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Abstract

Objective: Bleeding control measures performed by members of the public can prevent trauma
deaths. Equipping public spaces with bleeding control kits facilitates these actions. Wemodeled
a mass casualty incident to investigate the effects of public bleeding control kit location
strategies.
Methods: We developed a computer simulation of a bomb exploding in a shopping mall. We
used evidence and expert opinion to populate the model with parameters such as the number of
casualties, the public’s willingness to aid, and injury characteristics. Four alternative placement
strategies of public bleeding control kits in the shopping mall were tested: co-located with
automated external defibrillators (AEDs) separated by 90-second walking intervals, dispersed
throughout the mall at 10 locations, located adjacent to 1 exit, located adjacent to 2 exits.
Results: Placing bleeding control kits at 2 locations co-located with AEDs resulted in the most
victims surviving (18.2), followed by 10 kits dispersed evenly throughout themall (18.0). One or
2 kit locations placed at the mall’s main exits resulted in the fewest surviving victims (15.9 and
16.1, respectively).
Conclusions: Co-locating bleeding control kits with AEDs at 90-second walking intervals
results in the best casualty outcomes in a modeled mass casualty incident in a shopping mall.

Trauma is the leading cause of death for Americans ages 1–44 and is one of the main causes of
death among all ages globally.1 The Stop the Bleed (STB) campaign, a public–private cooperative
effort, brings battlefield lessons regarding hemorrhage control to benefit members of the
public.2,3 STB recommends that the public have immediate access to private and public bleeding
control kits.3 Several studies have demonstrated the public’s ability to learn bleeding control
techniques and apply tourniquets.4–10 Efforts to apply tourniquets before hospital arrival have
saved lives, and there are estimates that rapid response from the public could save even more
lives in the future.11–13 The major resuscitative medical training organizations in the United
States, the American Red Cross and the American Heart Association, now consider tourniquet
application to be the preferred first-line treatment for life-threatening extremity hemorrhage.14

Despite wide acceptance of tourniquet efficacy and recommendations for the public use of
tourniquets, there is no existing evidence to guide the optimal placement of the tourniquets and
hemorrhage control supplies in public locations. In 2019, based on an analysis of available
literature and data about mass casualty incidents, Goolsby et al. published recommendations to
equip public spaces that have more than 50 people present with supplies to treat at least 20
bleeding victims.15 The authors concluded, however, that it was not possible to recommend how
and where the equipment should be placed in various facilities in that study.15

Despite the lack of placement recommendations, bleeding control kits can already be found
in many airports, stadiums, schools, and other public spaces. In many cases, they are co-located
with automatic external defibrillators (AEDs). However, the nature of a response with
hemorrhage control supplies differs from that for cardiac arrest. For one, there may be multiple
patients at one time compared to the typically single cardiac arrest patient. Additionally, one
recommendation for AED placement is to place them close to exits.16 If bleeding control kits are
co-located with AEDs at exits, there may be difficulties in accessing the supplies if people are
trying to flee a mass casualty incident through the same exits. Finally, the placement strategy for
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Table 1. Key variables

Variable Value(s) Key data, examples, references Assumptions, limitations

1 People Total number of people;
adults/children

On average 1800 persons, 70% adultsa The number of people and their initial coordinates are distributed
randomly between replications.

2 Types of
people

Common, volunteer,
trained, injured, emergency
services, deceased

Common people, who do not help the injured (94%); volunteers who help
the injured (4.5%); trained people, also help the injured but have prior
training (1.5%)30

Characteristics are assigned at the start of simulation. After the blast,
some of them become injured or deceased. Emergency services arrive after
a certain delay (see emergency service variables).

3 Volunteer
proficiency

Pressure application only,
pressure and tourniquet
application

Pressure application only (62%); pressure and tourniquet application
(38%)30

Not all volunteers will apply tourniquets; some will apply only pressure to
the wound.

