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Abstract

Terrorism-related incidents and shootings that involve the use of war weapons and explosives are associated with gunshot
and blast injuries. Despite the perceived threat of terrorism, these incidents and injuries are rare in Germany. For this reason,
healthcare providers are unlikely to have a full understanding of the special aspects of managing these types of injuries. Until
a clear and complete picture of the situation is available after a terrorist or shooter incident, tactical and strategic approaches
to the clinical management of the injured must be tailored to circumstances that have the potential to overwhelm resources
temporarily. Hospitals providing initial care must be aware that the first patients who are taken to medical facilities will pre-
sent with uncontrollable bleeding from injuries to the trunk and body cavities. To improve the outcome of these patients in
extremis, the aim of the index surgery is to stop the bleeding and control the contamination. Unlike damage control surgery,
which is tailored to the patient’s condition, tactical abbreviated surgical care (TASC) is first and foremost adapted to the
overall situation. Once the patients are stabilised and all information on the situation is available, the surgical management
and reconstruction of gunshot and blast injuries can follow the principles of damage control (DC) and definitive early total
care (ETC). The purpose of this article is to provide an overview of the pathophysiology of gunshot and blast injuries, wound
ballistics, and the approach and procedures of successful surgical management.
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Introduction

Life-threatening situations and law enforcement operations
following terrorist incidents and shootings that involve the
use of war weapons and explosives are associated with spe-
cial injury patterns. Especially, perforating and penetrating
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junctional injuries (in the cervical, axillary or inguinal
regions) and injuries to body cavities from projectiles, pro-
jectile fragments or other fragments lead to an increased
number of patients with life-threatening bleeding that
requires surgical management [1].

In addition, every incident has its own dynamic nature
because of its particular time and situational context, the
number of persons injured or otherwise affected, the direct
or indirect involvement of hospitals depending on their prox-
imity to the incident site, and the type of weapons employed.

Terrorist attacks such as those in Nice on 16 July 2016
and at Breitscheidplatz in Berlin on 19 December 2016 can
lead to massive numbers of casualties and, because of the
weapon used (i.e. trucks), can cause injuries that are com-
mon in traffic accidents and that are typically seen in every-
day clinical practice. This article, however, focuses on the
much rarer patterns that are associated with gunshot and
blast injuries such as those seen in the attacks in Paris in
2015 and Las Vegas in 2017.

We only address basic facts and pathophysiological
aspects that healthcare providers must understand to make
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informed decisions regarding the emergency medical treat-
ment and initial care of patients. Other articles are avail-
able which focus on how to plan und perform the recon-
struction of gunshot and blast injuries [2—4].

In this article, we briefly describe gunshot and blast
injuries and provide examples of incidents and situations
that caused these injuries to enable readers to prepare
themselves appropriately for incidents and exercises.

Terrorist incidents: special scenario-related
aspects

Tactical and strategic approaches to initial care

Maximising the number of survivors requires initial
responses und care tailored to the scenario as well as pri-
ority-based treatment at all levels in the evacuation chain,
and the optimum use of resources for the treatment of mass
casualties under the conditions of a terrorist or shooter
incident [5].

An analysis of past incidents revealed the high number
of casualties with life-threatening bleeding from gunshot
and blast injuries. As a result, efforts were undertaken to
optimise the organisation of the evacuation chain in life-
threatening situations and law enforcement operations to
allow for.

e immediate bleeding control (if possible),

e the early identification of patients with life-threatening
bleeding that cannot be controlled at the scene and

¢ the immediate transfer of these patients to nearby hospi-
tals that provide initial treatment [5].

There are different approaches to the clinical manage-
ment of patients in a mass-casualty incident. One approach
that has already proved effective involves the appropriate
sorting of the injured by a senior triage coordinator (CAT-
EGORISING) and the setting of priorities by an emergency
operational and medical coordinator (EOMC), who transfers
patients to further care, e.g. surgical stabilisation, depend-
ing on the presence of life-threatening conditions and the
patient’s immediate need of treatment (PRIORITISING).

Tactical reasons may require that initial surgical manage-
ment be reduced to essential care and focus on ensuring the
survival of as many casualties as possible (tactical abbrevi-
ated surgical care—TASC) [6, 7].

The probability of survival of haemodynamically unsta-
ble patients (triage category 14+) can only be increased by
rapid surgical bleeding control that is adapted to an opera-
tional environment.

@ Springer

Terrorist scenarios and casualty loads
(mass-casualty terrorist incidents)

A rough analysis of some of the past terrorist attacks in
Europe shows that these incidents varied in type, structure
and sequence of events and, if war weapons were used,
caused injuries similar to those seen in war settings [8].

Whereas, for example, the attacks in Istanbul in Janu-
ary 2016 and in Ansbach, Germany, in July 2016 involved
the use of explosive devices in busy public places, the
incident in Brussels in March 2016 actually consisted of a
number of attacks that took place at different locations. In
Madrid (March 2004) and London (July 2005 and Septem-
ber 2017), attacks occurred in enclosed spaces, i.e. bombs
detonated in Madrid on the train line and in London at
underground stations and in an underground train.

