHS England
TST | 95.5 [90.0,98.2] 22.7 [21.6,23.9] 45 [1.8,10.0] 96.8 [96.2,97.3] | 0.591 [0.573,0.610]
NHS MITT | 96.2  [91.0, 98.6] 38.8 [37.5,40.2] 3.8 [1.4,9.0] 96.0 [95.3,96.6] | 0.675 [0.658, 0.693]
Other tools
BCD Triage Sieve | 96.2  [91.0, 98.6] 415 [40.1,42.8] 3.8 [1.4,9.0] 95.8 [95.1,96.5] | 0.688 [0.671,0.706]
CareFlight | 78.2  [70.0, 84.7] 855 [84.5,86.4] 21.8  [15.3,30.0] 87.5 [85.1,89.7] | 0.818 [0.783,0.854]
MPTT-24 | 29.3 [21.9,37.9] 41.4  [40.0,42.7) 70.7 [62.1,78.1] 98.7 [98.2,99.1] | 0.353 [0.314,0.393]
MSTART | 88.7 [81.8,93.3] 76.0 [74.8,77.2] 11.3  [6.7,18.2] 91.1 [89.4,92.5] | 0.824 [0.796,0.851]
NARU Triage Sieve | 84.2 [76.6, 89.7] 73.2  [71.9,74.4] 15.8 [10.3, 23.4] 92.3 [90.8,93.6] | 0.787 [0.755,0.819]
7C: Elders (65+ years)
Sensitivity Specificity Undertriage Overtriage AUC
Quick Triage | 44.5 [43.6,45.4] 74.6 [74.3,74.9] 55.5 [54.6,56.4] 82.2 [81.7,82.6] | 0.595 [0.591, 0.600]
Tools proposed by NHS England
TST | 245 [23.7,25.3] 959 [95.8,96.1] 755 [74.7,76.3] 57.3 [56.1,58.5] | 0.602 [0.598, 0.606]
NHS MITT | 50.8 [49.9, 51.8] 71.8 [71.5,72.1] 49.2  [48.2,50.1] 81.7 [81.3,82.2] 0.613  [0.609, 0.618]
Other tools
BCD Triage Sieve | 49.7 [48.8,50.7] 73.4  [73.1,73.7] 50.3 [49.3,51.2] 81.2 [80.7,81.6] | 0.616 [0.611,0.621]
CareFlight | 26.9 [26.1, 27.8] 94.1 [93.9,94.2] 73.1  [72.2,73.9] 63.9 [62.9,65.0] | 0.605 [0.601, 0.609]
MPTT-24 | 45.9 [44.9,46.8] 71.0 [70.7,71.3] 54.1 [53.2,55.1] 83.6 [83.2,84.0] | 0.584 [0.579,0.589]
MSTART | 35.7 [34.8, 36.6] 88.9 [88.7,89.1] 64.3 [63.4,65.2] 716 [70.8,72.3] | 0.623 [0.618,0.627]
NARU Triage Sieve | 29.4 [28.6,30.3] 90.4 [90.2, 90.6] 70.6  [69.7,71.4] 72.5 [71.6,73.3] | 0.599 [0.595, 0.604]
7D: Paediatric patients (<16 years) with blunt trauma
Sensitivity Specificity Undertriage Overtriage AUC
Quick Triage 95.1 [87.3,98.4] 76.4 [75.2,77.6] 4.9 [1.6,12.7] 93.4 [91.8,94.7] | 0.858 [0.834, 0.882]
Tools proposed by NHS England
TST | 93.9 [85.7,97.7] 86.6 [85.6, 87.6] 6.1 [2.3,14.3] 89.1 [86.5,91.2] | 0.903 [0.876,0.929]
NHS MITT | 100.0 [1901)1(‘)’] 33.6  [32.2,34.9] 0.0 [0.0, 0.06] 97.4 [96.8,97.9] | 0.668 [0.661, 0.675]
Other tools
BCD Triage Sieve 96.3 [88.9,99.1] 37.3  [35.9,38.7] 3.7 09, 11.1] 97.4 [96.7,97.9] | 0.668 [0.647, 0.690]
CareFlight 85.4 [75.4,91.9] 85.5 [84.5, 86.5] 14.6  [8.1,24.6] 90.7 [88.3,92.6] | 0.855 [0.816,0.893]
MPTT-24 7.3  [3.0,15.8] 40.1 [38.7,41.5] 92.7 [84.2,97.0] 99.8 [99.5,99.9] | 0.237 [0.208, 0.266]
MSTART | 95.1 [87.3,98.4] 77.8 [76.6,79.0] 49 [1.6,12.7] 93.0 [91.4,94.4] | 0.865 [0.840, 0.889]
NARU Triage Sieve 92.7 [84.2,97.0] 71.8 [70.5,73.1] 7.3 [3.0,15.8] 94.6 [93.2,95.7] | 0.822 [0.793,0.851]
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7E: Paediatric patients (<16 years) with penetrating trauma