4 Intervention
success

Pressure application,
tourniquet application

Intervention success of volunteers: 44% (pressure), 16.9% (tourniquets).
For trained: 100% and 90%, respectively. Successfully applying pressure
reduces bleeding with 40%, otherwise 10%.8,15,31

Depending on a type of person, the pressure or tourniquet application
success will vary, resulting in different levels of bleeding rate reduction.

5 Shopping
mall size and
layout

Length 300 m, width 16 m,
4 main doors, 4 emergency
exits

300 m x 16 m
Area divided in 2 x 2 m zones for modeling purposes (density and speed)a

Simplified layout of 1 level and no additional structures (eg, stairs,
islands), except outer walls.

6 Hemorrhage
control kits

Number of kits,
kit locations

20 kitsa We assume that each kit contains 1 tourniquet. When multiple locations
are defined, the total number of kits are distributed evenly at all locations.

7 Movement Movement speed Movement speed (walk/run) based on: density of people, direction of
crowd movement, proximity to blast sitea

Slower speed due to crowding. Movement penalty added close to the blast
site to account for damaged structures.

8 Bomb blast Bomb size, bomb effect The blast will create casualties as far as 16 m from the bomb location;
100% of casualties in the closest zone and then gradually decreasing
to7% in the zones 16 m awaya

Bomb size affects the amount and distribution of casualties. The number
of casualties decreases proportionally to the squared distance from the
bomb location. Injury severity is assumed higher closer to the blast site.

9 Casualties Injury type, injury severity
(triage category), bleeding
injury severity

Triage categories based on injury severity: 25% immediate, 15% delayed,
50% minor, 10% deceased in total. Injury types are isolated bleeding,
polytrauma with bleeding, non-bleeding injuries. Bleeding injuries have 4
different severities (trivial, mild, moderate, severe).15,32,33

Injury severity: limited data, combining injury severity score data with
other primary research of explosions in well documented attacks. Assumed
that scenario will follow the same injury severity patterns. However, the
data are consistent across multiple sources, despite blast characteristics.

10 Hemorrhaging Blood volume, rate of
blood loss

Blood volume: 5880 mL (adults), 1617 mL (children).
Rate of blood loss is decreasing over time depending on the severity of
injury.15,34–42

Epidemiologic data and studies examining blood volume in the United
States. Primary data of transected vessels in pig studies combined with
epidemiologic data on vessel flow. Blood volume (BV): standard
distribution of population without underlying pathology affecting BV. Rate
of blood loss is adjusted dynamically. Starting rate of loss is based on size
of vessel injury as a function of flow. There are limited available data in
humans, and the dynamics of blood loss are not well studied.

11 Mortality Mortality due to blood loss
on scene, survivability after
EMS arrival

Greater than 70% blood loss is 100% fatal on scene. Survival after EMS
arrival: 100% for blood loss< 20%; 60% for blood loss between 20% and
40%; 30% for blood loss between 40% and 50%; 0% if blood loss
is> 50%.34,43,44

Based on ATLS classifications of blood loss and studies validating those
classifications. Blood loss is not a standard indicator of mortality in
trauma. Limited data are available, but the available research supports the
use of greater than 50% as unsurvivable loss.

12 Polytrauma Increase in risk of death Polytrauma increases risk of death by a factor of 1.5.32,45,46 Limited data but based on 2 studies classifying injuries in blast scenarios
and comparing single injury to polytrauma victims. Applicability to the
scenario is variable based on blast size and characteristics, but polytrauma
cannot be ignored, despite limitations.

13 Tourniquet
distribution

Time to find the kits,
maximum locations to
search, number of kits to
pick up

Time to find the kits 0.2–0.4 minutes if easy to find, otherwise 2–3
minutes. Maximum locations to search before giving up is 3; 1 kit is
picked up at a time.a

The kits can be easy or hard to find depending on the location, signs, etc.
If there are no kits left at a location, rescuers will look in a couple of more
locations before giving up.