The November 2015 Paris attacks, which consisted of
a series of attacks at different locations and involved a
combination of bombings and shootings, had an even more
detrimental effect as a result of the sequence and structure
of events. These attacks presented one of the most com-
plex medical and logistical challenges that an urban area
had so far been confronted with.

Gunshot and blast injuries and the resultant thermal
and mechanical injuries are known from past and present
asymmetric military conflicts and wars as well as from
terrorist attacks against the civilian population in crisis
regions and are commonly seen in these incidents [9—11].
The military principles of initial emergency medical treat-
ment and subsequent surgical stabilisation can be trans-
ferred to the civilian sector and provide the basis for an
appropriate response to new and future scenarios.

Military personnel most commonly sustain injuries to
the extremities since they wear personal protective equip-
ment that protects the wearer’s head, chest and abdomen.
By contrast, the victims of civilian terrorist incidents do
not have any protection and include persons from all age
groups [5]. Apart from immediately life-threatening condi-
tions such as tension pneumothorax, penetrating injuries
and bleeding to junctional zones and injuries associated
with bleeding into body cavities can have potentially fatal
consequences for these patients [12-15].

Categories of casualties after terrorist incidents

Regardless of triage algorithms that are widely established
and discussed, the surgical perspective divides victims of
terrorist incidents into four basic categories (apart from
those casualties who were killed immediately).

The following four categories can be distinguished at
the scene of an incident:
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1. Casualties who require an on-scene intervention for the
management of an immediately life-threatening injury-
related condition (e.g. bleeding control, airway manage-
ment, needle decompression of the chest/finger thoracos-
tomy, pericardiocentesis) and subsequent re-evaluation
of haemodynamical stability.

2. Haemodynamically unstable casualties who, despite an
on-scene intervention (see above) and/or local bleeding
control (e.g. pressure dressing or tourniquet), can only
survive if they are immediately transferred to an appro-
priate facility for rapid surgical bleeding control, which
is subject to situational constraints.

3. Haemodynamically stable casualties who are at risk of
haemodynamical instability and have injuries that are
typically seen after terrorist incidents but are not imme-
diately life threatening. These patients must be closely
monitored and re-evaluated and, depending on the avail-
ability of resources, are rapidly transferred to an appro-
priate medical treatment facility.

4. Haemodynamically stable casualties who were not
directly exposed to gunshots or an explosive force and
sustained injuries associated with the circumstances of
an incident. These patients are evaluated and are given a
lower priority for transfer to a medical treatment facility.

If triage can be performed at the incident scene, it must be
applied during the initial stage after an incident to identify
patients who, despite an on-scene intervention, present with
persistent bleeding into a body cavity and haemodynamic
instability. In this critical setting, prehospital under-triage or
over-triage would otherwise reduce the probability of sur-
vival of patients whose lives could be saved if they under-
went rapid in-hospital surgery for bleeding control.

The only effective surgical and emergency medical
approach to reducing overall mortality is, therefore, to rap-
idly identify casualties with junctional bleeding or bleeding
into body cavities at the incident scene, to identify priorities
for transfer, and to transport patients to appropriate surgical
facilities [10, 16].

Priorities of clinical emergency care

A structured emergency care algorithm such as prehospi-
tal trauma life support (PHTLS®), uniform standardised
treatment principles such as the ABCDE steps of advanced
trauma life support (ATLS®), and the use of a standardised
language for communicating vital signs and other essential
information were reported to improve the quality of care and
thus to reduce immediate mortality [17-20].

The appropriate use of a proximal tourniquet can ade-
quately stop arterial bleeding from an extremity for up to 2
h without the risk of irreversible complications such as nerve
paralysis and soft tissue damage [21]. Wound packing or

tamponade (with or without a topical haemostatic agent) and
direct pressure are usually insufficient to control bleeding in
the inguinal and axillary areas. Bleeding into body cavities
cannot be controlled at the scene of an incident or outside
the hospital setting.

Patients who received prehospital care at the scene of an
incident or during transport must be triaged at the hospital
using a structured sorting procedure. The objective of initial
in-hospital triage is to CATEGORISE patients, to PRIORI-
TISE them for surgical procedures, to COORDINATE fur-
ther patient management, and to IMPLEMENT the required
procedures.

At the same time, patients who have been moved to tri-
age or holding areas or who require close observation and
nursing care after surgery must be re-evaluated dynamically
and continuously.

Basic aspects of tactical and strategic approaches
to surgical care (DCS versus TASC)

In modern trauma care, the management of patients along
the principles of damage control surgery (DCS) has proved
successful and can reduce mortality [22-26].

Improved prehospital care, short transport times and the
provision of in-hospital care along DCS principles can be
expected to improve the survival of patients with even com-
plex injury patterns in a post-attack tactical situation [9, 13,
217].