Sensitivity Specificity Undertriage Overtriage AUC
Quick Triage 100 [67.9, 100.0] 243 [18.9,30.6] 0 [0.0,32.1] 93.9 [89.0,96.7] 0.622 [0.593, 0.650]
Tools proposed by NHS England
TST | 100.0 [67.9,100.0] | 33.3 [27.3,40.0] 0.0 [0.0,32.1] 93.1 [87.7,96.3] | 0.667 [0.636,0.698]
NHS MITT | 100.0 [67.9,100.0] | 36.0 [29.8,42.8] 0.0 [0.0,32.1] 92.8 [87.2,96.2] | 0.680 [0.649,0.712]
Other tools
BCD Triage Sieve | 100.0 [67.9,100.0] | 39.2 [32.8, 46.0] 0.0 [0.0,32.1] 92.5 [86.6,96.0] | 0.696 [0.664,0.728]
Careflight | 81.8 [47.8,96.8] 90.1 [85.2,93.5] 18.2  [3.2,52.2] 71.0 [51.8,85.1] | 0.860 [0.738,0.981]
MPTT-24 | 36.4 [12.4,68.4] 37.8  [31.5, 44.6] 63.6 [31.6,87.6] 97.2 [92.5,99.1] | 0371 [0.219, 0.523]
MSTART | 100.0 [67.9,100.0] | 80.6 [74.7, 85.5] 0.0 [0.0,32.1] 79.6 [66.1,88.9] | 0.903 [0.877,0.929]
NARU Triage Sieve 81.8 [47.8,96.8] 72.5 [66.1,78.2] 18.2 [3.2,52.2] 87.1 [76.5,93.6] 0.772  [0.649, 0.895]
Supplementary Data Table 8: Tool performance in predicting in-patient mortality
8A: Adults (16-64 years) with blunt trauma
Sensitivity Specificity Undertriage Overtriage AUC
Quick Triage | 80.3 [78.7,81.9] | 66.4 [66.0, 66.7] 19.7 [18.1,21.3] | 93.9 [93.6,94.1] | 0.733 [0.725,0.742]
Tools proposed by NHS England
TST | 51.0 [49.0,53.1] 95.4 [95.2,95.5] 49.0 [46.9,51.0] 76.8 [75.6,77.9] 0.732  [0.722,0.742]
NHS MITT | 85.0 [83.5, 86.4] 59.8 [59.5,60.1] 15.0 [13.6,16.5] 94.5 [94.3,94.8] 0.724 [0.717,0.732]
Other tools
BCD Triage Sieve | 84.6 [83.1, 86.0] 62.0 [61.7,62.3] 154 [14.0,16.9] 943 [94.0,94.5] 0.733  [0.726, 0.740]
CareFlight | 69.1 [67.2,71.0] 88.5 [88.3,88.7] 309 [29.0,32.8] 85.9 [85.2,86.5] 0.788 [0.779, 0.797]
MPTT-24 | 33.7 [31.8,35.6] 62.1 [61.8,62.4] 66.3 [64.4,68.2] 97.6 [97.5,97.8] 0.479 [0.469, 0.488]
MSTART | 76.6 [74.9,78.3] 83.3 [83.1, 83.6] 23.4 [21.7,25.1] 88.8 [88.3,89.3] 0.800 [0.791, 0.808]
NARU Triage Sieve | 72.0 [70.2, 73.8] 85.0 [84.7,85.2] 28.0 [26.2,29.8] 88.4 [87.9,88.9] 0.785 [0.776,0.794]
8B: Adults (16-64 years) with penetrating trauma
Sensitivity Specificity Undertriage Overtriage AUC
Quick Triage | 97.7 [93.0, 99.4] 19.2 [18.1,20.3] 2.3 [0.6,7.0] 96.9 [96.3,97.4] 0.585 [0.571, 0.599]
Tools proposed by NHS England
TST | 95.5 [90.0,98.2] 22.7 [21.6,23.9] 45 [1.8,10.0] 96.8 [96.2,97.3] 0.591 [0.573, 0.610]
NHS MITT | 96.2  [91.0, 98.6] 38.8 [37.5,40.2] 3.8 [1.4,9.0] 96.0 [95.3,96.6] 0.675 [0.658, 0.693]
Other tools
BCD Triage Sieve | 96.2  [91.0, 98.6] 415 [40.1,42.8] 3.8 [1.4,9.0] 95.8 [95.1, 96.5] 0.688 [0.671, 0.706]
CareFlight | 78.2  [70.0, 84.7] 85.5 [84.5,86.4] 21.8 [15.3,30.0] 87.5 [85.1,89.7] 0.818 [0.783, 0.854]
MPTT-24 | 29.3 [21.9,37.9] 41.4 [40.0,42.7] 70.7 [62.1,78.1] 98.7 [98.2,99.1] 0.353 [0.314, 0.393]
MSTART | 88.7 [81.8,93.3] 76.0 [74.8,77.2] 11.3  [6.7,18.2] 91.1 [89.4,92.5] 0.824 [0.796, 0.851]
NARU Triage Sieve | 84.2 [76.6, 89.7] 73.2  [71.9,74.4] 15.8 [10.3,23.4] 92.3 [90.8,93.6] 0.787 [0.755, 0.819]
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8C: Elders (65+ years)