14 Emergency
services

First EMS arrival, EMS
arrival interval, EMS
capacity

First arrival: 7–8 minutes.
Subsequent arrival interval: 2–3 minutes.
EMS capacity: each ambulance can help 2 patients.a,31

It is assumed that after the explosion, the first group of ambulances (1 or 2
ambulances) will arrive at the scene and EMS personnel will start to triage,
stabilize, and transport the victims to the hospital. Ambulances will keep
coming in a specified time interval until all the injured victims with non-
trivial injuries are transferred to the hospital.

aValues are based on subject matter expert opinions.
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public access AEDs is typically based on the likelihood of cardiac
arrest in densely populated areas, such as train stations and
airports.17–19 Mathematical models, using discrete event simu-
lations, have been used to optimize AED placement strategies and
estimate survival based on certain assumptions about cardiac
arrests.20–22 Similar models are needed for trauma patients to guide
medical major incident preparedness.23,24

The aim of the current study was therefore to create and
perform initial tests of a model to evaluate the efficacy of various
locations and quantities of hemorrhage control supplies in public
spaces. The model simulates a common public space—an enclosed
shopping mall—with a bomb blast causing a mass casualty
incident. The current study builds on previously reported initial
findings based on early development of a simulation model where
the simulation outcome indicated a warranted strategy of
decentralized and dispersed placement of bleeding control kits,
and a need for many tourniquets.25 The model was further
developed in the current study to evaluate the optimal placement of
bleeding control kits in public venues, such as a shopping mall.

Methods

We used discrete event simulation (DES) to model and simulate
several scenarios where an explosion would take place in a public
space. The simulation model was implemented in the commer-
cially available simulation software ARENA (Rockwell
Automation).26 In the model, people are simulated as separate
entities with individual characteristics and history. To model the
uncertainty and variation in real-world scenarios, random
numbers are drawn from several different probability distribu-
tions. Each model run (or simulation) will therefore produce a
different output, andmany runs, called replications, are required to
estimate the variation in outcomes of the modeled system.
Simulation modeling involves making assumptions and simplifi-
cations, as the true nature of the modeled system characteristics is
either completely unknown, little studied, or too complex to be
captured in its entirety. However, the model allows risk-free,
transparent, controlled, and replicable testing of scenarios that
would be hard to replicate and repeated in, for example, a field
exercise.27,28

At the start of the simulation, a detonation of an improvised
explosive device (IED) takes place at a random location in a
simulated shopping mall. The people who are in the proximity of
the IED location suffer injuries of varying degrees, proportionate to
their proximity to the explosion. Following the explosion, some of
the uninjured people will start to help the injured as immediate
responders. These can be either trained or untrained. Of the
immediate responders, a fraction will try to find the location of the
bleeding control kits, retrieve the kits, and bring them to the
injured persons. Each kit is modeled to contain bleeding control
equipment for a single patient, that is, 1 tourniquet. Other content
that would typically be part of such kits is disregarded in themodel.
The rest of the immediate responders and people trained in first aid
will in the meantime move to the injured people directly and try to
apply pressure to control the bleeding. After a specified time,
emergency medical services (EMS) will start arriving at the scene
and try to stabilize and transport injured persons to the hospital.
The simulation ends when all injured persons are transported away
by EMS.

The key variables of the model are described in Table 1.
Assumptions are based on best available evidence generated from
an extensive literature review or on subject matter expert opinions.

For the main set of experiments, the model was run for 500
replications. The model had 2 main experimental factors—
bleeding control kit locations (coordinates) and number of kits at
each location. Additional inputs that were changed during
sensitivity analyses were whether kits were easy to find, how
many times a volunteer would look for a kit before giving up, and
the (non-random) location of the explosion.

The primary outcome in the simulation model was the number
of victims who survived with non-trivial bleeding injuries. As
secondary outcomes, average blood loss (%), time until tourniquet
application and number of tourniquets applied were used.

The following alternative placement strategies were tested in the
simulation:

• Single location at exit. All kits in 1 location, placed near 1 of
the main exits.

• Two locations at exits. Kits equally divided in 2 locations,
placed near the 2 main exits.