This implies that an optimisation of prehospital care with
a focus on the expedient transport of casualties leads to the
rapid arrival of haemodynamically unstable patients at the
hospital [5].

As a rule, the management of a single patient with mul-
tiple injuries along with the principles of DCS is limited to
stop the bleeding and control the contamination of hollow
viscus organs in the shortest possible time and to achieve the
best possible functional outcome for the patient. The objec-
tive of this approach is to avoid additional adverse systemic
effects of unnecessary surgical procedures and a further
increase in the trauma load of a severely injured patient.
This approach implies that patients receive the best possible
care that is tailored to the individual patient.

In mass-casualty incidents with a large number of
severely injured patients and especially in mass-casualty
terrorist events, the primary aim is to ensure the survival
of as many patients as possible. Hospital resources may be
temporarily overwhelmed in such situations. Healthcare pro-
viders may then have to depart from the principles of indi-
vidualised medical care in an attempt to address the needs
of all patients.

In this situation, in-hospital surgical care is subject to sit-
uational constraints and is initially reserved for patients with
immediately life-threatening injuries and haemodynamically
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unstable patients. Functional outcome is only of secondary
importance. To clarify the difference between the DC (O) S
and the TASC concept, possible therapy decisions for dif-
ferent patients are listed in Table 1. It should be noted that
these therapy suggestions are not generally applicable in
these exceptional situations. They should be understood as
an idea to manage this difficult situation.

Only if all healthcare providers and other relevant deci-
sion-makers understand and respect these principles and act
according to them in a major incident, a successful joint
response and the maximisation of the number of survivors
can be achieved.

Blast and fragment injuries
High-order and low-order explosives

Blast injuries are caused by the detonation of explosives.
Depending on their energy release and reaction velocity,
explosives are categorised as high-order explosives (HEs)
or low-order explosives (LEs).

They are further characterised based on their source
(“manufactured” or “improvised” explosive devices).
Whereas the military uses only manufactured explosive
devices that are HE based, mass-produced and quality-tested
weapons, improvised explosive devices (IEDs) may be com-
posed of HEs, LEs or both depending on what is available
[28]. This means that IEDs, when compared to manufactured
explosive devices, produce effects that are difficult to predict
as a result of the associated kinetics and dynamics of injury.
In the case of an incomplete detonation, residues or material

that was added to the device can, over time, cause systemic
effects in patients. Metal objects such as nails or steel balls
are often added to a device to increase the fragmentation
effect.

The impact of explosion settings on injury patterns
and numbers of casualties

Open-space versus closed-space explosions and suicide
versus non-suicide attacks

Depending on the device used but also on the environment
of detonation, explosives cause different patterns of injury.
Whereas the wounding effect of explosives decreases expo-
nentially with distance from the source in explosions that
occur in open spaces, it can increase when explosions take
place in confined spaces as a result of reflection and aug-
mentation of pressures, protection against direct effects, and
secondary fragmentation [29-31].

Suicide attacks are associated with a further exponen-
tial increase in fatalities and, for example, the incidence
of amputations since the perpetrators themselves have the
ability to adapt the circumstances (time, place and number
of casualties) in such a way that they can achieve their per-
verted objectives [5].

Primary survivors who have no life-threatening injury-
related condition (e.g. unconsciousness and airway obstruc-
tion, tension pneumothorax and pericardial tamponade) and
no haemodynamically significant bleeding may have sus-
tained extensive injuries with major systemic effects. Com-
pared with penetrating injuries to the trunk, however, these

Table 1 TASC concept vs. DCS in a situation with limited resources because of a mass-casualty incident

Patient no Diagnosis

Possible treatment after initial assessment

DCS

TASC

Applying the TASC concept in mass-casualty incidents with limited resources and limited OR capacity to one free OR

1

Spleen rupture and haemodynamic
unstable

Laparotomy, management according to
intraoperative findings

Operation with debridement amputation

Reposition and possibly external fixator

Neurosurgical intervention depending on

Operative wound debridement and
management according to intraoperative

2 Amputation of the lower limb and haemo-

dynamic unstable
3 Forearm fracture with dislocation and

compromitted sensibility, no other

injuries
4 Traumatic brain injury with intracranial

bleeding and initial GCS 3 the CT findings
5 Multiple soft tissue injuries caused by

fragments and hearing loss left ear

findings

6 Pneumothorax and fracture of the right

femur

Chest tube insertion and external fixator
right femur

Laparotomy, management according to
intraoperative findings

Leaving the tourniquet in place, antiseptic
moist dressing and calculated antibiosis,
postponed operative intervention

Reposition and immobilization e.g. with
plaster, postponed operative intervention

Most likely no intervention to save other
patients with intra-abdominal or intra-
thoracic bleeding

Antiseptic moist dressing and calculated
antibiosis, postponed operative interven-
tion

Chest tube and immobilization right femur,
postponed operative intervention
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injuries are associated with delayed dynamics and a delayed
clinical course.