Sensitivity Specificity Undertriage Overtriage AUC
Quick Triage | 41.4 [40.8,41.9] 78.3 [78.0,78.6] 58.6 [58.1,59.2] 55.3 [54.7,55.9] 0.598 [0.595, 0.602]
Tools proposed by NHS England
TST | 16.2  [15.8,16.7] 97.9 [97.8,98.0] 83.8 [83.3,84.2] 23.7 [22.7,24.8] | 0.570 [0.568, 0.573]
NHS MITT | 39.7 [39.1, 40.2] 73.1  [72.8,73.5] 60.3 [59.8, 60.9] 615 [61.0,62.1] | 0.564 [0.561,0.567]
Other tools
BCD Triage Sieve | 38.3 [37.8,38.9] 74.8  [74.4,75.1] 61.7 [61.1,62.2] 60.9 [60.3,61.4] | 0.565 [0.562,0.569]
Careflight | 18.3 [17.9, 18.8] 96.0 [95.9, 96.2] 81.7 [81.2,82.1] 33.8 [32.8,34.8] | 0.572 [0.570,0.574]
MPTT-24 | 39.3 [38.7,39.8] 72.7  [72.3,73.0] 60.7 [60.2,61.3] 62.2 [61.6,62.7] | 0.560 [0.557,0.563]
MSTART | 24.7 [24.2,25.2] 90.7 [90.5,91.0] 753  [74.8,75.8] 47.0 [46.2,47.8] | 0577 [0.574,0.580]
NARU Triage Sieve | 19.0 [18.5, 19.4] 91.3 [91.0,91.5] 81.0 [80.6,81.5] 52.1 [51.2,53.0] 0.551 [0.549, 0.554]
8D: Paediatric patients (<16 years) with blunt trauma
Sensitivity Specificity Undertriage Overtriage AUC
Quick Triage | 57.4 [54.9, 59.8] 91.6 [90.6,92.5] 42.6 [40.2,45.1] 22.5 [20.2,25.0] 0.745 [0.732,0.758]
Tools proposed by NHS England
TST | 36.5 [34.2,39.0] 96.2 [95.5,96.9] 63.5 [61.0,65.8] 17.0 [14.3,20.0] 0.664 [0.652, 0.676]
NHSMITT | 77.2 [75.1,79.3] 38.2 [36.5,39.9] 22.8 [20.7,24.9] 61.4 [59.7,63.1] 0.577 [0.564, 0.590]
Other tools
BCD Triage Sieve | 74.6 [72.4,76.7) | 42.4 [40.7,44.2) 25.4  [23.3,27.6] 60.5 [58.7,62.2] | 0.585 [0.572,0.599]
CareFlight | 37.5 [35.1,39.9] 95.3 [94.5,96.0] 62.5 [60.1,64.9] 199 [17.1,22.9] 0.664 [0.652, 0.676]
MPTT-24 | 57.7 [55.2,60.1] 403 [38.6,42.1] 42.3  [39.9,44.8] 67.2 [65.5,69.0] 0.490 [0.475, 0.505]
MSTART | 45.6 [43.2,48.1] 87.7 [86.5,88.9] 544 [51.9,56.8] 34.8 [32.0,37.6] 0.667 [0.653, 0.680]
NARU Triage Sieve | 45.4 [43.0, 47.9] 78.8 [77.3,80.2] 54.6 [52.1,57.0] 48.0 [45.4,50.7) | 0.621 [0.607, 0.635]
8E: Paediatric patients (<16 years) with penetrating trauma
Sensitivity Specificity Undertriage Overtriage AUC
Quick Triage | 95.5 [86.4,98.8] 30.5 [23.8,38.2] 45 [1.2,13.6] 64.8 [57.3,71.7] 0.63 [0.587,0.673]
Tools proposed by NHS England
TST | 77.3  [65.0, 86.3] 353 [28.2,43.1] 22.7 [13.7,35.0] 67.9 [60.0, 75.0] 0.563  [0.500, 0.626]
NHS MITT | 69.7 [57.0, 80.1] 35.9 [28.8,43.8] 30.3 [19.9,43.0] 69.9 [61.9,76.9] 0.528 [0.461, 0.595]
Other tools
BCD Triage Sieve | 69.7 [57.0,80.1] 40.1 [32.7,48.0] 30.3  [19.9,43.0] 68.5 [60.2,75.8] 0.549 [0.482,0.616]
CareFlight | 24.2 [14.9, 36.6] 91.0 [85.4,94.7] 75.8 [63.4,85.1] 48.4  [30.6, 66.6] 0.576  [0.520, 0.633]
MPTT-24 | 57.6 [44.8,69.4] 37.7 [30.4,45.6] 42.4  [30.6,55.2] 73.2  [65.0,80.2] 0.477 [0.406, 0.547]
MSTART | 37.9 [26.5,50.7] 82.6 [75.8,87.9] 62.1 [49.3,73.5] 53.7 [39.7,67.2] 0.603 [0.537, 0.668]
NARU Triage Sieve | 31.8 [21.2, 44.6] 70.7 [63.0,77.3] 68.2 [55.4,78.8] 70.0 [57.7,80.1] 0.512 [0.446, 0.579]
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Chapter 4 Conclusions

Quick Triage has balanced, favourable performance amongst adults, children and elders with blunt
and penetrating trauma from the UK national trauma registry, with lower over-triage rates than the
NHS MITT and BCD Triage Sieve. This offers the possibility of a single tool for use amongst patients
of all ages by all NHS and non-NHS first responders, allowing complete interchangeability,
simplification of the prehospital triage process and likely more rapid and accurate triage of major

incident casualties in future UK and international major incidents.