• Focused easy reach. Kits equally divided in 2 locations, away
from any exits, 100 m apart, co-located with AEDs. This
would ensure a 90-second walking distance from any point
in the mall, a recommendation typically used for AED
placement.29

• Dispersed easy reach. Kits placed in 10 locations equally
spread out through the mall, all away from any exits.

For the best strategy, we tested varying the total number of kits
(5 to 30 with increments of 5). We compared these results to a case
where no kits were available.

Results

For the main analysis, the simulations resulted in a mass casualty
incident with the characteristics summarized in Table 2.

Comparing the alternative placement strategies, using 20
hemorrhage control kits in locations that are clearly marked and
easy to find resulted in the outcomes summarized in Table 3.

Paired t-tests showed that the differences in survivals between
strategies are statistically significant (at alpha= 0.05), for example,
the difference in survivals between strategies 3 and 4 is 0.202, 95%
CI (0.021–0.383).

The change in number of survivals when varying the number of
available kits in increments of 5 for the best strategy (3) is
illustrated in Figure 1.

If the kits are hard to find, which we modeled as increased time
for locating them, from 0.3 minutes to 2.5 minutes (on average),
the differences between strategies become smaller, for example,
strategy 2 results in 15.16 survivals, 95% CI (14.82–15.49),
compared to strategy 3 with 15.19 survivals, 95% CI (14.84–15.54).

Table 2. Incident characteristics, main analysis, rounded average values from
500 replications

Total number of people 1808

Number of volunteers 79

Number of trained people 26

Total number of injured people 46

Injured victims with bleeding injuries 28

Injured victims with non-trivial bleeding 22

Victims died directly in explosion 6
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Discussion

Tourniquets have been shown as either beneficial or likely
beneficial in multiple studies of the civilian public and are now
widely recommended as first-line treatments for the public by major
first aid training organizations.11,12,14,47,48 While a prior study
estimated the number of bleeding control kits needed in public
venues with at least 50 persons,15 our study provides the first evidence
of the optimal distribution of these supplies in public spaces.

Our model demonstrates that placing tourniquets at 90-second
walk intervals, easy to find locations co-located with AEDs
throughout public facilities is the distribution most likely to
improve survivability from bleeding injuries during a mass
casualty incident. This distribution strategy is statistically better
than locating all the tourniquets in a single location, which will
increase travel times and decrease the likelihood of rescuers finding
equipment. The 90-second walk interval locations away from exits
are also better than locating tourniquets at exits, which can cause
significant delays in retrieving and returning with equipment as
people are trying to flee the location.

There is no significant advantage of locating the tourniquets in
more places than where AEDs are placed at 90-second walking

intervals, since 10 locations had no advantage over two locations in
themodel. If a fixed number of kits are spread over many locations,
the locations closest to the incident will quickly run out of kits, and
people might stop trying to find additional kits. Thus, while we
would not recommend locations that have supplies dispersed at
more than 90-second walk intervals, we would also not
recommend further distributing them. This finding will likely
make implementing bleeding control equipment in public spaces
more practical.

The results are reassuring for emergency planners and facility
managers who have co-located their hemorrhage control supplies
with AEDs in public locations, if they are placed away from the
exits. If the AEDs are placed at 90-second walking intervals, then
the co-located hemorrhage control supplies should be widely
accessible to the public and yield results like the model.
Furthermore, many AEDs have the advantage of being clearly
marked, and this indication of emergency supplies will also likely
help the public. Co-locating AEDs and bleeding control equipment
together may aid public service campaigns to increase awareness of
both rescue items. This is further supported by the effect when a
“hard to find” factor was added to the placement strategy that
resulted in an erased benefit of the distributed bleeding control kits.