Kinematics of explosions and blast waves

The detonation of an explosive results in the production of
large amounts of combustion gases and a supersonic shock
wave that spreads radially outwards. Using a change in opti-
cal refraction, high-speed videos of explosions show the
shock wave as a distinct line which precedes the combustion
gases and a cloud of debris and fragments. In other words, an
initial high-velocity shock wave is followed by a blast wind.
This sudden overpressure spreads radially [32].

The high-velocity shock wave can have direct effects on
the autonomic nervous system and travels through the body.
Energy is transferred at boundaries between different types
of tissue as a result of changes in tissue characteristics.

When entering or passing through the body, the high-
velocity shock wave and the subsequent changes in atmos-
pheric pressure caused by the blast wind can lead to tissue
damage as a result of tissue disruption and bleeding (e.g.

within the lung parenchyma), and barotrauma (e.g. injuries
to the tympanic membrane or perforations of hollow viscera)
[33].

Regardless of these fundamental aspects, the detonation
of explosives causes five categories of injuries, which are
illustrated in Fig. 1 and described in detail in Table 2.

‘Combined thermal and mechanical injuries’ can be used
as a scientific term for these injury categories [34].

Gunshot injuries
Wound ballistics and wounding effects

As arule, the behaviour of a projectile or a projectile frag-
ment is determined by the physics of trajectories. The stabil-
ity of a projectile along its trajectory (or flight path) depends
on its shape, velocity, centre of gravity, aerodynamic char-
acteristics and deflection.

The extent of damage to the target is influenced by a num-
ber of factors, e.g. the kinetic energy of a projectile when it

Categories of blast injuries

= SIRS resulting from
additives to a [ED

= Poisoning and
infections (resulting

from additives)
Quaternary

= Burns
= Gases
= Heat

= Qverpressure
=  Acceleration

Violent displacement
Contusions
Crush injury, compartment syndrome

Fragments
Perforation
Haemorrhage

Tertiary

Fig. 1 Categories of blast injuries (SIRS systemic inflammatory response syndrome)

@ Springer



D. Bieler et al.

688

[0t ‘6T] 1usUmEaN JO 93RS [RNIUL 3Y) I LIS poojsiopun A[a3o[dwod JoA J0U aIe SWSTUBYOW
KiojewrwregurrodAy e asned ued (,,Squoq AJIp,,) SIOIAIP 9AISO[dXd pajeuruejuod sy, SurA[Iopun Yy [, "'S9J1AIP 9AISO[dX? 0} SOAT)IPPE QATIOROIPEI JO [BIIWAYD ‘SNOTNOJU] Kreumng)
soumn(ur

JSB[q JO UONESLIOZAIed ) 0) PIPPE U2q AJU0I sey A1039180 Y  "saunfur A1enid)
10 A1epu0o3s ‘Arewrid se pasri0391ed jou sarnfur e a1om sormlur Areuroyenb 9sed oy ug
[¢€] yueuSoid ore oym usWIOM JO ‘SISBASIP JB[NISBA
-o1pIed 1o Areuownd y)im syuaned ‘sjue[n3eoonue urArda1 sjuaned ur udds 2q JYIrw
Jet) 9507 Sk Yons SuonIpuod Sunsixo jo suonesrdwos 1o suoneqraoexs ssedwoous Loy ],
saouelsqns [ed
-IwaYd Jo Jeay £q pasned saLn(ur uone[eyul pue suing apn[oul saumfur jsejq Areurarend)
[6€ ‘€€ ‘6T] Yreap Jo asned JuIpea] ay) ASIMIYI0
are Yoty ‘sorInfur 3se[q Arepuooas £q pasned Jey) uey) oySIy SI syjesp Jo Ioquunu dy)

SQOUBISQNS [EOTWAYD PUE Jeay JO S109j  ATeurdeng)

9uowdenus pue s3urp[ing sursde[[0d Jo ased Y} U] "SI0 ISB[q AIepu0das SuImoj puim ise[q 9y Aq s309[qo prjos Jsurede umoiy) 3ureq S[ENPIAIPUI WOIJ J[NSAI OS[e A [,
-[0J s10ATAINS ATewirid ur SOLIN[UT UOWIWIOD JSOW PUOIIS A} dIe saLn(ul Ise[q A1enia], QABM ISB[q AU} AQ PAIRII[IIOE AIOM
sue3I0 0} sor[ur jun[q o) pesy OS[e ULd WSTUBYOIW JUIA[ISPUN Y], "SWOIPUAS YSNID jey) (soo1yea jo syred Jofew “3+9) s309[qo £q 31y Sureq oydoad w0l J[NSAI IO SA[OTYA
pue awoIpuAs Jusunredwos ‘sonruanxa ay) SurAjoaur suoneindwe ‘SaINoRIy PIso[d pue s3urp[ing jo uonejuswdesj pue asde[[oo [eIonns Aq pasned e saLnlur asayJ,
pue uado ‘erxAydse onewnern apnjour A3y [, ‘Sunenauad Io Junjq 2q ueds soLmfur asay ], juswdenua pue juawode[dsIp Judola ‘asdefjod [ermonng Areniay