A key limitation of Chapter 4 is the use of TARN patients with penetrating trauma as surrogates for
those injured in UK Mls. TARN patients with trauma consist largely of young men involved in
interpersonal violence involving knives, which has limited generalisability to Ml patients with bladed,
blast or ballistic injuries. However, this approach has enabled the examination of tool performance
in a relatively large number of patients with pre-hospital and outcome data which has a high degree
of completeness. Another limitation is that Quick Triage has been developed using patients from the
TARN database, and future work should include validation of this tool in a geographically and
temporally distinct patient population, ideally using data from real and contemporary UK Mis.
Simulation studies to determine inter- and intra-user variability in the application of Quick Triage,
NHS MITT and TST would also be beneficial in informing policy-makers in their choice of triage tool

for use in future Mls.
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Discussion

Major incidents are characterised by a mismatch between the immediate needs of patients and the
resources available to treat them. In the UK, major incidents comprising blast and penetrating
trauma continue to constitute the greatest threat to national security’3. Triage tools are crucial in
ensuring that finite healthcare resources are allocated to maximise overall survival. Existing tools
have largely been developed based on expert opinion and implemented without formal validation.
A major challenge in furthering the science of major incident management is lack of consensus and
standardisation of end-points which best define Priority 1 (P1) status and other triage categories
(Chapter 1). In this thesis, the literature surrounding major incident triage was reviewed and
modern, evidence-based definitions of triage categories (Lerner’s criteria) were selected. A Priority
1 patient is defined as one needing one of eight time-critical life-saving interventions, directly
reflecting patient resource requirements. When validated amongst adults and children from the UK
national trauma registry, Lerner’s triage category definitions correlate well with casualty distribution
within UK regionalised systems of trauma care (Chapter 2). Hence it is recommended that Lerner’s
criteria should become the gold standard in reporting triage tool performance in future UK major
incidents. These intervention-based triage category definitions were compared with the triage
category assignments of ten existing international triage tools (Chapter 2, publications number 1 and
2). This comparative analysis demonstrated that the current UK national triage tool, the NARU
Triage Sieve, is poorly sensitive in identifying P1 patients who require time-critical, life-saving
interventions, and was surpassed in sensitivity by several tools, the best of which was the UK
military’s BCD Triage Sieve (Chapter 2, publication number 1). Similarly, in children from the
national trauma registry, the current UK tools, the Paediatric Triage Sieve and JumpSTART,
demonstrated suboptimal performance and were substantially outperformed by several tools, with
the BCD Triage Sieve again demonstrating the greatest sensitivity (Chapter 2, publication number 2).

This has directly informed national policy, resulting in the removal of previous existing tools and a
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recommendation for the NHS Major Incident Triage Tool (MITT), the civilian adaptation of the BCD
Triage Sieve, to become a single tool for NHS first responders to apply to all adults and children in
future UK major incidents®. Subsequently, tree-based machine learning methodology has been
employed to develop a novel primary triage tool, Quick Triage, as well as a secondary triage tool that
is applicable via a portable device, both of which outperform the BCD Triage Sieve amongst TARN
patients, with reduced associated over-triage rates (Chapter 3, publication number 3). The app-
based secondary triage tool has withstood external validation amongst injured patients from the UK
military’s Joint Theatre Trauma Registry (JTTR); however, a paucity of pre-hospital data precluded
external validation of Quick Triage amongst JTTR patients, necessitating further work. Quick Triage
has balanced, favourable performance amongst adults, children and elders with blunt and
penetrating trauma from the UK national trauma registry, with lower over-triage rates than the NHS
Major Incident Triage Tool (MITT) (Chapter 4). This offers the possibility of a single tool for use
amongst patients of all ages by all NHS and non-NHS first responders, allowing complete
interchangeability, simplification of the prehospital triage process and likely more rapid and accurate

triage of major incident casualties in future UK and international major incidents.

With a paucity of literature regarding the performance of Ml tools and a lack of standardisation of
end-points used to measure the effectiveness of tools, coupled with limited generalisability of
existing studies to the UK setting, this thesis had the broader aim of determining the optimal

method of prehospital triage in UK major incidents.

More specifically, the psrticular aims of this thesis were:

1. To determine an objective, practically applicable and resource-based system to define major
incident triage categories, and to validate this using a nationally representative sample of adults and

children
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2. To compare the performance of existing international tools in adults, older adults and
children across injuries of all mechanisms using a nationally representative sample of injured

patients, in order to determine the best performing existing tool

3. To identify the best performing existing triage tool for use in the most prevalent type of UK
major incident, i.e. terrorist-related major incidents, which are characterised by blast and

penetrating trauma

4, To use machine learning to develop novel primary and secondary triage tools for the UK
civilian setting and to validate these externally using a geographically distinct population of injured

patients

Multiple existing major incident triage tools were identified (Chapter 1), including several adult
primary triage tools START, mSTART, MIMMS Triage Sieve, NARU Triage Sieve, MPTT, MPTT-24,
SALT, ASAV, CareFlight, BCD Triage Sieve, two paediatric-specific primary triage tools (JumpSTART
and PTT) as well as two points-based triage tools, the MIMMS Triage Sort (a secondary triage tool)
and the Sacco Triage Method>*°. Several challenges in evaluating the performance of Ml triage tools
have been recognised. It is clear that randomised controlled trials of triage tool performance in Mls
are both impractical, given the unpredictable nature of Mls, but also unethical, with all those
involved focussing on the provision of care whilst the resources available to treat patients. As such,
in order to inform practice, policy makers and care providers must rely on assimilating the findings of
other types of study design, each of which is prone to particular biases (Chapter 1). Post-event
evaluations, which fully assimilate the human factors challenges of working in thi s setting, often
have small numbers of patients involved and a single predominating injury mechanism2, Often a
single tool has been used, preventing the comparison of multiple tools. Incomplete prehospital data
collection in this setting limits meaningful retrospective application of triage tools as a means of
assessing triage tool performance®®. Some studies evaluate tool performance by applying triage

tools to patients attending hospitals following injuries incurred in regular day-to-day practice
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allowing larger patient numbers encompassing different mechanisms of injury to be included**>,
However, the findings of such studies may have limited generalisability due to application of the
tools within a hospital rather than pre-hospital setting and the type and severity of injuries amongst

patient populations may not be representative of patients in real Mls.