Table 3. Comparison of four placement strategies, using 20 kits, easy to find locations

Outcomes

Placement strategies

1. One location
at main exit

2. Two locations
at main exits

3. Two locations,
co-located with AEDs

4. Ten locations,
dispersed

Surviving victims with non-trivial bleeding 15.87 (15.52–16.21) 16.07 (15.71–16.43) 18.21 (17.86–18.57) 18.01 (17.66–18.36)

Blood loss average (%) 16.16 (15.88–16.44) 15.96 (15.67–16.24) 14.93 (13.03–16.83) 15.09 (14.79–15.39)

Time to receive a tourniquet, average (minutes) 5.84 (5.79–5.88) 5.56 (5.53–5.59) 4.83 (4.80–4.87) 4.84 (4.80–4.87)
Number of tourniquets applied 16.17 (15.93–16.41) 16.14 (15.90–16.38) 16.21 (15.99–16.44) 15.92 (15.68–16.16)

All results are average values and 95% confidence intervals from 500 replications.
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Figure 1. Varying number of available hemorrhage control kits for strategy 3.
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Public locations with hemorrhage control supplies located at
exits should consider relocating them. The results indicate a
distinct survival advantage for tourniquets that are not clustered at
exits. In violent mass casualty incidents like a blast, there will be
many people attempting to exit the facility. This will likely make it
exceedingly difficult for a would-be rescuer to reach supplies at the
exit and return to hemorrhaging victims in a timely fashion.
Policymakers should consider including location recommenda-
tions for hemorrhage control placement when creating rules that
require hemorrhage control supplies in public settings and/or
specify the contents of hemorrhage control kits.

This study provides evidence that placing bleeding control kits
in multiple locations within 90-second walking intervals provides
the optimal outcome of decreasing mortality. Prior work by
Goolsby et al.15 recommended that public spaces having more than
50 people present be equipped with supplies to treat 20 bleeding
victims. Our results indicate a saturation of the benefit of more
than 20 tourniquets, which would imply that larger venues could
still plan for 20 tourniquets as a base but would need to add a 90-
second rule to that, so that each part of the venue should not be
more than 90 seconds away from a location of tourniquets. With
this work, public health experts can further develop best practices
for equipping public spaces to handle mass casualty incidents. Our
model can be adapted to simulate other types of mass casualty
incidents, the type of which may vary on locality. As mass casualty
incidents will continue to occur throughout the world, further
modeling studies including validations of the models may be used
to guide public health experts in mitigating their particular
hazards.

Limitations

As a modeling study, this study heavily relies on the underlying
assumptions. All assumptions that were part of the model are
consistent in all tested scenarios. The central limitation that this
model assumes mortality is a direct correlate to blood loss, as this is
the major factor controlled by a tourniquet. However, precise
blood loss and rate of loss are not well quantified by most studies of
traumatic injury, and instead emphasize other measurable
physiologic factors, like vital signs and Glasgow Coma Scale, as
indirect indicators of mortality risk. It therefore became necessary
to generate a series of calculations and assumptions alongside
available data to translate blood loss interventions (tourniquets) to
mortality risk. The underlying dependent and independent
variables, including bleeding rates, blood volume, injury severity,
polytrauma, mortality, and survivability, were developed from the
best available data and by consensus from experts in the field.
Further, efficacy of bleeding control measures in trained and
untrained individuals and ability of rescuers to respond following a
mass casualty incident are unknown, both of which are key for time
to intervention, and estimates had to be made. While attempts
weremade to find evidence-based inputs for all assumptions, many
have little applicable scientific literature available. As such,
assumptions were adjusted to calibrate and validate the model
by comparing the simulation results to the expected results by a
group of experts. However, even a perfect model may not
accurately predict the ways in which real-world events will unfold.
While it was assumed for the model that tourniquets were either
“easy” or “hard” to find, this study did not explore the specific
mechanisms of how tomake a bleeding control kit easier to find for
a lay rescuer. Further, the scenarios explored by this model
were limited to a single blast in a single, long corridor without a

follow-on attack. Additional scenarios should be tested with
different layouts, including multiple floors, and different injury
parameters in terms of the number of injured people and types of
injuries.

Conclusions

Co-locating public bleeding control kits with AEDs results in the
best casualty outcomes after a computer modeled mass casualty
incident in a shopping mall. This study provides the first evidence
to support the common practice of co-locating emergency medical
response supplies at 90-second walking intervals apart in public
locations. Tourniquets can be distributed at shorter walk intervals
but should not be located at exits for a large public space.
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