sjuowiSely JO WIOJ PUB JZIS ‘I9qUINU dY) UO SB [[9M Sk uoIso[dxa Jo anuad
Q) woay oue)sIp oy} uo spuadop Arrewtid yorym ‘Anfur Jo Ju9)xo oy} SuTuruLIo)op ut
901 Jourw & Auo sAefd (uorso[dxa oy} Jo J[NSaI B Se SUIOGIIE SWEIq JeY) 9S0Y)) SIusu
-Se1y Arepuooas 10 (uodeam 2y jo 11ed are jeyy 9soyy) syuewdesj Arewrid are syusw ey
IOUIAY A "TONU0d Surpaolq [eordins prder Surrmbar suonipuod Jurueyeary)-ofIf ojur
doroaap ued ‘saniaed Apoq ojur SuIpag[q JUBOYIUSIS A[[EOTWRUAPOWIRY IIM PIIRIOOSSE [ST ‘P11 (399p2 A11aed) Jy31y Ut Inoraeyaq pue adeys
J1 “vey sounfur Sunenouad osnes ued sjuswSer; ‘sjuouodwiod d[nosfoid 03 e[S  IIAY) JO J[NSAI € St Jeq ¢8°9 JO saInssald [eO0] asned ued pue 9ZIs UMO JIdy) Uey) JoSIe]
[8€ “L€] SOSEASIP SNONOJUT JO UOISSIWSULT) A}  SAWI) G 0) ()7 T Jey) SONIABD PUNoMm 2)eaId ued Aay) ‘A3100[aa Jo ssof pider e aydsoq
JO YSLI 9} PUR ‘ONnss1) duoq J1u230[[e 0} ISUOdsal JUNWI U dINPUT YIIYM ‘SJusWSes) s/ 0081 01 dn Jo A1190]2A © Je uorso[dxa jo anuad ay) woiy pafjedoid are syuowFery
quoq uSra1of o uonejuerdw Ay} JO NSLI Y} ST I} ‘SYOLNE APIOINS JO ASLD Y] UT A[[BIO uoneuolap Jo
-odsq "sern[ur onss1) 1JOS JULIIWOIUOD FUT)BISBAIDP PUE SALIN[UT QU0 919A3S asned Ay, 2nuad ay) woij peaids are jey) sjuowFerj £q pesned sounfur Junensuad Apueuruopalg
[c€] syreap pue sarmfur jo Ariofewr 9y} J0J JUNOIIE $199JJ2 ISe[q ATBPUOIIS uonejuAWSely puE SJUSWIeI] Jo s190Pq AIepuodog

[9€] sueSI0 pa[[y-Ire UO SO oY) PUB PIsea[al A31ou? JO
[oA9] Y31y oy sajensuowop—rodoo)) pue [[nH £q Apmis 93 Ul POATAINS SWIOIA 7§ JO
6 Ajuo—suoneindwe Arewrid yiim pajeroosse ajel Ajferrow Y3y oy ], ‘A3isoraqn) eiqr
A1} JO [9AJ] 2y} 1B PALINDO0 U)Jo suonendwe AJuanxe 1omof ‘AInfur Jo wsiueyosw
SIY) JO J[NSAI © Sk ‘Jey) punoj Ay, “erosej oY) Suofe sjuoun)redwod ur peards sefueyo
amssaid moy paqriosap 1odoo)) pue [[nH ‘Ise[q sa1so[dxs ue Aq suoneindwe quuiif jJo
sisATeue 1oy} uf ‘soumfur uorsinae anssn 3jos pue ‘suoneindwe gjoidwoosur 10 99[dwod
‘SQIN)OBIJ 0) PBI UBD 9ABM JSB[Q Y} ‘0Jel 9T SONIWANXd dY) 0} SaLIn[ur paye[ost ySnoyy
[S€ ‘€€ “0€] [[om Se INd50 Ued WSI[OqUID Iy “BIIISIA [BUILOPQE MO[[OY]
oy} pue ‘sSuny oy} ‘Ied A[PPIW Ay} S Yons sueSI0 PI[Y-IIe I8 PJoaJe A[UOWIOD ISOJA

puIM ISB[q AQ POMO[[O] 2ABM JO0US AJIO0[A-YSIY [erjTuf
QABM JSB[q ) AQ pasned anssaid oroydsoune ur saguey)
(ewnenoIeq) oAem dINSSalg Krewrtig

sarmlul 3sv]q Jo $2140321D)

sorm(ur jo sadA} a[qrssoq WSTUBYIIA k103918

saumfur ise[q jo sar03e) g 3|qeL

pringer

Qs



Terrorist attacks: common injuries and initial surgical management

689

enters the tissue, the angle of impact and the type of tissue.
Wounding (wound ballistics) is always multifactorial [41,
42].