A method growing in popularity is the retrospective application of tools to high-quality prospectively
maintained trauma registries, which eliminates information bias and allows very large numbers of
patients, including injured children, to be included!®*, The present work employed this method,
utilising 195,000 adults and 4,962 children from the UK national trauma registry (Chapter 2,
publications number 1 and 2). The strengths of this approach were that computed application of
tools can be assessed independently of human error, allowing the innate discriminatory capability of
tools to be assessed®'%2°, TARN is the largest trauma registry in Europe, and unlike its US-based
counterpart the National Trauma Data Bank, submission of patient data is mandatory for all trauma-

receiving hospitals, giving rise to a nationally representative sample of patients'®#

. Even so,
amongst the children studied, nearly two thirds of children lacked the complete physiological data
required to apply triage tools; this highlights an important shortcoming which TARN must address?..
Like all trauma registries, TARN has very specific inclusion criteria, including a length of stay of over
72 hours following injury'®2L, This criterion in particular leads to an over-representation of elders in
the study sample, the resulting bias was anticipated and has been mititgated by analysing tool
performance separately in young (16-64 years) and older (65+ years) adults. The subsequent use of
this TARN database in the modelling of a novel triage tool (Quick Triage) has unsurprisingly resulted
in a tool which demonstrated a 20% improvement in sensitivity in predicting the need for life-saving

interventions amongst elders when compared with the best existing tool, the NHS MITT (Chapter 3,

publication number 3 and Chapter 4).

An obvious limitation of the retrospective application of tools to registry data is that some tools are

more complex to apply in practice than others, and are more prone to inter-user variability in their
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application. Examination of this effect is best assessed by comparing one to two tools in a simulated
setting, either virtually or using model patients, to assess how quickly and accurately tools can be

2223 (Clearly, there is abundant evidence from real-world events that tools

applied in practice
involving arithmetic calculation are readily abandoned by first responders in the face of an ongoing
threat in terror-related major incidents, as described clearly following the 9/11 New York World
Trade Centre events!'. However, it is not uncommon for identical “lessons learnt” to be noted in
consecutive major incidents, without these lessons being fully implemented in practice*?*. The
development of our novel Quick Triage tool (Chapter 4) has taken into account several human
factors considerations raised by previous post-incident reports and the US Centre for Disease

control’s Model Uniform Core Criteriat'?®

. However, as with any novel tool, there is a requirement
to undertake simulated studies involving human users, particularly amongst non-medically trained

first responders, to determine whether the favourable performance in a computed setting is also

demonstrated in practice.

Regarding the endpoints used to measure triage tool performance, much variation is seen between
studies, which previously limited direct comparison between studies and meaningful assimilation of
results (Chapter 1). In keeping with the observations of Baxt and Upenieks in 1990 and several
subsequent studies, we have again demonstrated the lack of full correlation between patients’ injury
severity score and the resources required to treat them (Chapter 2, publications number 1 and 2). In
the context of Ml triage, matching finite resources with those that need them the most is of the
utmost priority. In our adult study, only 24.1% (n=15,058) of patients met criteria for intervention-
based P1 status whilst 75.9% (n=47,344) were non-P1 (Chapter 2, publication number 1). One third
(n=7086) of intervention-based adult P1 patients had an ISS<15. Nevertheless, reporting prediction
of 1ISS>15 allows direct comparison of Ml triage tools to routinely used field triage tools and is a
familiar end-point amongst trauma clinicians and policymakers, making it a useful secondary
outcome measure of triage tool performance?®?’, Although mortality is the simplest outcome to

measure, prediction of in-patient mortality as a measure of tool performance may be confounded by
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the presence of patients with non-survivable injuries and again, is imperfect as a sole measure of
trauma tool performance, particularly amongst elders'’-?6, However, the utility of tools which fail to
assign P1 status to a large proportion of patients who go on to die must be questioned (Chapter 2,
publication number 1 and Chapter 4). The present work has demonstrated this to be true of the
MPTT and MPTT-24 tools, which prior to the present work, had only been evaluated by its authors®”.
In this thesis, the literature surrounding major incident triage was reviewed (Chapter 1) and a
modern, evidence-based system of defining triage categories was validated amongst UK national
trauma registry patients (Chapter 2, publication number 1). This revealed clinically and statistically
meaningful differences in mortality, ICU usage, length of stay and injury severity, which correlated
well with casualty distribution within UK regionalised systems of trauma care?®. For example, P1
casualties were found to have a mortality of 12.5% and ICU requirement of over 50%, compared
with 5% and 5% respectively, amongst P2 patients. This aligns well with the tendency for P1
casualties to be distributed to a major trauma centre, whereas the resource requirements of a P2
patient are likely to be met within the trauma unit setting?*?8, An Utstein-style template to
standardise the reporting of the acute medical response in disasters has previously highlighted that
there were no common or standardised definitions of each triage category?®. We recommend
Lerner’s criteria as the gold standard in measuring triage tool performance in subsequent UK and
international major incidents (Chapter 2, publications number 1 and 2). Standardisation of primary
outcome measurement across multiple Mls will enable direct comparison to be made between
studies, allowing continued refinement of policy, practice and service delivery®. Following our use
of Lerner’s criteria as a gold standard, our study design has been replicated in a Canadian trauma
registry and it is anticipated that use of standard will grow elsewhere, facilitating refinements in

practices internationally?’.