Ballistics is the study of all processes concerning pro-
jectiles that are fired from a firearm. It is divided into the
following areas:

e [Internal ballistics the study of processes that occur in the
chamber and barrel when a projectile is fired

o [ntermediate ballistics the study of processes at the muz-
zle

e External ballistics the study of processes during the flight
of a projectile

e Terminal or wound ballistics the study of effects of pro-
jectiles in the target or tissue

Since the acceleration of a projectile is a process that only
takes place inside a firearm, the kinetic energy of a projectile
at the time when it leaves the muzzle depends on the power
of the propellant in the cartridge, the mass of the projectile,
and the length, type and shape of the barrel. Once the pro-
jectile has exited the muzzle, its energy decreases.

By contrast, the stability of a projectile and its trajec-
tory increases with distance from the muzzle. A projectile
behaves like a spinning top. The rotation of a projectile, the
associated torque, the aerodynamic characteristics of a pro-
jectile and air resistance contribute to stabilising a projectile
during its flight.

This effect increases with the amount of energy that a pro-
jectile has. Depending on the energy of the projectile used,
the same firearms and cartridges can cause different inju-
ries at different distances. The velocity and kinetic energy
of projectiles as well as trajectory stability decrease with
increasing distance.

Effects of low-velocity and high-velocity projectiles

High-velocity projectiles have a high level of kinetic energy
as a result of their mass and their velocity when they exit the
muzzle. High-velocity projectiles with thin jackets deform
and fragment more easily, especially on impact with stable
tissues.

When they hit bone, impulse transmission and hydraulic
effects can lead to the complete shattering of bone. Exten-
sive lacerations are caused to organs with high density (e.g.
liver, kidney) as a result of the lateral displacement of tissue
around the projectile (cavity effect), intimal flaps are not
uncommon in high-velocity gunshots in close proximity to
the vasculature and should be investigated for.

As a rule, the pathophysiological effects of projectiles
depend on the energy that is actually transferred to tissues.
This energy transfer is determined by interactions between
specific projectile characteristics and tissue types.

The extent of damage and wounding effects mainly
depend on the following factors:

type and design of the projectile
distance/velocity at impact
tumbling/trajectory stability

projectile caliber and weight

type of tissue affected by the projectile
deceleration/transfer of energy to tissue

A

Knowledge of the physics of projectile trajectories and
the kinetic energy of (projectile) fragments contributes to
a better understanding of wounding caused by interactions
between an object that enters tissue and the tissue that is
struck by an object.

Basic principles of the initial management
of gunshot and blast injuries

Management of soft tissue injuries

Regardless of the extent of injury, all wounds should
be explored and debrided, and necrotic tissue should be
removed as soon as possible. These injuries should be
treated with thorough and careful irrigation that avoids fur-
ther damage.

During primary aggressive debridement, functionally
important structures such as nerves, tendons and blood ves-
sels should be identified and preserved [12, 15, 43—46].

If possible, foreign bodies that are easily accessible or
are accessible without the risk of further massive soft tissue
trauma should be removed.

Especially at the stage of initial treatment, the removal
of all embedded foreign bodies should be postponed with
a view to reducing operation times and minimising further
soft tissue damage.

As a rule, these wounds should not be closed primarily.
Tetanus prophylaxis is required. In the post-primary phase,
swabs and cultures should be obtained regularly for assess-
ing and documenting wound contamination. As a result of
the growing importance of multidrug-resistant micro-organ-
isms, antibiotics should be given only if bone is involved
or if there are local and systemic signs of inflammation. In
addition, antibiotic therapy should be guided by microbio-
logical results [44, 46].

Ideally, subsequent re-debridement during second-look
operations should be performed daily or at least every 48 h
and should be repeated until the wound is completely clean
and there is no evidence of infection.

Open wound treatment of large defects is recom-
mended in patients with blast injuries and facilitates wound
re-evaluation.
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In recent years, temporary closure, for example using
negative-pressure wound therapy (with or without the inter-
mittent instillation of an antiseptic solution), which involves
the continuous or intermittent application of subatmospheric
pressure, has become a reliable method for the protection
and cleansing of wounds and the promotion of granulation
tissue formation [47, 48].

Likewise, good results have been reported for the topical
application of antimicrobial products such as polyhexam-
ethylene biguanide (polyhexanide, PHMB) in combination
with modern dressings for the local management of wounds,
which are often infected with multidrug-resistant organisms
[49-51].

Synthetic skin substitutes are also useful in the complex
treatment of non-infected soft tissue defects that contain no
pockets. They can help prepare the wound bed, avoid infec-
tion, and prepare the transplantation of skin grafts. Sufficient
removal of exudate, however, must be ensured [52].

In the reconstructive phase, different types of flaps can be
used to cover defects. In general, free distant flaps must be
distinguished from local flaps. Flap selection is based on the
size and site of the defect to be covered [53-56].

Burn injuries

Burns, whether alone or in combination with other trauma,
are sustained by 5-10% of patients with blast injuries
[57-59].

Apart from the administration of analgesia and fluids,
escharotomy is an indispensable initial surgical measure in
the early management of at least two thirds of circumfer-
ential burns (Ila degree and higher) and is performed in an
attempt to lessen constriction and improve perfusion.

Likewise, fasciotomy should also be performed as soon
as possible in patients suspected of having muscle compart-
ment syndrome caused by possible concomitant injuries.

Perfusion of the affected areas must be assessed regularly.

Vascular injuries

Since tourniquets are today widely used for bleeding control
in the prehospital treatment of casualties, growing numbers
of primary survivors arrive at hospitals. As a result, the
management of vascular injuries has become increasingly
important to surgeons [6, 60, 61].

Once an arterial injury has been diagnosed by clinical
examination and, if possible, by a Doppler-duplex ultra-
sound examination and once the decision to perform a limb
salvage procedure has been made, the further management
of the patient is based on the principles of DCS, i.e. surgi-
cal control of bleeding, rapid restoration of perfusion of the
affected limb, if necessary with insertion of a shunt, and
prevention of compartment syndrome [62, 63].
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As long as one patent vessel guarantees blood supply
to the lower arm or lower leg, other injured vessels can be
ligated in view to controlling the bleeding.

The ligation of central vessels of the upper arm and thigh
should be avoided when limb salvage is attempted [61, 64,
65].

The most commonly injured junctional zone or proxi-
mal extremity vessels are the carotid artery, the subclavian
artery, the axillary artery, the iliac artery and the femoral
artery. The carotid artery can be accessed more easily than
the subclavian artery. Access to and compression of the
subclavian artery are more complex and may even require
division of the clavicle, temporary bleeding control can be
achieved by inserting and tamponading with a Foley’s cath-
eter in the bullet tract. A transabdominal or extraperitoneal
approach can be used to access the iliac vessels. Once access
has been gained, bleeding is controlled by compression. The
vascular segments proximal and distal to the site of injury
are exposed for further management. In this setting, ligation
and shunting are the primary damage control manoeuvres for
managing defects that are larger than 2 cm. In the hemody-
namically stable, not actively bleeding patient, endovascular
procedures may be a treatment option.

Bone injuries

Regardless of the cause and severity of injury, the reduc-
tion, immobilisation and fixation of fractures and disloca-
tions play a key role in the treatment of extremity injuries
and help reduce pain, improve perfusion, and prevent further
damage. This also applies to blast injuries to the extremities.

In the primary in-hospital phase, either definitive treat-
ment or appropriate temporary treatment, which is more
commonly used in patients with gunshot or blast injuries, is
provided in accordance with the principles of damage con-
trol orthopaedic surgery (DCOS) and must be adapted to
the presenting bone injury or dislocation and concomitant
injuries.

Injuries to body cavities

Penetrating thoraco-abdominal injuries are associated with
a high risk of mortality [66]. The survival of patients with
this injury pattern depends on rapid surgical bleeding control
[31]. Visible penetrating foreign bodies are left in place until
they are removed under controlled conditions since they can
have a tamponading effect. Peritoneal penetration occurs in
60-75% of abdominal stab injuries and in more than 95%
of abdominal gunshot injuries, which cause complex injury
patterns that are difficult to diagnose and to treat as a result
of wound ballistics [67].

Explosive devices again have the greatest potential to
inflict devastating injuries to the trunk. They cause not
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only direct damage to hollow or parenchymatous organs
as a result of secondary and tertiary blast effects, but
also primary perfusion damage to lung parenchyma and
organs. Acute post-traumatic lung injury (ARDS) or blast
lung as well as secondary ischaemic bowel perforations
can occur, sometimes after a delay of several days [33].

In penetrating thoracic injuries, the entrance wound
must not be sealed in an airtight manner unless a chest
tube has been inserted. Otherwise, a life-threatening ten-
sion pneumothorax can result [68]. The placement of a
drain alone can appropriately manage 85% of penetrating
thoracic injuries [69]. Indications for surgical interven-
tion are blood loss of more than 1500 mL upon initial
insertion of a tube, 500 mL of bleeding within the first
hour after insertion, and continued blood loss of more
than 250 mL for three consecutive hours [70]. Combined
thoraco-abdominal injuries are complex and are associ-
ated with high mortality [71]. In doubt which cavity to
open first, the recommendation is to enter first the abdo-
men, since there is a higher probability that the bleeding
origins from there. Due to the negative pressure in the
chest, blood is often sucked into the chest cavity in case
of concomitant diaphragm injuries which can pose a diag-
nostic challenge. If patients continue to be unstable and if
a causative abdominal injury, a tension pneumothorax or
a haemothorax have been excluded, a transdiaphragmatic
pericardial window procedure is recommended [72].

Penetrating abdominal injuries are treated by midline
emergency laparotomy or, in rare cases e.g. with isolated
liver injuries and haemodynamic stable patients, by selec-
tive non-operative management with a delayed interven-
tion. Haemodynamic instability, evisceration and perito-
nitis are indications for laparotomy [73].