In Chapter 3, we describe the use of tree-based machine learning methods to model novel primary
and secondary triage tools. Machine learning has several advantages over traditional approaches in

the modelling of novel triage tools. In particular, tree-based machine learning models have
98



demonstrated utility in clinical risk stratification, with the ability to capture non-linear interactions
between input variables, a key notable strength when compared with traditional statistical methods.
Decision trees have the particular advantage of mirroring the binary (yes/no or present/absent)
bifurcating format of contemporary triage tools, whilst more complex tree-based methods random
forest and eXtreme Gradient Boosting (XGB) methods lend themselves to app development (Chapter
3). External validation of machine learning-derived clinical decision support tools is an essential step
prior to clinical implementation. For this purpose, patients from the UK military’s Joint Theatre
Trauma Registry (JTTR) of combat casualties were utilised, with the advantage that blast and
penetrating mechanisms of injury, which predominate in recent UK major incidents, are well
represented. We describe the development of a novel primary triage tool (Chapter 3, publication
number 3), later adapted into the clinically applicable “Quick Triage.” Unfortunately, due to lack of
GCS subcomponent data within the JTTR databse, Quick Triage could not accurately be externally
validated using JTTR. We also describe the development of an XGB-based secondary tool applicable

via a portable device, which demonstrated excellent external validity amongst JTTR patients.

National policy regarding major incident triage falls within the remit of NHS England’s Emergency
Preparedness, Resilience and Response Clinical Reference Group (NHS EPRR CRG). This group
created a “Major Incident Triage Task and Finish Group” into which Nabeela Malik was invited (2021-
present) as a subject matter expert and academic advisor. Based on the findings of the adult and
paediatric comparative analyses of triage tools (Chapter 2, publications 1 and 2), the NARU Triage
Sieve, Paediatric Triage Tape and JumpSTART are no longer recommended for use. In line with
recommendations from these studies, the BCD Triage Sieve was identified as the most appropriate
tool to take forward as a single tool for patients of all ages, with the UK Surgeon General granting
permission for a civilian adaptation of this tool, now named the NHS Major Incident Triage Tool

(MITT). NHS England has recommended that from April 2024, all NHS first responders are to utilise
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NHS MITT as the prehospital triage tool of choice. Additionally, NHS England sought to address the
“care gap” described in the report of the 2017 Manchester Arena bombing and equip non-NHS first
responders with a triage tool, in order that the triage process may begin and basic life-saving
interventions administered ahead of the arrival of trained healthcare providers, in line with JESIP
principles**. NHS England has recommended Ten Second Triage (TST), an ultra-simple, expert-
derived qualitative tool previously evaluated solely in a simulated setting, for use by non-NHS first
responders (i.e. fire and police)*. The findings of Chapter 4 have been disseminated amongst
members of the NHS EPRR CRG, including TST’s potential to under-triage half of all blunt-injured P1
adult, paediatric and elderly patients if re-triage with a more sensitive tool is not conducted prior to
casualty transfer. Quick Triage’s superiority to MITT across the majority of clinically important
subgroups, with substantially lower associated over-triage, has also been conveyed to policymakers
ahead of attaining peer-review. External validation of Quick Triage has also been completed (not
included here), with favourable results, and is undergoing peer review. It is hoped that field-testing
of Quick Triage will ensue, with the possibility of incorporation into national policy at a later stage as
a single tool for use in patients of all ages and by all first responders (Chapter 4). This may further
simplify the triage process, allow full interchangeability and a shared mental model between first
responders, and likely lead to more rapid and accurate patient triage with better clinical outcomes
including survival following UK major incidents. Within the context of an ongoing threat from terror-
related major incidents on public places, which often includes but is not limited to penetrating

trauma, simplification and refinement of the triage process is of great relevance at present?.

There are important limitations in generalising the findings obtained in a TARN dataset to Ml patient
populations. The prevalent mechanisms of injury in recent UK Mls have been blast and penetrating
trauma, which are markedly underrepresented in the TARN database. Only 142 (0.1%) of the
195,709 TARN patients were injured in blasts. Penetrating injuries constitute only 3% of the entire
TARN database. Whilst this was mitigated by performing a subgroup analysis of the 5,660 patients

with penetrating trauma (Chapter 4), it is clear that these patients, who are largely young males
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injured with knives during interpersonal violence, differ qualitatively from patients injured in
penetrating Mls, who are older, include both genders equally and seem to demonstrate an
anatomical injury pattern consistent with lethal intent, such as a greater proportion of injuries to the
neck®. In future, any UK or Western European healthcare-related data captured on victims of Mis
should be made available for analysis with regards to triage assignments and patient outcomes. The
paucity of data captured in such events, which limits analysis, may be augmented by the use of
technology such as wearable sensors or live video footage of interventions performed and
observations recorded. The use of military databases are not without limitation, particularly as they
consist of physically and medically fit young males, and are also limited in their generalisability to the

UK civilian Ml setting.