Bowel injuries are clipped and dropped in the setting
of damage control surgery, creation of a possible stoma
in severe colonic injuries is left for the relook operation
and not done in the index operation. A revision proce-
dure or second-look operation should be performed after
48-72 h [74], meanwhile the abdomen is temporarily
closed with an abdominal vacuum dressing (laparostoma),
which can be easily and quickly reopened in ICU in case
of symptoms or suspicion of an abdominal compartment
syndrome.

In extreme cases (DCS), abdominal arterial injuries
can be managed by ligation of the coeliac trunk or the
inferior mesenteric artery, or (unilateral) ligation of the
internal iliac artery. By contrast, injuries to the superior
mesenteric artery and the renal artery require reconstruc-
tion [75]. With the exception of the portal vein and the
suprarenal vena cava, all intra-abdominal veins can be
ligated in the DCS setting. Nevertheless, large-calibre
vein reconstruction should be attempted depending on
the circumstances.

Treatment and care of ambulatory patients
after a blast incident

Depending on the distance to the incident scene, a medical
facility must assume that the first patients who arrive at the
hospital are injured and uninjured survivors who self-refer to
a hospital in an uncoordinated and unplanned manner. These
survivors must be triaged and must receive care and treat-
ment in such a way that the management of further patients
is not adversely affected. In this situation, one of the main
objectives of triaging self-referred victims is to distinguish
between uninjured and injured walk-in patients.

Based on initial triage at the incident site, the next patients
who arrive at the hospital likely are unstable patients with
life-threatening bleeding or another life-threatening condi-
tion. The third group of victims likely are patients who were
initially assessed as haemodynamically stable and show
injury patterns that are commonly seen in this type of inci-
dents. By this time point, initial organisational measures that
were taken to activate the hospital emergency response plan
should ensure the availability of resources [76].

The management of ambulatory patients can be a chal-
lenge since, especially after explosions, injuries may not
be clinically apparent. A number of algorithms have been
established to ensure a structured approach. Figure 2 shows
an algorithm that is based on Ritenour and Baskin [35]

Implications for clinical practice

The treatment of gunshot and blast injuries continues to be
a challenge. Since terrorist attacks occur in civilian settings
worldwide, the management of gunshot and blast injuries
is no longer confined to the military environment. For this
reason, an understanding of these injuries and the principles
of management is essential for both military and civilian
physicians and surgeons. From a medical perspective, the
focus is on the management of immediately life-threatening
conditions and the control of bleeding and contamination
as soon as the required resources are available. All injured
or otherwise affected victims must be re-evaluated continu-
ously and dynamically for changes in their condition and for
their need for treatment (Fig. 3).

For an efficient organisation of care for as many victims
as possible after a terrorist incident, healthcare provid-
ers must have a fundamental understanding of the opera-
tional (and strategic) principles of all those involved in the
response to the incident, they must reckon with a situation
in which resources are initially overwhelmed, and they must
adapt their tactical response procedures inside the hospital
accordingly.

New algorithms and treatment approaches can be estab-
lished, or existing treatment strategies can be improved on
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How to manage blast victims?

’ No external signs of frauma ‘ |

:

| External signs of trauma ‘

| Evaluate for primary blast injury ‘

| Treatment according to ATLS ‘

History:
= Closed versus open space

= Proximity of victim
= Size and type of explosive

Symptoms:
= Dyspnoea, haemoptysis, chest pain

= Subjective arrhythmia, palpitations
= |Impairment or loss of hearing
= Focal neurological deficit

}

Physical examination

—

Tachypnoea, pharyngeal petechiae

Hypoxia (SpO, < 90% on room air)

abnormal breath sounds

Palpation: crepitance, emphysema

ECG, otoscopy etc. —

Symptoms <L> No symptoms
+/-
Chest X-ray

‘J—> ’ No abnormalities ‘—>

Stabilize

Exclude tympanic membrane
and eye injuries

Further examinatfion and consults
as needed

Discharge if no symptoms/signs
4-6 hours after injury

Primary blast injury: Update on diagnosis and treatment.

Based on:

Fig.2 Algorithm based on Ritenour and Baskin [24] for the management of blast victims

Fig. 3 Basic principles and
main goals of the initial man-
agement of gunshot and blast
injuries

¢ STOP the BLEEDING.

» Consistent therapy of the deadly triad.

» Tourniquets can save lives but may cause amputations.

» The extent of damage is usually greater than the wounds

e Blast wounds are "developing wounds". A second look is obligate.

» Consequent debridement within bounds

« Extensive wound irrigation - quantity, not pressure, is crucial!

¢ Blast wounds should not be closed primarily, because of the obligate contamination.

¢ Negative-pressure wound therapy has become a reliable method in treatment of blast wounds.

» The patients must be re-evaluated continuously and dynamically.

the basis of trauma registries and scientific analyses to take
into account changes in the threat situation and complex
trauma mechanisms.
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