Another potential source of bias in the study is the use of Lerner et al’s definitions of P1 and other
triage categories, and the observation that these align well with casualty distribution plans within
the UK. Firstly, only 11% of the TARN population met P1 status according to the need for the eight
time-critical life-saving interventions, including only 24.1% of the 62,402 patients with ISS>15
(Chapter 1). In regionalised systems of care, ISS>15 is seen as a justification to warrant MTC care,
and these data suggest that a much greater proportion of the TARN population deserve MTC care.
Hence, the elevated over-triage rates seen with our existing tools and Quick Triage may not be as
alarming as they appear. There is much heterogeneity amongst trauma units (TUs) within the UK.
Assuming that all of these can adequately meet the needs of the sicker of the P2 patients, who may
require major resuscitative and surgical interventions described by Lerner et al, but not within the
two- and four-hour cutoffs suggested, cannot be ascertained. There is a requirement for further
work, ideally commissioned by policy-makers and specifically for the UK setting, to evaluate with
formal modelling and MI casualty data, whether the time-frames employed by Lerner’s P1 criteria

are appropriate for use in the UK Ml setting.
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Regarding future work in the field of major incident triage, there is a constant need to review and
refine triage tools in line with changing population demographics and evolving threats resulting in
variation in the types of major incidents which may arise, in line with government’s National Risk
Register®. Furthermore, It is not yet known which existing tool would perform best in a burns or
CBRN-related major incident. TARN does not specifically include burns patients unless they have
concurrent injuries, hence this renders TARN an ineffective database with which to make this
enquiry?!. Further work should include measurement of triage tools’ performance using a burns-
specific database, such as the UK National Burn Injury Database3!. Such work could, and should,
utilise Lerner’s definitions of major incident categories in order to standardise practice and allow the
direct comparison of results with those pertaining to other types of major incidents (Chapter 2).
Lerner’s criteria include burns-specific procedures as part of triage category definitions, including
assignment of P1 to patients needing escharotomy and assignment of the Expectant category to
patients with 90% burns, as well as covering more general aspects such as the need for airway
interventions and volume resuscitation®’.. As mentioned previously, comparison of Quick Triage’s
practical applicability to that of NHS MITT is an important consideration that is directly relevant to
informing national policy: a simulation study comparing the two tools is an urgent research priority
(Chapter 4). Another area in which further work is urgently required is to develop trauma triage
tools specific to elders, including practical incorporation of biological rather than chronological age
and potentially involving frailty scoring. Biomarkers, ideally those that utilise saliva (non-invasive
measurement), may have a role in future triage, particularly if able to detect occult shock and
traumatic brain injury®3. Lastly, further research is required to establish the practical role of
technology to augment the triage process, such as the use of wearable sensors to take real-time
physiological measurements and track patient movements34. Whilst several potential techniques
have been described theoretically, implementation studies to prove their safety and efficacy in the

practical setting would prove beneficial®.

102



In conclusion, this final chapter draws together the key findings of this thesis, identifying the under-
performance of the current UK adult and paediatric major incident triage tools when evaluated in a
nationally representative sample of patients, with a recommendation to change to the BCD Triage
Sieve. This has been incorporated into national policy as the NHS MITT4 from April 2024,
superseding the underperforming NARU Triage Sieve, Paediatric Triage Tape and JumpSTART tools.
Triage category definitions according to Lerner’s criteria have been validated using national trauma
registry data and the resulting resource requirements are shown to align well with current casualty
distribution plans in the UK. These definitions are recommended as a gold standard for future UK
and international major incidents; standardisation will facilitate advances in the field by allowing
direct comparison between studies. A simple, qualitative novel machine learning-derived triage
tool, Quick Triage, has been developed using TARN data. Internal validation results suggest a higher
sensitivity and lower over-triage rates across clinically important subgroups (age and injury
mechanism) compared with MITT. This presents the possibility of a single tool for all age groups, for
use by all emergency first responders in UK major incidents. Future work should involve external
validation of Quick Triage, particularly amongst non-NHS first responders, prior to consideration for
more widespread use. A significant limitation of computed, retrospective application of tools to
trauma registry data is that it fails to encompass human factors and the speed and reliability with
which tools can be applied; practical simulation studies are required to compare Quick Triage to

MITT and TST, in order to fully inform practice and policymaking.
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APPENDIX: EXISTING MAJOR INCIDENT
TRIAGE TOOLS
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EXISTING MAJOR INCIDENT TRIAGE TOOLS
This appendix includes, in chronological order of introduction, the images of various international
major incident triage tools included (and fully referenced) throughout this thesis.

1. Simple triage and Rapid Treatment (START) Triage (United States, 1983):
| START Adult Triage |
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2.

3.

The MIMMS Adult Triage Sieve and Sort (UK, 1998)

ADULT TRIAGE SIEVE | ADULT TRIAGE SORT

DELAYED RESPIRATORY RATE
PRIORITY 3 10-29 4

TOTAL SCORE
<10

No 6-9 2
PRIORITY 1 1-5 1

No
Nn. OPEN L 0 0
BREATHING BREATHING
[ AIRWAY ] SYSTOLIC BLOOD PRESSURE

WALKING

>29 3

>00 4
Yo Yeu TOTAL SCORE s q
=11
50-75 2
RESPIRATORY IMMEDIATE PRIORITY 2 1-49 1
RATE PRIORITY 1 0 o
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=12

3

6-8 2

PRIORITY 3 4-5 1
1]

CAPILLARY
REFILL

URGENT
PRIORITY 2

If you are unable to obtain a capillary refill and the pulse is
over 120 beats per minute then the patient is |PRIORITY 1

Paediatric Triage Tape (PTT) (UK, 1998)

Ledger: The tape is placed next to the child from the head end. The child is then triaged using the
algorithm next to the child’s feet.

4,

CareFlight (Australia, 2001)
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5.

JumpSTART (United States, 2001)

JumpSTART Pediatric Multiple Casualty Incident Triage
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6.

7.

Sacco Triage Method (United States, 2005)
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The Modified START (MSTART) Triage (United States, 2006):
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8. Sort, Assess, life-saving intervention, Treatment/Transport (SALT) (United States, 2008)
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9. The National Ambulance Resilience Unit (NARU) Triage Sieve (UK, 2013):
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The Amberg-Schwandorf Algorithm for Primary Triage (ASAV) (Germany, 2013)
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Rapid Assessment of Mentation and Pulse (RAMP) (United States, 2016):

RAMP Triage Model
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12. The Modified Physiological Triage Tool (MPTT) and MPTT-24 (UK, 2017-2018)

MPTT (Vassallo, Injury 2017):
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MPTT-24 (Vassallo, EMJ 2017):
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Ledger: The use of “catastrophic haemorrhage?” has been incorporated as the opening step and the
upper respiratory rate threshold has been revised to 24 (from 22 in the MPTT). This version was first
published alongside its external validation, hence it has been regarded as the definitive version for
the purpose of this thesis. Note that GCS is used to assess mental status, and this features as the
last step in the tool.
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The MPTT-27 (Vassallo, ] RAMC 2017):
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Ledger: In this version, mental status is assessed using the AVPU component “Responds to voice?”
and its relative position within the tool has moved up, to precede the respiratory rate and heart rate

estimations.
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MPTT-24 (NHS Clinical guidelines for major incidents and mass casualty events) (UK, 2018)

Casualty triage (adult)

Introduction

* The aim of primary major incident triage is to identify » When using Modified Physiological Triage Tool 24
those in need of life-saving intervention (see table (MPTT-24), some casualties will be over-triaged and early
overleaf). secondary assessment from a senior clinician is required.

YES

Catastrophic
haemorrhage?

Priority 1
APPLY TOURNIQUET OR
HAEMOSTATIC DRESSING

YES
Priority 3
NO
Breathing? Dead
Responds NO

Priority 1

to voice?
PUT IN RECOVERY POSITION

NO
Respiratory s o
rate 12-237 Priority 1
NO
YES
Heartrate

; -
<100? - l

Figure 1: Modified Physiological Triage Tool 24 Rationale for the MPTT-24
(MPTT-24). Vassallo 2017 CCBY 4.0 » Canb y in
» The MPTT-24 is designed to minimise under-triage.

Ledger: This version appears to be identical to the BattleField Casualty Drills Triage Sieve (2018),
with the exception that it does not include an airway intervention in the case of a non-breathing

patient.
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13. The Battlefield Casualty Drills Triage Sieve (UK, 2018)

MULTIPLE CASUALTIES

You must triage
all Casualties

before treatment

1. Assess the priority
2. Write it on Casualty’s cheek
or where visible

START
HERE

Catastrophic
Haemorrhage?,

3. Move to next Casualty

YES Write T1

Apply Tourniquet >

NO

| Walking? |

YES Write T3

NO

If not ir;jured - return to the
ighting force

Breathing?
(open airway)

YES

Responds to
voice?

NO

NO Write T1

Place in the 3 prone
recovery position

YES

Breathing Rate
between 12-23

YES

Heart Rate
MORE than 100]

NO

Write T1
YES
NO Write T2

go to DRILL 2
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14. NHS Major Incident Triage Tool (MITT) (UK, 2022)

NHS Major Incident Triage Tool (MITT)

B App!
Catastrophic roursmeu
. Haemostatic
bleeding Hiucsing
Walking
Breathing
Open airway if required

Consider In Children**

Responds Place in
. recovery
to voice

m position

Aged over NO
2 years
(7o)

3

Breathing Rate
12-23

L1

Heart Rate
100 or more

** In Children (<12 years) who are not breathing**
If resources allow, consider 5 Rescue Breaths if: SUBMERSION / IMMERSION / SMOKE INHALATION
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15.

Ten Second Triage (TST) (UK, 2022)

Ten Second Triage (TST)

Severe
Bleeding

Penetrating
Injury

Front
or Back

Position

YE:!
Breathing L
Not Breathing

CPR if Resources Allow
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16. Quick Triage (UK, 2023)

QUICKTRIAGE

=

{ Walking JFE'_

Mot bl'e-ftﬂrg"

Open
Breathing j—@— alrway

'

MNow breathing

Place in

Obeys command — w0 | rECOVEry

position
Chest injury** —7& 1

"
Penetrating =+
injury _[w] - P2
Mat
imssluding
| Bk

*Place non-breathing patient in recovery position/CPRIf resources allow
**Paln on deep bBreathing? Chestwall painfulto press? Chestdeformity?

122



